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Actinobacteria are mostly Gram +ve 

high G+C containing microbes 

representing one of the largest bacterial 

phyla. They are ubiquitously 

distributed between aquatic and 

terrestrial niche and generally have 

mycelial lifestyle with complex 

morphological differentiation. They 

constitute a major source of naturally 

derived antibiotics with anticancer, 

anthelmintic, and antifungal 

compounds which have vital 

implications in clinical use. 

Consequently, these bacteria have 

significant role in the field of 

biotechnology, agriculture and 

medicine. Moreover, the host (both 

plant and animal) associated 

actinobacteria are well adapted to their 

lifestyle and make diverse association 

(both pathogenic and advantageous) 

with their respective hosts. Hence, 

according to the diverse niche adapted 

by different Actiobacterial genera, they 

can be classified into several groups. 

For instance, animal host associated, 

plant host associated, soil inhabitants, 

aquatic, thermal and extremophiles 

(other than thermal). Development of 

next generation sequencing techniques 

has advanced the biological research 

area providing the high-throughput 

data. Since the NGS data are always 

big-data, manual analysis is next to 

impossible. Moreover, manual data 

mining and analysis may results into 

tremendous error misleading the actual 

fact. Here comes the role of 

Bioinformatics which with the aid of 

programming, computational 

methodology and statistics can deal 

with these big-data easily and quickly.  

In this study, we tried to cover the 

genomic and proteomic aspects 

acquired by actinobacteria for their 

metabolism, niche adaptation and 

signaling. We tried to cover most of the 

genera of Actinobacteria whose whole 

genome sequencing are done and are 

available in the public domain 

database. While studying the 

metabolomics of considered organisms 

we found there are some critically 

important metabolic pathways where a 

higher number of potentially highly 

expressed proteins (and their 

encrypting genes) were involved. 

Those pathways were carbohydrate 
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metabolism, amino acid metabolism, 

energy metabolism, lipid metabolism, 

co-factors and vitamin metabolism, 

terpenoid and polyketide metabolism, 

nucleotide metabolism and xenobiotic 

metabolism. The major indices with 

pivotal significance on the genomic and 

proteomic attributes on the genes and 

related proteins involved in the 

aforementioned metabolic pathways 

were examined. Extensive studies on 

each of the parameters which may 

govern their codon usage prototype 

revealed compositional constrain, 

optimal codons, translational efficiency 

and natural selection as major indices 

with substantial effect over the selected 

organisms. Further, the amino acid 

usage pattern and protein biosynthetic 

energy was also considered. This 

displayed a very interesting pattern of 

aromatic amino acid usage variation 

with protein expression level. 

Comparative along with 

phylogenomics study proved to be  

major sources for studying genomic 

features of investigated organisms. We 

tried to correlate the results obtained 

from the comparative genomics study 

with those of phylo-genomic 

investigation to further validate and 

corroborate our outcome.  

Evaluation of the characteristic features 

as well as evolutionary strategies taken 

up by the secretory proteins, which are 

mainly involved in signal transduction, 

was another main aspect of this thesis. 

A thorough study on the secretomes of 

some Mycobacterium revealed a 

distinct difference among the signaling 

proteins of pathogenic and non-

pathogenic strains. Consequently a 

higher evolutionary rate of secretomes 

and their consequent signalP parts were 

exposed. This further implicates the 

substantial role of signalP (signaling 

proteins) on the niche adaptation. 

Further, the secretome set was also 

found to be positively correlated to the 

proteome size of the considered 

Mycobacterium strains indicating 

towards the fact that magnitude of 

signaling enhance with complexity of 

life. The secretomes of extremophilic 

stone dwellers (Geodermatophilus, 

Blastococcus and Modestobacter) were 

also studied. This study revealed their 

importance in harsh condition. Further, 

the secretomes were found to be 

evolved faster than the non-secretomes.  

Since, the considered extremophilic 

strains are stone dwellers and inhabit in 

harsh condition the faster evolution of 

secretomes may favour the 

modification of signaling with their 

circumstances ultimately giving a 
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beneficiary effect on them. 

Another aspect of this thesis work was 

to obtain a knowledge regarding 

significance of Carbohydrate- activated 

enzymes (CAZymes) in host-microbe 

interaction of Frankia and its 

associated hosts. CAZymes are 

basically important for braking down 

the complex carbohydrates or 

polysaccharides. Frankia through their 

CAZymes can easily break down the 

plant polysaccharides (obtained from 

either host plant or soil) into simple 

monosaccharides and utilize them. The 

CAZymes were also found to be 

potentially highly expressed suggesting 

their importance among Frankia. The 

evolutionary analysis revealed a lower 

evolutionary rate of CAZymes than 

rest of the genes implying the 

persistence of natural selection over 

them.  

Along with these aforementioned 

aspects of Actinobacteria their protein 

domains were also considered. Protein 

domains are semiautonomous parts of 

proteins having their own independent 

structure and function. Domain-domain 

interaction is also very important in 

maintaining a proper and balanced 

lifestyle of each organism. Moreover, 

presence and absence of a particular 

domain may depend on the niche of the 

bacteria. We tried to build a 

phylogenetic tree with information 

based on the presence and absence of 

domains among selected 

Actinobacteria. The domain based 

phylogeny was compared with a 

conventional phylogeny. Some genera 

were recovered perfectly from the 

domain based phylogeny whereas; a 

few were behaving in a different way. 

It was found that, those organisms 

(with unusual clustering pattern) 

grouped with taxonomically different 

genera belonging to same niche. This 

result indicated towards a probability 

that, habitat may control the presence 

and absence of protein domains in 

microbes.  

Another important aspect of protein 

domains is their own unique tertiary 

structure. Through literature studies we 

found that Per-Arnt-Sim (PAS) domain 

is very crucial in maintaining the 

overall signal transduction machinery 

in more or less all living beings. 

However, the role of PAS in 

Actinobacteria was not thoroughly 

studied. Hence we took up an approach 

to reveal the importance of tertiary 

structure of PAS domain in modulating 

the biological network. We found a 

very interesting result predicting that, 

interaction of a domain with its co-
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domain play a significant role in 

maintaining the signaling network 

system. Thus, the domain-domain 

interaction may act as a crucial factor 

in regulating the biological network or 

vice versa.  

The last aspect of this thesis was a bit 

different from the rest. Since, 

Mycobacterium tuberculosis is some of 

the deadliest pathogens causing 

enumerate deaths worldwide along 

with India and several medicinal trials 

are failing to eradicate them, we 

identified some novel drug targets from 

one Indian M. tuberculosis strain 

whose whole genome sequence is 

already available in public domain 

database. These predicted proteins 

were further validated with molecular 

docking study. We selected already 

known anti-TB agents as ligands and 

docked them with aforementioned 

proteins. Molecular study revealed that, 

those predicted targets can be used as 

potential target proteins in the battle 

against TB. However, this can only be 

confirmed totally after a series of 

experiments. 
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INTRODUCTION    

 

Actinobacteria are Gram positive high 

guanine+cytosine (G+C) containing 

bacteria virtually thriving in all 

ecological niches. Depending upon 

their habitat, actinobacteria can be 

classified in 7 different categories (Sen 

et al. 2014). Figure 1.1 shows the 

recent classification of Actinobacteria 

depending upon their niche. 

Plant host associated actinobacteria can 

be symbiot ic and pathogenic. 

Symbiotic microbes (like Frankia) 

generally live in a friendly association 

with actinorhizal plants (Benson and 

Silvester 1993). They have the capacity 

to fix environmental nitrogen (N2) and 

provide the nitrogenous compound to 

their respective host plants. In 

exchange they get access to host 

plants’ polysaccharides as nutrition 

Chapter 1 
Introduction 

 

Fig 1.1 Classification of Actinobacteria according to there niche. 

"Arise! Awake! and stop not until the goal is reached." 
-Swami Vivekananda 
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(Benson and Silvester 1993). On 

contrary, few strains of Rhodococcus 

are well known plant pathogens 

colonizing both exterior and interior 

aerial parts of plants (Cornelis et al. 

2001).  Similar ly,  animal host 

associated actinobacteria can again be 

d i v i d e d  i n t o  p a t h o g e n s 

(Mycobacterium, Propionibacterium 

etc.) (Cole et al. 1998, Brüggemann et 

a l .  2 0 0 4 )  a n d  p r o b i o t i c s 

(Bifidobacterium) (Roy et al. 2015). 

Pathogenic genera are popular in 

medicinal fields due to their potency in 

causing different diseases (Nordén and 

Linell 1951). However, these genera 

also contain some non-pathogenic 

strains. Genera like Acidothermus, 

Acidimicrobium are examples of 

thermophilic actinobacteria (Sen et al. 

2014). On contrary, Geodermatophilus, 

Blastococcus, Modestobacter are 

extremophilic stone dwellers. Desert 

sand, artic soil, stones of arid regions 

and monuments are some predominant 

habitat for these extremophilic 

actinobacteria (Sghaier et al. 2016). 

Studies have reported some very 

special genomic features among them 

for instance, UV- resistant capacity, 

advanced DNA damage repair system 

etc (Sghaier et al. 2016). Microccus, 

Ky tococcus ,  Micromonospora , 

Verrucosispora, Salinispora and some 

strains of Streptomyces are under 

aquatic group (Sen et al. 2014, Hughes 

et al. 2008). Studies on them have 

pointed out some crucial genomic 

approaches adapted by these microbes 

to sustain in aquatic niche (Sekar et al. 

2003, Ghai et al. 2013, Holmfeldt et al. 

2009). The quantity of arthropod 

associated actinobacteria is relative less 

than other groups. Bifidobacterium 

a s t e r o i d s ,  T s u k a m u r e l l a 

paurometabola and Nocardiopsis alba 

has been identified as arthropod 

associated actinobacteria (Sen et al. 

2014). Last but not the least; the soil 

saprophyte is probably the most 

populated group of actinobacteria. 

These soil habitants (Streptomyces 

mainly) are major source of natural 

products like antibiotics. Besides, they 

are also important for their xenobiotic 

degradation capacity which ultimately 

provides a deep impact on environment 

(Barka et al. 2016). Thus, we may say 

that, each group of actinobacteria is 

important in their own way and an in-

silico analysis on their available 

genomic as well as proteomic 

sequences may enhance our knowledge 

of these highly diverse and functionally 

important microbes. Investigation 

regarding their codon usage and amino 
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acid usage prototype may assist us to 

identify some genomic and proteomic 

signatures which in long run will 

improve our understanding towards the 

chromosomal behavior of these 

organisms.  

In the era of genomics, biological data 

are being produced at a phenomenal 

rate. The first complete genomic 

sequence obtained was that of 

Haemophilus influenza (Fleischmann 

et al., 1995). Since this major 

achievement, many genomes have been 

sequenced and analyzed. These include 

members of three life domains: 

Bacteria, Archea and Eukarya. The 

first genome of a mammalian lactic-

acid bacterium, that of Lactococcus 

lactis, a microorganism of great 

industrial interest, was completed in 

2001 (Bolotin et al., 2001) More 

recently, the genomes of several 

d i f f e r e n t  m i c r o o r g a n i s m s 

(Klaenhammer et al., 2002, Kim et al., 

2009, Siezen et al. 2012; Xu et al., 

2003; Petrof et al., 2004) have been 

sequenced. The major driving force for 

the development of genomics has been 

the completion of Human Genome 

Project in 2003. As a result of this 

surge in data, computers have become 

indispensable tools in biological 

research. Such an approach is ideal 

because of the ease with which 

computers can handle large quantities 

of data and probe the complex 

dynamics observed in nature. Thus, a 

new discipline, Bioinformatics, has 

emerged. Bioinformatics is defined as 

the application of computational 

techniques to understand and organize 

the information associated with 

b i o l o g i c a l  s y s t e m s  a n d 

macromolecules. Bioinformatics in the 

broadest sense includes research in the 

domains of genome composition, 

genome expression, proteome analysis, 

genome and proteome engineering 

(Perez-Iratxeta et al., 2007). National 

Institute of Health (NIH), USA, 

realized the necessity of studying the 

complexities of human-associated 

microbes at a greater depth and horizon 

and accordingly, launched the Human 

M ic r o b io me  P r o je c t  ( h t t p : / /

w w w . h m p d a c c . o r g / )  ( H M P ) . 

Gargantuan data produced from HMP 

has provided ample revenues to 

explore the complex interactions 

between human host and associated 

microbes. Emergence of bioinformatics 

has opened a new window for 

providing novel understanding into the 

adaptive policies employed by the 

bacterial members of the human. 

Comparative genomics, together with 
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functional studies, has led to significant 

advances in this field over the past 

decade. In the era of genomics, it has 

been feasible to identify the crucial 

genetic elements that establish the 

platform for successful residence of the 

bacterial populations in the human 

intestinal environment. Metagenomics 

is the branch of genomics that performs 

investigations by direct extraction and 

cloning of DNA from collection of 

organisms (Handelsman, 2004). Apart 

from HMP, Metagenomics of the 

Human Intestinal Tract (MetaHIT) has 

been another large-scale sequencing 

project that has offered scopes to 

address the complexities of human-

associated microbial flora. Genomics 

coupled with proteomics and 

transcriptomics are now important high 

throughput techniques for qualifying 

and analyzing both gene and protein 

expression, discovering new gene and 

protein products, and perhaps these 

techniques hold the key for revealing 

the hidden facets of host-microbe 

interactions.  

Advancement of genome sequencing 

technologies has revolut ionized 

biological research. Plethora of 

information regarding genome profile 

can now be mined with the availability 

of fully sequenced genomes. Study of 

codon usage patterns of several genes 

and genomes is a popular technique to 

characterize and analyze genomic 

trends from a bioinformatics-based 

perspective. Codon usage patterns and 

preferences vary significantly within 

and between organisms (Grantham et 

al., 1981; Sharp et al., 1988; Zhou and 

Li, 2009). The phenomenon of 

differential codon usage was proposed 

by Grant ha m and co l leagues 

(Grantham et al., 1981) in the ‘genome 

hypothesis’ theory and it was also 

stated that codon biases are usually 

species specific. Codon and amino acid 

usage profiling of several prokaryotic 

and eukaryotic forms of life have been 

successfully accomplished as of now. 

Many indices have been proposed to 

properly elucidate the factors 

underlying the complex patterns of 

codon usage and to measure the degree 

and direction of codon bias (Sharp and 

Li, 1987). Studies of codon usage can 

be performed using parameters like GC 

(Guanine and Cytosine) content of the 

concerned organism, GC3 (Guanine 

and Cytosine at the third synonymous 

codon position) content, relative 

synonymous codon usage (RSCU) 

(Peden, 1999), effective number of 

codons (Nc) (Wright, 1990) and 

frequency of optimal codons (Fop) 
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(Ikemura, 1981). Codon adaptation 

index (CAI) has been proposed as an 

efficient tool in analyzing the patterns 

of codon usage within a gene relative 

to a reference set of genes (usually 

ribosomal protein genes) (Sharp and 

Li, 1987). This index has been shown 

to correlate significantly with mRNA 

expression levels (Ikemura, 1981) and 

has been used to predict sets of highly 

expressed genes in various organisms 

(Sharp and Li, 1987; dos Reis et al., 

2003; Martin-Galiano et al., 2004; Wu 

et al., 2005). 

Availability of completely sequenced 

bacterial genomes now made it 

possible to explore the complex riddles 

of codon and amino acid usage of these 

organisms and properly address the 

interplay of various factors that 

contribute to varying traits. 

The rapid progress of genome 

sequencing has opened the flood gates 

to explore gamut of data pertaining to 

genome dynamics and genome 

complexities in both prokaryotic and 

eukaryotic life forms. Comparative 

genomics based analysis attempts to 

take advantage of the information 

provided by the signatures of selection 

to understand the function and 

evolutionary processes that act on 

genomes (Lukjancenko et al., 2012). 

Co mpara t ive  geno mics  based 

approaches promise to reveal genetic 

variation among concerned sets of 

genomes. Strategic grouping of the 

genes into functional groups or 

families has been a smart way of 

extracting meaningful information 

(Zakham et al. 2012). Such grouping 

scheme is based on protein sequence 

similarity, as this approximately 

predicts conservation of gene function.  

Systematic characterizat ion and 

profiling of the core genome and pan-

genome of organisms of interest has 

been an efficient technique to elucidate 

the puzzles of speciation and genomic 

variations. Core genome is referred to 

as the conserved pool of genes shared 

by the strains of a concerned species of 

interest (Medini et al. , 2005). 

Dispensable genome reflects the pool 

of genes present in some strains of a 

species but absent in others (Medini et 

al., 2005). Pan-genome is commonly 

referred to as the collective repertoire 

of the core genes, the dispensable set of 

genes and the unique genes present 

only in a single strain (Rouli et al. 

2015). The essence of a species, in 

terms of its fundamental biological 

processes and derived traits from a 

common ancestor, is linked to the core 

genome. 
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Rapid progress of HMP and MetaHIT 

has opened the revenues to explore the 

features and interaction patterns of 

inherent bacterial members of human. 

Comparative investigation of the 

bacterial genomes representing human 

microflora, aided by a comprehensive 

profiling of the pan genome, core 

genome and the unique gene sets, 

pro mise to  bestow extens ive 

information pertaining to the adaptive 

policies employed for successful 

residence in human. 

Protein secretion in bacteria plays an 

imperative role in communication and 

cross-talk with other bacterial 

communities and also with host niche. 

Exploring the intricacies of bacterial 

communication and signaling with 

surrounding host environment has been 

a challenging chore of present day 

biological research. Secretomes have 

been defined as the complete set of 

p ro t e ins  sec r e t ed  by a  ce l l 

(Ranganathan and Garg, 2009) and are 

associated with a broad range of 

functions and crit ical biological 

processes, such as cell-to-cell 

communication and cross-talks, cell 

migrat ion, and most inevitably 

virulence and potential infective 

strategies in disease mechanism 

(Tjalsma et al., 2004). The signal 

peptide part of the secreted protein, 

which is generally composed of around 

thirty amino acid residues, transports 

the newly synthesized protein to the 

protein-conducting SecE and SecY 

channels associated with the plasma 

membrane (Leversen et al., 2009). 

Signal peptides in most cases are 

reported to possess three domains: a 

positively charged n-terminus (n-

region), a stretch of hydrophobic 

residues (H-region), and a region of 

mostly small uncharged residues 

containing a characteristic cleavage site 

recognized by a specific signal 

peptidase (SPase) (von Heijne, 1984; 

von Heijne, 1989; von Heijne, 1990). It 

is this characteristic site that holds the 

key in cleavage of a secretory protein 

by either of the two SPases, Type I or 

Type II. Various types of signal 

peptides are reported in bacterial 

systems among which secretory signal 

peptides (Sec type), Twin arginine 

signal peptides (TAT type), lipoprotein 

s igna l pep t ides  (Lipo  t ype) , 

pseudopilin-like signal peptides, and 

bactericin and pheromone type signal 

peptides are most prevalent (Tjalsma et 

al., 2004). However, mainly the first 

three types of signal peptides (i.e., Sec 

type, TAT type, and Lipo type) are 

common in gram-positive bacteria. 
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Gram-negative bacteria execute protein 

secret ion employing specialized 

secretion machineries such as type I 

(ABC transporters), type III (flagellar-

type), and type IV (conjugation related) 

secretion systems (Papanikou et al., 

2007; Saier, 2006). Sec type and Tat 

type signal peptides are cleaved by 

Type I SPase, whereas Lipo type signal 

peptides are cleaved by Type II SPase 

(Storf et al., 2010). 

Tremendous advancement in genome 

sequencing technology has yielded 

complete genome sequences of a broad 

range of bacter ial populat ion. 

Automated prediction of secretomes 

has generated a lot of interest. 

Prediction of the signal peptide-

containing genes, along with their 

cleavage sites in the completely 

sequenced bacterial genomes, have 

been achieved by employing various 

algorithms such as Hidden Markov 

Model (HMM), Neural Network (NN) 

(Bendtsen et al., 2004), and Support 

Vector Machines (SVM) (Vert, 2002). 

There have been various web-based 

servers that employ these algorithms 

and use specialized programs to predict 

the secretomes accurately in a given 

genome. Some of the frequently 

accessed programs include Signal P, 

Signal-CF, SIGCLEAVE, Predisi, 

SPEPLip, SecretomeP and Phobius. 

Mammoth genomic data produced 

from HMP and MetaHIT has provided 

immense scope to unravel the complex 

interactive strategies employed by 

actinobacteria. Study of codon and 

amino usage patterns, expression 

behavior, and functional classification 

of the predicted secretomes among the 

bacterial masses might confer fruitful 

information pertaining to their 

acclimatization in their respective 

niche. 

Molecular evolution of secretory 

proteins of actinobacteria is another 

important aspect that demands to be 

investigated to resolve the mysteries of 

bacterial adaptation and co-evolution. 

A reliable index of genetic drift over 

evolutionary time is the ratio of Ka 

(non-synonymous substitutions per 

site) to Ks (synonymous substitutions 

per site) for a large set of orthologous 

genes, based on comparisons of related 

species. The terms Ka/Ks and dN/dS 

are often used interchangeably. But for 

the computational purpose, the ratio of 

non-synonymous (Ka) to synonymous 

(Ks) nucleotide substitution rates is 

frequently used as an indicator of 

selective pressures on protein-coding 

genes. Ka/Ks ratio reflects the rate of 

adapt ive evolut ion against the 
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background rate (Hurst, 2002). This 

parameter has been widely studied in 

the analysis of adaptive molecular 

evolution, and is regarded as a general 

method of measuring the rate of 

sequence evolution. To study the 

impact of selective pressures on the 

pattern of genetic divergence, it is 

necessary to find out the pairwise ratio 

of Ka/Ks between the orthologous gene 

pairs. Different regions of a single gene 

can be exposed to varying selective 

pressures (Hurst and Pal, 2001). In 

these cases, calculating Ka/Ks over the 

entire length of the gene does not 

provide a detailed picture of the 

evolutionary constraints associated 

with the gene. Hence, a finer analysis 

of the Ka/Ks ratio by using sliding 

windows of different sizes provides 

minute details of the selective 

constraints acting on specific positions 

of a gene segment. Proper assessment 

of evolutionary signatures of secreted 

protein components in pathogenic 

act inobacter ia st ra ins provide 

meaningful know-how pertaining to 

complex communication tactics and 

adaptive policies opted by the microbes 

for successful residence in host 

environment. 

Human beings are susceptible to 

various microbial pathogens that 

severely affect their health. Besides 

being exposed to external pathogens, 

humans harbor wide range of bacterial 

communities (members of human 

m ic r o f lo r a )  a s s o c ia t e d  w it h 

manifestation of severe diseases 

(Gu inane  and Co t t er ,  2013) . 

Investigations of the human genome 

have led to tremendous advances in the 

field of biomedical science and drug 

discovery. Disease etiologies involve 

the interaction of the human body, 

externa l environment  and the 

pathogenic microbes that infect human 

beings. Proper identification of drug 

targets in any pathogenic organism is 

the most vital step in drug discovery 

process. Rapid progress in genome 

sequencing technologies and advances 

in bioinformatics and cheminformatics 

based research domains have provided 

a massive scope for enhancement of 

d rug  d isco ver y t echno lo g ies . 

Availability of genomes of both the 

host and concerned pathogen provides 

a platform for subtractive genomics 

based drug target identification in 

concerned pathogen (Allsop, 1998; 

Stumm et al., 2002). Subtractive 

genomics based approach involves 

subtraction of host genome from the 

pathogen while screening the tentative 

targets in the pathogen. Such a 
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methodology ensures that the drugs, 

targeted against the essential gene 

components present solely in the 

pathogen, do not interact with the 

human genes. Computational tools 

have made it easier to filter the unique 

essential genes in concerned pathogens 

that are associated with the robustness 

and viability of the infective organism 

(Damte et al., 2013; Amineni et al., 

2010). 

This present work has been envisaged 

and developed at the Bioinformatics 

Facility, Department of Botany, 

University of North Bengal. The main 

research motive of this work was to 

investigate various genomic and 

proteomic signatures or traits of 

actinobacteria in totality thriving 

among different niche and unravel the 

enigma of complex interactions that 

these bacterial members exhibit with 

their corresponding environments. 

Hence, the proposed objectives of this 

work were 

1. Exploring various metabolic 

pathway related genes  

2. Analyzing variation in energy cost 

with expression level of proteins 

3. Comparative genomics of selected 

Actinobacteria 

4.Comprehensive secretome analysis 

among selected Mycobacterium 

5. Detailed secretome analysis among 

selected Geodermatophilaceae  

6. Profiling of Carbohydrate-Active 

enzymes (CAZymes) of selected 

Frankia 

7. Domain based phylogenetic tree 

generation 

8. Biological network analysis of Per-

Arnt-Sim (PAS) domains  

9. Identification of potential drug 

t a rg e t s  f r o m M y co ba c t e r i u m 

tuberculosis  

10. Validation of the identified drug 

targets  

Comprehensive investigation of codon 

usa ge  s ig na t u r e s  o f va r io u s 

actinobacterial genera residing in 

diverse niche would be carried out 

extensively. Our approach would aid in 

proper explanation of the major forces 

that influence the codon usage patterns 

in selected microbes. We will compare 

the codon usage prototype of the whole 

organism with the pattern of some 

metabolic pathway related genes. This 

analysis will reveal an overall view on 

codon usage signature of the 

investigated organisms and how this 

codon usage is helping the microbes in 

their niche adaptation. We plan to 
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explore the complex amino acid usage 

behavior of the act inobacterial 

members that dwell in different niche 

and identify the probable determinants 

that govern the observed patterns. 

E nergy co st  ana lys is  a mo ng 

differentially expressed proteins may 

reveal some interesting facts associated 

to the niche adaptive nature of studied 

microbes. 

Comparative genomic analysis of 

various crucial bacterial genera of 

Actinobacteria would be performed. 

Specific and characteristic genomic 

and proteomic signatures of several 

concerned bacterial genera would also 

be plowed into. The pan– and core 

genomic traits of every concerned 

genus would be scrutinized with a 

motive to elucidate the adaptive 

strategies of the microbes in respective 

niche. Proper know-how of the core 

genomic architecture of various 

actinobacterial members would provide 

resource for a better understanding of 

the ‘acclimatization policy’ adopted by 

these groups of microorganisms.  

In silico prediction and characterization 

of secretomes, the complete set of 

secreted proteins, among pathogenic 

and non-pathogenic Mycobacterium 

strain as well as stone dwelling 

Geodermatophilaceae group would be 

executed. Secretomes are believed to 

execute several crucial ‘remote-

control’ functions associated with 

cellular communication and cross-

talks. Thus, proper identification and 

know-how of the secretome sets in 

selected organisms might provide a 

better elucidation of the host-microbe 

interactions and adaptive tactics 

employed by microbes. Amino acid 

usage tendencies of the secretomes 

would also be investigated to explore 

any bias in usage of amino acids 

among these special sets of proteins. 

Functional characterization of the 

secretomes, based on analysis of 

Clusters of Orthologous Groups (COG) 

category, would be accomplished to 

revisit the functional implication of the 

secretomes. We also intend to compare 

and ana lyze the a mino  ac id 

biosynthetic cost of the secretomes, 

with respect to the non-secretomes. 

Evolut ionary signatures of the 

secretomes, with respect to the non-

secretome sets, would be investigated 

with an intention to assess the forces of 

selection that might be operative on the 

secretory machinery of the bacterial 

systems.  

We also plan to execute extensive 

profiling of the special sets of enzymes 

called Carbohydrate-Active enZymes 
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(CAZymes) that are prevalent in the 

plant associated microbes and are 

associated with the breakdown of 

complex carbohydrate moieties and 

glycoconjugates. Microbial CAZymes 

are able to break down complex plant 

polysaccharides into simpler form 

providing nutrients to the bacteria. The 

carbohydrate components also supply 

nutritional sources for plant associated 

organisms to thrive and vibe in the 

plant. Thus, proper analysis of the 

CAZymes in selected Frankia might 

render crucial information regarding 

the metabolic apparatus of these 

organisms and their close concord with 

plant host.  

Protein domains are semi-autonomous 

parts of proteins with their own 

structure and function. One domain 

may remain present in several proteins 

and one protein may contain one or 

more than one protein domain. Thus a 

phylogenetic tree depending upon 

information available regarding the 

presence and absence of protein 

domains may provide a deeper view 

regarding the niche adaptive nature of 

Actinobacteria. We will select 100 

Actinobacteria from diverse niche and 

perform the analysis to reveal the effect 

of protein domains in bacterial niche 

adaptation.  

Per-Arnt-Sim (PAS) domains are one 

of most crucial domains among living 

organisms. Experiments with these 

do mains  have r evea led t he ir 

functionality in signal transduction, 

stress control, phytochrome activity, 

tactic movement and niche adaptation. 

PAS domains are also annotated in all 

act inobacter ia l who le geno me 

sequences current ly ava ilable. 

However, there are a few works 

depicting the role of PAS domain 

among Actinobacteria. Here, we will 

focus on the impact of tertiary structure 

along with their co-domain association 

in different niche associated bacteria. 

This study may reveal some interesting 

features of PAS domain and its tertiary 

structure in biological network 

regulation.  

Tuberculosis is a global epidemic 

killing a person in roughly every 18 

seconds and has become one of the 

major causes of death worldwide 

(https://www.tballiance.org/why-new-

t b - d r u g s / g lo b a l - p a nd e m ic ) .  : 

Mycobacterium tuberculosis is the 

causative agent of Tuberculosis. M. 

tuberculosis RGTB423 strain was 

isolated and sequenced from India. Our 

aim here is to search for an alternative 

herbal medicine to counter the rage of 

this highly infectious disease. The 
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workflow planned in this regard is to 

do a comparative pathway analysis of 

the host and causative organism. The 

proteins present in these pathways will 

be characterized and screened so that 

they can be used as targets for in silico 

drug designing tests. The medicinal 

plants to be considered in this study are 

Withania somnifera , Oplopanax 

horridus and Aloe vera .  The 

phytochemicals available in these 

plants will be used as working ligands 

for this investigation. Molecular 

docking of these phytochemicals will 

be performed with the proteins 

identified as potential drug targets. Few 

ADMET parameters and in silico 

toxicology data will also be checked 

for the ligands to confirm their 

druglikeness characters. The above 

tests including molecular docking will 

be carried out on a few prescribed 

drugs and a few DrugBank chemicals 

which will be considered as standard 

for our exotic phytochemicals.  
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2.1 Features of Actinobacteria 

The phylum Actinobacteria represents 

one of the largest taxonomic units 

among major lineages currently 

r e c o g n iz e d  w i t h i n  B a c t e r i a 

(Stackebrandt et al. 2000, Stackebrandt 

et al. 1997) in terms of number and 

variety of identified species. It 

comprises gram-positive high G+C 

content bacteria. The G+C content 

generally ranges from 51% (some 

Corynebacterium) to more than 70% in 

Streptomyces and Frankia. An 

exception is the genome obligate 

pathogen Tropheryma whipplei, whose 

G+C content is less than 50%. 

Actinobacteria exhibit a broad range of 

morphologies, from rod-coccoid 

( A r t h r o b a c t e r )  o r  c o c c o i d 

(Micrococcus) to fragmented hyphal 

forms (Nocardia spp.) or highly 

differentiated branched mycelium 

(Streptomyces spp.) (Atlas et al. 

1997).They also exhibit diverse 

metabolic and physiological properties, 

such as the formation of a wide variety 

o f secondary metabo lit es and 

production of extracellular enzymes 

(Schrempf et al. 2001). Some of these 

secondary metabolites especially 

produced by Streptomyces species have 

been proved to be potent antibiotics 

(Lechevalier et al. 1967). This trait 

turned Streptomyces into primary 

ant ibio t ic-producing organisms 

exploited by the pharmaceutical 

industry (Bérdy et al. 2005).Moreover, 

diverse forms of lifestyles are 

encountered among Actinobacteria.For 

instance pathogens (Mycobacterium, 

N o c a r d i a ,  T r o p h e r y m a , 

Corynebacterium, Propionibacterium 

etc.), plant commensals (Leifsonia), 

nitrogen-fixing symbionts (Frankia), 

soil inhabitants (Streptomyces), thermal 

(Acidothermus),  stone dwellers 

( G e o d e r m a t o p h i l u s )  a n d 

gastrointestinal tract (GIT) inhabitants 

(Bifidobacterium spp.).  

Chapter 2 
Review of  Literature 

 

Facts are many, but the truth is one. 
-Rabindranath Tagore 
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Abnormal developmental features are 

also displayed by many actinobacterial 

genera, for example,the continual non-

replicating state exhibited by certain 

mycobacteria or sporulating aerial 

mycelium formation in Streptomyces 

species. Actinobacteria are extensively 

distributed equally in terrestrial and 

aquatic (including marine) ecosystems, 

specially in soil, where they play a vital 

role in the recycling of unruly 

biomaterials by decomposition as well 

as humus formation (Goodfellow et al. 

1983, Stach et al. 2005). Furthermore, 

some Bifidobacterium species are used 

as active component in a variety of so-

called functional foods due to their 

apparent  hea lth-promot ing and 

probiotic properties. They have been 

reported to take part inbile salt 

hydrolase activity, protection against 

pathogens mediated through the 

process of competitive exclusion, 

immune modulation along with the 

ability to stick to mucus or intestinal 

epithelium (Lievin et al. 2000, 

Ouwehand et al. 2002, Stanton et al. 

2005). Thus actinobacteria may be 

relevant to human and veterinary 

medicine, biotechnology, and ecology. 

Moreover the genomic heterogeneity 

observed from already sequenced 

actibacterial genomes reflects their 

biodiversity. 

2.2 Evolution and Dynamics of 

Bacterial Genomes 

The primary genetic proceedings that 

establish genome shape and structure 

are believed to be (1)horizontal gene 

transfer (HGT), (2) gene duplication, 

(3) chromosomal rearrangements and 

(4) gene loss. Despite several efforts to 

quantify the relative contribution of 

each of these processes, no consistent 

model can so far explain and outline 

the evolutionary development of 

bacteria based on their existing genome 

structure (Andersson et al. 2000, Hong 

et al. 2004, Kunin et al. 2003, Snel et 

al. 2002). A brief review regarding all 

the aforementioned processes could be 

helpful in reconsidering the genomic 

aspects of organisms. 

2.2.1 HGT:  

The introduction of alien or novel 

genes by HGT permits for quick niche-

specific adaptation, which may lead to 

bacterial diversification and speciation 

(Cohan et al. 2001). Bacterial genome 

evolution is dependent upon the 

combined outcome of acquired genes 

through cell division (vertically 

inherited) and by HGT (Woese et al. 

2000). Taking this perception to its 

extreme, one can argue that two 
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bacterial taxa are more linked to each 

other than to a third one not because 

they allocateto a more recent ancestor 

but because they swap over genes more 

frequently (Gogarten et al. 2002). HGT 

is responsible for increasing the 

competitiveness among bacteria in 

their natural habitats. For instance, in 

some pathogenic bacteria, DNA 

segments with many virulence genes 

and gene clusters (pathogenicity 

islands), appear to be acquired by HGT 

(Ochman et al. 2000). Actinobacterial 

examp les o f viru lence genes 

transmission through HGT are rare 

(Rosas-Magallanes et al. 2006). Of 

these, three cases showed to signify 

obvious HGT events: (i) presence of 

major diphtheria toxin gene in phages 

of Corynebacterium diphtheria, (ii) 

Mycobacterium ulcerans carries the 

macrolide toxin genes liable for the 

ulceration in their linear plasmid 

(Stinear et al. 2004), (iii) a large 

chromosomal segment of Streptomyces 

turgidiscabies associated with causing 

potato scab can be transferred via 

conjugation (Loria et al. 2006). In 

addition, it has been argued that the 

virulence operonof Mycobacterium 

tuberculosis Rv0986-8 which plays a 

vital role in host phagocytic cells 

parasitism by enhancing the ecological 

fitness of the infecting mycobacterium 

was acquired by HGT (Pethe et al. 

2004). Other genetic studies of the 

ancestral M. prototuberculosis species 

have specified that various HGT events 

happened before the evolutionary 

bottleneck that led to the appearance of 

the M. tuberculosis complex (Gutierrez 

et al. 2005), perhaps from the Indian 

subcontinent (Filliol et al. 2006). 

Bioinformatic methods to recognize 

HGT events are based predominantly 

on the analysis of deviation in the GC 

content (GC deviation), four-letter 

genomic signatures, dinucleotide 

differences, and/or codon usage. Some 

geneticists often proposed  HGT as the 

explanation for genes present in only 

one organism which would mean that 

HGT frequency is pretty low (below 

10% of the total gene complement) 

(Kunin et al. 2003, Snel et al. 2002). 

Interestingly, a recent analysis revealed 

that many actinobacteria specific 

proteins were also encoded by 

Magnetospirillum magnetotacticum 

which is an alpha-proteobacterium, but 

not by any other alpha-proteobacterial 

strains. This proposes that M. 

magnetotacticum may have acquired 

those genes from actinobacterial 

species by HGT (Gao et al. 2006).  

An interesting case of HGT between 
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Chlamydia and some Actinobacterial 

g e n e r a  ( e . g . ,  S t r e p t o m y c e s , 

Tropheryma,  Bi f idobac ter ium, 

Le i f son ia ,  A r throbac t er ,  a nd 

Brevibacterium) have already been 

described (Griffiths et al. 2006). In 

serine hydroxymethylt ransferase 

enzyme (GlyA protein), two conserved 

inserts of 3 and 31 amino acids remain 

present in some chlamydiae along with 

the aforement ioned subset  o f 

Act inobacteria. Likewise, these 

bacteria also contain a preserved 16-

amino-acid insert in the enzyme UDP-

N-acetylglucosamine enolpyruvyl 

transferases (MurA) responsible for 

peptidoglycan biosynthesis. However, 

the physiological and functional 

significance of these HGT events 

be t w e e n  Ac t ino b a c t e r ia  a nd 

Chlamydiae is presently unclear.  

2.2.2 Gene decay: 

Bacterial genome size is dogged by the 

outcome of numerous opposing forces. 

Genome contraction occurs by deletion 

bias and genetic drift whereas, a 

prominent selection pressure on the 

functional genes encourages the 

preservat io n o f DNA. Geno me 

augmentat ion depends on both 

acquisitions of alien DNA and gene 

duplications, coupled to adaptive 

benefits (Mira et al. 2001). DNA loss 

may be either large deletions that span 

multiple loci or deletions of one or a 

few nucleotides (Andersson et al. 

2001). The influence of these altered 

routes is erratic among bacterial 

lineages (Mira et al. 2001). Inactivation 

and deleterious mutations in genes with 

little involvement to fitness can be 

transmitted to progeny and mount up in 

populations, ultimately leading to gene 

loss; whereas such mutations in genes 

that are lethal will prevent the 

production of progeny and so will be 

eradicated from populations, resulting 

in the conservation of the functional 

gene (Ochman et al. 2006).  

Gene inactivation and loss are mainly 

apparent in several bacterial groups 

with host-associated lifestyle, in which 

the host provides many of the 

metabolic intermediates, thereby 

preventing the requirement to preserve 

ma ny b io synt het ic  genes .  I n 

endosymbiotic bacteria, such as 

Buchnera and Rickettsia, loss of 

individual loci or operons is the only 

resource of discrepancy in the gene 

inventories between species (McLeod 

et al. 2004, Tamas et al. 2002). A clear 

example of genome reduction is 

provided by Mycobacterium leprae, 

which has lost more than 1,000 genes 

compared with M. tuberculosis (Cole et 
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al. 2001). Moreover, the presence of 

n o n - f u n c t io n a l  g e n e s ,  i . e . , 

pseudogenes, in M. leprae suggests 

that this genome loss is still in 

progress. Although the principles for 

pseudogenes identification differ 

among studies, the overall rationale is 

quite similar: the predicted protein 

must be distorted to degree that 

abolishes its function. The thresholds 

applied for identifying pseudogene are 

based on the organization and known 

size of functional domains within 

proteins, the observed length deviation 

within individual gene families, and 

available data on experimentally 

disrupted proteins (Ochman et al. 

2006). Generally, pseudogenes include 

cases where deletion of functional part 

or insertion of stop codons have 

resulted in distorted protein with very 

small gene length (less than 80% of 

original length) or where a frameshift 

or insertion has altered more than 20% 

of the amino acid sequence of the 

protein (Lerat et al. 2004). Majority of 

the annotated bacterial pseudogenes are 

among the open reading frames (ORFs) 

with unknown functionality. The lack 

of common pseudogenes among 

different strains of same species 

indicates that pseudogenes are 

produced continually, are eliminated 

quickly, and thus only rarely 

persevered in bacterial genomes 

(Ochman et al. 2006). Other bacteria 

reveal a lower level of gene loss: in 

Rickettsia prowazekii, anobligate 

intracellular pathogen where only 12 

ps eu do ge ne s  we re  id e nt i f ie d 

(Andersson et al. 1998); and a current 

genome analysis of two Streptococcus 

thermophilus strains (Bolotin et al. 

2004) found that pseudogenes 

constituted only 10% of the total 

genome, reflecting adaptation of S. 

thermophilus to  their specific 

environment which is milk (Bolotin et 

al. 2004).  

2.2.3 Gene duplications:  

Earlier it was thought that bacterial 

genomes evolved from a much smaller 

ancestral genome through a number of 

gene duplication events and the 

resulting generation of paralogs 

(Kunisawa et al. 1995). However, some 

analysis based on currently available 

data does not support this theory and 

reveals that  gene duplicat ions 

contribute only diffidently to genome 

evolution (Coenye et al. 2005). Despite 

this, it has been noted that genes 

participated in a precise adaptation 

have been conserved after duplications 

signifying that gene duplication does 

have an evolutionary role (Coenye et 
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al. 2005). This is nicely exemplified by 

t he  myco bac t e r ia l pa r a no me, 

corresponding to a functional class of 

genes concerned with fatty acid 

metabolism, in accordance to the 

composite nature of the mycobacterial 

cell wall and possibly reflecting the 

adaptive evolution of microbial cellular 

structure (Coenye et al. 2005, Tekaia et 

al. 1999). 

2.2.4 Genome rearrangements: 

Along with the afore-mentioned 

factors, chromosome rearrangements 

can also participate in genome 

arrangements. Synteny, a term used for 

indicating the preservation of gene 

order between genomes, can be used as 

a phylogenetic tool to examine 

relationships among species, since the 

degree of genome rearrangements 

enhances linearly in relation to the 

bacterial divergent time (Korbel et al. 

2002, Wolf et al. 2001). Chromosomal 

rearrangement is chiefly dependent on 

the repeated and mobile elements 

activity for example functionality of 

transposons, insertion sequences (ISs), 

prophage sequences, and plasmids 

(Kolsto et al. 1997). Bacterial genomes 

with a higher density repeat sequence 

have higher rearrangement rates 

leading to a rapid loss of gene order 

(Rocha et al. 2003). Homologous 

recombination between these repeated 

s e q u e n c e s  c a t a l y z e  g e n e t i c 

rearrangement as well as gene loss 

leading to taxonomic diversification. 

These recombination events probably 

have endorsed in T. whipplei speciation 

(Raoult et al. 2003). Moreover, 

evolution of chromosome is influenced 

by bulky chromosomal rearrangements, 

e.g., large inversions (Eisen et al. 

2000). 

2.3 Taxonomic reclassification of 

Actinobacteria 

Ray fungi, also called as Strahlenpilze 

by Lieske (1921), or actinobacteria 

with a tricky taxonomy (Krassilnikov 

1941) were historically considered as 

„intermediary‟ between bacteria and 

fungi. The name itself comes from the 

colony morphology on agar exhibiting 

radial growth, a characteristic common 

to fungi. The mycelial shape and musty 

smell of actinobacteria is also similar 

to fungi. Moreover, the peptidoglycan 

based cell wall of this group is also a 

property shared to Firmicutes. The very 

primitive taxonomical treatment of 

actinobacteria was proposed by 

Buchanan (1917) who proposed an 

order name Actinomycetales. Some 

taxonomical works have been based on 

the perception of evolutionary trend 

from a simple form to more 
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complicated features like hyphae and 

sporangia (Kluyver & van Niel 1936). 

However most of the taxonomists were 

not satisfied since morphological 

features were not considered which 

may result in faulty positioning, 

especially in classifications specifically 

dependent upon a dichotomous 

scheme. 

Chemical criteria were initially very 

few and could not provide a solid base 

for taxonomy, yet they have gathered a 

solid set of data compensating for few 

lost functions. Now-a-days, to explain 

a species, it is compulsory to afford a 

measure G+C content of DNA which is 

a characteristic of the genome; 

phospholipids analysis which is an 

important feature of membrane; the di-

amino acids characterising cell wall; or 

quinones which represent  t he 

respiratory chain of organisms. None 

of these elements taken independently 

is adequate to recognize a microbe; 

however, taken as a whole they can 

give way a solid taxonomic basis in 

a m a l g a m a t i o n  w i t h  g r o w t h 

characteristics and morphology. Sokal 

& Sneath (1963) used a mixture of 

such characters as the basis of 

numerical taxonomical study. These 

approaches have a llowed the 

classification of several actinobacterial 

lineages (Goodfellow 1967), especially 

the genera Streptomyces (Williams et 

al.  1983) and Mycobacterium 

(Tsukamura et al. 1969). 

The arrival of sequencing of 16S 

rRNA, 16S rRNA gene classification 

(Stackebrandt & Woese 1981) and 

advanced molecular phylogenetic tools 

have advnced the search for a 

molecular clock that is required to be 

present in all lineages. These 

techniques presented actinobacteria as 

a consistent subdivision of „Gram-

Positive bacteria‟ along with the 

firmicutes (low G+ C), Bacillus and 

Clostridium (Woese 1987). This 

confirmation supported Actinobacteria 

as coherent, with little genetic 

distances. 

Actinobacteria are generally aerobic 

and posses filaments (in branching 

pattern) except Bifidobacteriales 

(Woese 1987). This treatment was 

reserved in many consecutive editions 

of Bergey‟s Manual and the class name 

was available in 1997 (Stackebrandt et 

al. 1997) although untenably because 

no type order was proposed at the time 

(Euze´by & Tindall 2001). However, 

16S rRNA genes sequences and 

phylogenetic reconstructions may not 

be considered as the golden benchmark 

in bacterial taxonomy for several 
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reasons. First, there are examples of 

species with more than one copy of the 

16S rRNA gene differ ing by 

a p p r o x i m a t e l y  6 % ,  a s  i n 

Thermomonospora chromogena (Yap 

et al. 1999), which was taken as 

support of lateral transfer. Secondly, 

the 16S rRNA gene may be plasmid-

borne as in Bacillus megaterium 

(Kunnimalaiyaan et al. 2001), further 

following the idea of lateral transfer. 

Finally, the 16S rRNA gene is a single 

marker that thus disobeys one basic 

principle of biology, that any 

investigation should be considered for 

reproducibility. This constraint led to 

multi-locus sequence analysis (MLSA) 

developed originally for Neisseria 

(Maiden et al. 1998), where five or 

more preserved genes were sequenced 

and analysed. This approach is now 

commonly used, mainly to distinguish 

species within a genus. It helped the re-

characterization of the genera Nocardia 

(McTaggart  et  al.  2010) and 

Streptomyces (Doroghazi & Buckley 

2010),  with some noteworthy 

deviations from the topological pattern 

obtained by 16S rRNA gene sequences, 

indicating extensive recombination. 

The most  current taxonomica l 

treatment of Actinobacteria (Ludwig et 

al. 2012a, b), based fundamentally on 

the 16S rRNA gene phylogeny, has 

noticeably tailored all levels of their 

taxonomy. There are six classes 

comprising of five basal ones 

(Acidimicrobiia, Coriobacteriia, 

Nitriliruptoria, Rubrobacteria and 

Thermoleophilia) each with one or two 

orders. The main class Actinobacteria 

c o m p r i s e s  o f  1 5  o r d e r s 

(Actinomycetales, Actinopolysporales, 

Bifidobacteriales, Catenulisporales, 

Corynebacteriales ,  Frankiales, 

Glycomyce ta les ,  J iange l la l es ’ 

Kineosporales ,  Micrococcales , 

M i c r o m o n o s p o r a l e s , 

P r o p i o n i b a c t e r i a l e s , 

Pseudonocardiales, Streptomycetales 

Streptosporangiales).  

Gao and Gupta (2012) proposed an 

approach of concatenating 35 proteins 

to  r e - c lass ify ac t ino bac t e r ia l 

phylogeny, with an idea of indels to 

corroborate the major lines of that 

classification (Wu et al. 2009). Study 

of Verma et al. (2013) revealed the 

need of reassessment in the orders 

Frankiales and Micrococcales. Sen et 

al. (2014) performed a detailed 

p h y lo g e n e t i c  r e c o n s t r u c t io n 

exclusively for Actinobacteria using 

both bootstrapping (Felsenstein 1985) 

MLSA and Prunier approach (Abby et 

al. 2010) and spitted Frankiales into 
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F r a n k i a l e s  o r d .  n o v . , 

Geodermatophilales  ord. nov., 

Acidothermales  ord. nov. and 

Nakamurellales ord. nov.. Moreover, 

Micrococcales was also divided into 

several monophylet ic orders – 

Micrococcales (Micrococcus, Kocuria, 

Rothia, Arthrobacter, Tropheryma, 

Microbacterium, Clavibacter and 

L e i f s o n i a ) ;  C e l l u l o m o n a l e s 

(B eu tenbe rg ia ,  Ce l lu lomonas , 

X y l a n i m o n a s ,  J o n e s i a  a n d 

Sanguibacter); Brachybacteriales 

(Brachybacterium) and Dermacoccales 

(Kytococcus, Intrasporangium).  

2.4 Interaction with niche 

Actinobacteria being one of the major 

representat ives o f rhizospher ic 

microbial flora play diverse roles in 

p l a n t - a s s o c i a t e d  m i c r o b i a l 

communit ies. Some genera are 

predominant soil saprophytes while 

others are either symbionts or 

endophytes or plant pathogens.  

2.4.1 Actinobacteria as nitrogen fixers 

Frankia, a genus with the ability to fix 

nitrogen, can live both as soil 

saprophytes as well as endophytic 

symbionts and are competent to 

establish mutualist ic symbiot ic 

association with non-leguminous plants 

notably Alnus,  Casuarina  and 

Elaeaginus allowing their growth in 

nitrogen-poor condition (Benson and 

Silvester 1993; Chaia et al. 2010; 

Schwe ncke  and  Carú  2001) .  

Elucidation of the Frankia genomes 

has revealed novel possibilities in 

metabolic diversity, stress tolerance 

and natural product biosynthesis, 

which aid in establishment of Frankia-

actinorhizal symbiosis (Schwencke and 

Caru 2001; Benson and Dawson 2007). 

Depending upon the host specificity, 

Frankia has been clustered in four 

major groups (Ghodbhane-Gtari et al. 

2013, Nouioui et al. 2011; Normand et 

al. 1996; Cournoyer and Lavire 1999, 

Ghodhbane-Gtari et al.  2010). 

Members of lineage I infect plants of 

the Betulaceae, Myricaceae, and 

Casuar inaceae families (except 

Gymnostoma). Dryadoideae (all 

actinorhizal Rosaceae), Coriariaceae, 

Datiscaceae, and the genus Ceanothus 

(Rhamnaceae) are infected by strains 

of lineage II. The lineage III stains are 

mo s t  p r o mis c u o u s  in f e c t ing 

E laeagnaceae,  Co lle t ieae  ( a l l 

actinorhizal Rhamnaceae except 

C e a n o t h u s ) ,  M y r i c a c e a e , 

Gynmmostomam (Casuarinaceae), and 

occasionally Alnus. On the contrary, 

Frankia of lineage IV are „atypical‟ 

strains either unable to infect plant or 
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produce ineffective root nodules which 

do not participate in nitrogen fixation 

(Tisa et al. 2016).  

Several genes have been reported to be 

involved in nitrogen fixation. Among 

them, nitrogen fixing (nif) genes are 

most important (Normand et al. 2007). 

Strains of cluster I, II and III own their 

nif genes however, in lineage IV this 

gene is totally absent which probably 

lead to their inability to fix nitrogen. 

Eleven- twelve nif genes remain 

clustered together as an operon on 11.6

-14 kb region and generally one copy 

of each nif gene is present in that 

cluster (Tisa et al. 2016). However, 

exceptions are there. For instance, nifV 

gene of lineage III strains has been 

reported to be present at a distant from 

the nif cluster and two copies of nifU 

were report ed in lineage I I . 

Interestingly, six non-nif genes (orf1, 

orf2, hesA orf3, orf4 and fdx) were 

also found to be located between nif 

genes (Tisa et al. 2016). Another 

important part of frankial N2 fixation is 

the presence of specialized thick-

walled vesicles (Noridge and Benson 

1986; Tisa and Ensign 1987; Normand 

et al. 2014). Their formation is 

controlled by partial pressure of 

oxygen. Vesicles play a pivotal role in 

protecting nitrogenase from oxygen 

inactivation (Murry et al. 1985).  A 

natural pentacyclic triterpenoid lipid 

called hopanoid formed a multilayed 

envelop surrponding the vesicle 

structure which act as the oxygen 

barrier (Berry et al. 1991, 1993). In 

Frankia hopanoid remain as bacterioho

-panetetrol and bacterio-hopanotetrol 

phenylacetate monoester derivatives. 

Generally, there are two pathways for 

hopanoid biosynthesis viz. mevalonate 

pathway and methyl erythritol 

phosphate (MEP) pathway. However, 

in Frankia, only MEP pathway has 

been identified (Rohmer 2008). 

Surprisingly, hopanoid biosynthetic 

gene cluster have been identified in all 

Frankia strains including non nitrogen 

fixer lineage IV which indicates that 

their functional implication is nitrogen 

independent (Dobritsa et al. 2001; 

Udwary et al. 2011; Richau et al., 

2013, Tisa et al. 2016). Hence, these 

genes are not only crucial for nitrogen 

fixation besides, they are also 

important as primary cell wall 

component conferring the membrane 

integrity. 

Concurrently, Ni-Fe hydrogenase or 

uptake hydrogenase (hup) operons are 

also imperative for Frankia life style. 

There are two hup operons in lineage I 

and II strains Among them, operon I is 
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expressed under free living condition 

whereas, operon II is expressed under 

symbiotic condition (Leul et al. 2007; 

Richau et al. 2013). However, all hup 

genes were found to be clustered in one 

operon for lineage III and IV strains. 

Truncated hemoglobin genes, which 

are broadly classified into three groups 

- group I (HbN), group II (HbO), and 

group III (HbP) act either as NO 

scavengers or protect nitrogenase from 

oxygen inactivation by buffering the 

oxygen level (Wittenberg et al. 2002). 

Blastp analysis revealed the complete 

absence of canonical nodABC gene 

(NodA-acyl transferase, NodB-chitin 

deacetylase, NodC-chitin synthase) 

cluster among Frankia strains (Tisa et 

al. 2016) except Candidatus Frankia 

Datisca Dg1(Persson et al. 2015). 

There prevail two hypotheses behind 

this finding. First one is, Dg1 follow an 

identical symbiotic pathway to legume-

rhizobium relation and second one is, 

w h i l e  s e q u e n c ing ,  D g 1  ha s 

incorporated genes from other 

organisms as a part of contamination. 

Actinorhizal nodules are well known to 

contain several bacteria within them 

hence, genes of other microbes can be 

accidentally mixed to the genome of 

Dg1 resulting the exceptional presence 

of nod genes within the genome 

(Ghodhbane-Gtari and Tisa 2014). 

However, Chabaud et al. 2015 has 

revealed a novel signalling mechanism 

for symbiosis in Frankia. Host plant 

induced Frankia have been reported to 

exert a signal triggering the expression 

of reinfection genes in host plant as 

well as Ca2+ level. Their additive 

effect results in biologically active 

symbiotic signal.  Moreover, next-

generation proteomic analysis has also 

provided plethora of information 

regarding the proteome footprinting of 

frankial metabolomics altered by root 

exudates of compatible and non-

compatible host plants. This study 

revealed that, proteins having 

functionality in the early steps of host 

recognit ion and infect ion were 

expressed highly in Frankia induced 

by root exudate of compatible host 

plant (Ktari et al. 2017).  

Bioinformatic analysis has also 

explored a relation between the 

genome size and niche specificity as 

well as biogeographic ranges among 

this genus. For instance, the genome 

size of narrow-host-range- Casuarina 

strain Frankia sp. CcI3 is 5.4 Mb 

whereas, the size expands to 8.9 Mb 

for Frankia sp. Ean1pec which is a 

broad-host-range Elaeagnus strain as 

well as soil cosmopolitan. The 
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infectivity of F. alni ACN14a is 

restricted mainly to Alnus and 

Myricaceae hence, they possess a 

genome with intermediate size (Tisa et 

al. 2016). Thus a hypothesis prevailed 

that, the genome size of Frankia 

changes with their host range and it 

held true with all the strains of this 

genus sequenced so far. Furthermore, 

study with horizontal gene transfer 

(HGT) and insertion elements (IS) in 

Frankia has availed us with 

information regarding their genomic 

plasticity (Tisa et al. 2016). Frankia sp. 

Eul1c appeared to be the most stable 

genome with a very few HGT and IS 

elements. Thus, our understanding 

regarding the infection process of 

Frankia could be enhanced through a 

detailed comparative study.  

2.4.2 Actinobacteria as plant protector 

and plant defense elicitor  

Actinomycetes are well recognized for 

their capacity to produce a broad range 

of metabolites which can act against 

plant pathogens (Van et al. 2008). The 

mechanisms by which actinobacteria 

inhibit  t he pathogens inc lude 

ant ibiosis, nutrient compet it ion, 

quorum quenching, nitrous oxide and 

degradative enzyme production (Conn 

et al. 2008). Some strains also produce 

siderophores with the ability to chelate 

iron and thus deprive other microbes 

from this essential nutrient (Jog et al. 

2014). Some water soluble chitinolytic 

enzymes  produced fro m so i l 

actinobacteria are also effective against 

fungal infection and soil borne 

pathogens. Broad range of antibiotics 

produced by this particular microbial 

population is well recognized plant 

protectors against pathogenic bacteria, 

oomocytes, nematodes and fungi (Van 

et al. 2008). Moreover, production of 

nitrous oxide by some Streptomyces 

strains elicits the plant defense 

mechanism. Streptomycetes can also 

degrade a signa ling mo lecu le 

responsible for pathogenicity in 

Pectobacterium carotovorum (Baz et 

al. 2012). Thus, actinobacteria can act 

as a soldier of plant defense 

mechanism.   

2.4.3 Actinobacteria help in plant 

growth: 

Several nitrogen fixing actinobacteria 

have been found to be associated with 

the plant root system. Majority of them 

aid in the development of plant (Qin et 

a l .  2 0 1 1 ) .  F o r  e x a m p l e , 

Corynebacterium sp. AN1, which was 

isolated from forest phyllosphere can 

reduce acetylene thus substituting the 

role of nitrogenous fertilisers and 

helping in plant growth promotion 
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(Nimaichand, 2016). Pseudonocardia 

dioxanivorans CB1190 has also been 

reported to fix dinitrogen (Mahendra et 

al. 2005). Above all, Streptomyces, 

accounting an abundant percentage of 

soil microflora and an effective plant 

colonizer is well recognized as source 

of plant growth promoters and other 

biocontrol agents (Igarashi et al. 2002). 

Besides, endophytic (microbes remain 

within the plant host for a long time 

without causing any harm to host) 

streptomycetes can aid in their host 

plant growth by auxin production 

(Sadeghi et al. 2012).  

2.4.4 Actinobacteria- as  pathogen 

Plant pathogenesis is a very complex 

multi step process. The pathogens have 

to infect the plant system, break the 

cell wall and win over the plant 

defense mechanism (Qin et al. 2011). 

A l t h o u g h ,  t h e  n u m b e r  o f 

actinobacterial plant pathogen is less 

however, sometimes they can cause a 

huge agricultural and economical loss 

by destroying huge amount of crops 

(Qin et al. 2011). Clavibacter, 

L e i f s o n i a ,  R h o d o c o c c u s  a nd 

Streptomyces are the most popular 

plant pathogenic actinomycetes. Most 

important ly,  Rhodococcus  and 

Streptomyces have ride range of host 

and thus are more deleterious than 

o t h e r s .  M o s t  w e l l  k n o w n 

actinobacterial phyto-pathogenicity is 

the potato scab disease caused by 

Streptomyces scabiei. S. turgidiscabies 

and S. acidiscabies also causes scab 

disease. “Common” scab is caused by 

S. scabiei and S. turgidiscabies 

whereas; S. acidiscabies is responsible 

for “acid scab” (Loria et al. 1997). The 

stains of these two types of scab differ 

from each other in pigmentation 

pattern, pH resistant capacity and 

ra ffino se ut il izat ion capac it y. 

Furthermore, S. scabiei and S. 

turgidiscabies can produce melanin 

however, S. acidiscabies is unable to 

produce the same (Nahar et al. 2018). 

Another form of scab called Russet 

scab is restricted to potato skin and 

quality of the crop. This disease is 

again of two types: American rudest 

scab and European russet scab. Though 

they are also caused by Streptomyces 

however, the causative strains are 

phytopathologically different from 

e a c h  o t h e r .  F u r t h e r ,  s o me 

streptomycetes (S. flavovirens) through 

their ligninocellulose degrding 

enzymes can harm the intact phloem 

cell wall of hosts and cause harm to 

them (Locci et al. 1994). Rhodococcus 

fascians have been reported to infect 

both monocot and dicot plants which 
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include economically important crops 

too (Cornelis et al. 2001). Upon 

infection, excess intracellular epiphytic 

growth through stomata leads to leaf 

deformation, fasciations, leafy galls 

and witched broom formation. Shoots 

are hyper-induced by dormant auxillary 

meristem activation and de novo 

meristem formation (Cornelis et al. 

2001). Manipulation of host hormonal 

balance by the pathogen derived auxins 

and cytokines is the main reason 

behind the aforementioned symptoms 

(Cornelis et al. 2001).  

Clavibacter michiganensis is the only 

reported plant pathogen of its genus 

(Daferera et al. 2003). All the five sub-

strains of this species are potent plant 

pathogen colonizing in their host 

x y le m.  T he  s e ve r i t y  o f  C . 

michiganensis infection and difficulty 

in controlling them has recognize this 

species as quarantine organism under 

the European Union Plant Health 

Legislation and laws of many other 

countries (Bentley et al. 2008). Ratoon 

stunting of sugarcane is a disease 

caused by Leifsonia xyli subsp. xyli 

(Monteiro-Vitorello et al. 2004). This 

is a systematic disease where plant 

growth is retarded. Putative fatty acid 

desaturation modifies the carotenoid 

biosynthesis pathway and produce 

Abscisic acid which inhibit the plant 

growth. One interesting fact regarding 

Leifsonia infection is, they are very 

much xylem limited (Young et al. 

2006).  Moreover, members of 

Mycobacterium, Corynebacterium , 

Propionebacterium and Tropherymae 

are popular as animal pathogen. 

2.4.5 Actinobacteria- as a source of 

natural products 

Actinomycin was the first discovered 

antibiotic produced from Streptomyces 

antibioticus in 1940 (Katz 1967). 

Later, streptothricin and streptomycin 

were also produced from S. lavendulae 

a nd  S .  g r i s e u s  r e sp e c t ive l y 

(Handelsman et al. 1998). With 

a d v a n c e m e n t  o f  r e s e a r c h , 

actinobacteria proved itself as a great 

source and reservoir of natural 

products. Thus, this group has become 

important from the biotechnological 

perspective (Strobel et al. 2004). 

A m ino g l yc o s id e s  ( ne o myc in , 

kanamycin, streptomycin), beta-

l a c t u m ,  a n t h r a c y c l i n e s , 

chloramphenico l,  glycopept ides, 

l a n t ib io t i c s ,  s t r e p t o g r a m in s , 

tetracyclins etc. are some other major 

a n t i b i o t i c s  p r o d u c e d  f r o m 

act inomycetes.  The ant ibiot ic 

production capacity of each microbe 

also varies significantly. For instance, 
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some Streptomyces strains produce 

single antibiotic whereas, some are 

capable of producing a broad range of 

antibiotics (Strobel et al. 2003). 

Concurrently, actinomycetes are also 

popular as source of other secondary 

metabolites such as, herbicides, 

insect isides, immune-suppresors, 

antifungal agents etc. S. aureus S-3466 

has been reported to biosynthesise a 

mixture of tetranactin and dinactin 

which are used for commercial 

product ion o f macro tetro lides 

(Handelsman et al. 1998). This 

compound act as as insecticides and 

immuno-suparresive agents. Another 

example is Mildiomycin which act as 

an antifungal agent. Their primary sites 

of actions are locations of cell wall 

chitin synthesis, inositol biosynthesis 

as well as sites of protein and DNA 

synthesis (Handelsman et al. 1998). 

Similarly, validamycin, kasugamycin, 

polyoxinin B and D are also potent 

natural antifungal agents synthesised 

from different strains of Streptomyces. 

Validimycin A, produced from S. 

hygroscopicus var. limoneus is 

converted into validoxylamine A 

within fungal cell. This compound 

inhibits the breakdown of trehalose and 

thus suppresses the supply of 

carbohydrate to fungi and insects. 

Since, vertebrates do not depend upon 

the breakdown (hydrolysis) of 

d i s a c c h a r id e  t r e h a lo s e ,  t h e 

funct ionality of validamycin is 

biologically selective. Furthermore, 

Polyoxin B act as antifungal agent in 

friuts, vegetables and ornamental 

plants whereas, polyoxin D can control 

the growth of Rhizoctonia solani which 

causes therice sheath blight by 

inhibit ing the microbial protein 

biosynthesis (Handelsman et al. 1998). 

Kasugamycin is active against rice 

blast (Pyricularia oryzae cavara) and 

Pseudomonas disease in several crops 

(Rossman et al. 1990).  

Rec e nt  geno mic  a na lys is  o f 

Actinobacteria reported that, some 

secondary metabolite biosynthetic 

machineries regulated by selected 

genetic loci may become active under 

precise lab conditions which may 

further enhance the commercial 

importance of these microbes as a 

natural resource of biologically active 

compounds. 

2.4.6 Probiotic Actinobacteria 

Advancement of research has proved 

the vital role played by gut microbiome 

in various aspects of human health. 

Bifidobacterium, is one of the major 

constituent of gut microflora which is 
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ubiquitous in every human (Ishibashi et 

al. 1997). The population of these 

microbe changes with age. In 

childhood they are enormous and 

unstable whereas, in adulthood their 

population comparatively reduces and 

become stable. Bifidobacterium 

longum, B. breve, and B. bifidum 

predominate in infants. On contrary, B. 

catenulatum, B. adolescentis and B. 

longum are more prevalent in 

adulthood (Lau and Liong 2014). 

Several extrinsic factors are important 

for the initial colonization of this genus 

in intestine. Infants can also acquire 

this microbial population from mother 

through mother‟s vaginal tract, GIT, 

breast milk, placenta and amniotic fluid 

(Wei et al. 2012). Further, birth mode 

is another important factor in this case. 

Infant born vaginally are more 

abundant  wit h b if ido bacter ia l 

population than infant born by cesarean 

section. The gut microbiome may vary 

with the feeding regime too. For 

example, Bifidobacterium breve, B. 

bifidum, B. longum ssp. longum, and B. 

longum spp. infantis have been 

reported to be present in both breast-

and formula-fed infants. B. longum ssp. 

infantis and B. longum ssp. longum are 

commonly associated with breast-fed 

infant s and bot t le- fed infant s 

respectively (Ishibashi et al. 1997, Wei 

et al. 2012). Further, formula fed 

babies do not develop B. adolescentis 

in their adulthood.  Thus, breast milk 

does have a bifidogenic effect since; 

selected glycans present in breast milk 

can be utilized by Bifidobacterium 

(Wei et al. 2012). This report was also 

supported by another finding that, 

breast milk of mother with mutation in 

Fucosyl transferase 2 gene (FUT2) 

delays the colonization of gut 

Bifidobacteria since, the mentioned 

mutation inhibit the conversion of 

fucose to glycans (Ishibashi et al. 

1997).  

Bifidobacterium composition in human 

intestine also fluctuates with different 

disease condition. Obesity, one of the 

major condition affecting children and 

adults has been shown to have 

correlation with alterations in gut 

microbiome. A relatively lower set of 

Bifidobacterium and higher set of 

Staphylococcus have been reported 

previously in obese children (Million et 

al. 2012). Those mothers who during 

their pregnancy period gain over 

weight supply lower amount of 

Bifidobacterium to their babies than 

that of healthy normal weight mother.  

Besides, patients with short or long 

term asthma also bear lower amount of 
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aforementioned strains.B. adolescentis 

has been found to be dominant in 

asthma patients. This strain is generally 

found in adulthood however, if a 

mother has allergy, the baby may get 

the strain through breast feeding. On 

contrary, reports are there suggesting 

the probiotic and anti allergic effect of 

B. longum in children (Ouwehand et al. 

2001). Further, during irritable bowel 

syndro me,  t he popu lat io n o f 

Bifidobacterium also decreases. Thus, 

the variety and populat ion of 

Bifidobacteria has a relation with 

different syndrome, suggesting their 

r o l e  i n  r e g u l a t i n g  t h a t 

p a t ho p hys io lo g ic a l  c o nd i t io n 

(Shirakawa et al. 2018). Moreover, 

their capacity to stimulate the immune 

system has recognized them as 

probiotics. However, this capacity has 

been found to be specie specific. 

Systematic and intestinal immunity is 

very much elevated by B. bifidum, B. 

dentium, and B. longum. Members of 

these genera are also used in treatment 

against allergies, celiac disease, 

obesity, diarrheas, colic, infections or 

necrotizing enterocolitis (Vazquez et 

al. 2010). The bile sale hydrolase 

activity of some selected strains 

reduces the blood cholesterol and 

lipoprotein cholesterol level hence, can 

also be useful in restoration of 

lipoprotein imbalance in children 

having dyslipidemia (Sharma et al. 

2016). Concurrently, the probiotic 

strains also deal with some brain gut 

disorders like anxiety, depression, 

stress etc. Interestingly, Bifidobacteria 

is now being used in diagnosis of 

tumor since; they have the ability to 

colonize at tumor sites. They can also 

inhibit the growth of tumor by tumor 

specific T-cell responses, CD8+ T cell 

responses and dendritic function 

modulation (Kim et al. 2007). Thus, 

Bifidobacteria with their probiotic 

activities have become some of the 

major genera of Actinobacteria. 

2.5 Extremotolerant Actinobacteria 

Actionobacteria can be found both in 

normal as well as in extreme nutrient-

deprived environments characterized 

by low or high temperatures, acidic/

alkaline pH, high radiation, salinity, 

low levels of available nutrients, and 

moisture (Zenova et al., 2011). The 

varied physiology as well as metabolic 

e las t ic it y o f e xt r e mo to le r a nt 

actinobacteria enables them to endure 

u n f a v o u r a b l e  a n d  h o s t i l e 

circumstances. Bull (2010) recorded 

the high abundance of actinobacteria 

under extreme conditions which broke 

the conventional concept of restricted 
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preponderance of actinobacteria in soil 

and fresh water environment. Several 

studies have been carried out on 

actinobacteria isolated from normal 

environments (neutral pH and 

temperature ranging 20–40 ◦C). 

However, only a few reports are 

available to understand the diversity of 

actinobacteria present in extreme 

environments, their adaptation and 

ecological role. Poly-extremotolerant 

and poly- extremophiles actinobacteria 

are also capable to  exist  in 

environments with more than two 

e x t r e m e  c o n d i t i o n s .  P o l y -

extremophiles are able to live in 

environments having multiple stresses 

(Gupta et al., 2014). Thermo-

acidophilic,  alkali-thermophilic, 

ha lo a lka l ip h i l ic ,  t he r mo phi l ic 

radiotolerant, and thermo-alkalitolerant 

actinobacteria are some examples of 

Poly-extremophiles. Their occurrence 

has been recognized in different 

extreme geographical locat ions 

including the Arctic (Augustine et al., 

2012) and Antarctic (Gousterova et al., 

2014) regions, hot springs (Chitte and 

Dey, 2002), oceans (Raut et al., 2013), 

and deserts (Kurapova et al., 2012). 

The extremophilic actinobacteria show 

numerous adaptive schemes for 

example- switching between two 

different metabolic modes (i.e., 

het erot rophy,  autot rophy,  and 

saprobes) antibiosis and fabrication of 

specific enzymes which may help them 

to survive under harsh conditions (high 

temperature, saline and alkaline). The 

thermo-tolerance is accredited to the 

presence of elevated hydrophobic and 

electrostatic interactions as well as 

disulfide bonds in the proteins of 

thermophilic strains (Ladenstein and 

Ren, 2006). They have definite unusual 

proteins called chaperones which help 

in refolding the proteins with partial 

denaturation (Singh et al., 2010). 

Several other proteins are also present 

which bind to DNA and avoid their 

denaturation at high temperatures. A 

thermophilic Streptomyces sp., 

obtained from desolated place was 

reported to produce autotrophic 

metabolic pathway enzymes like 

carbon monoxide dehydrogenase 

(CODH) (Gadkari et al., 1990). This 

enzyme facilitates the growth of 

microbes in nutrient  deprived 

conditions via oxidizing the accessible 

inorganic compound such as carbon 

monoxide into CO2 which can further 

fixed by the enzyme RuBisCO into 

microbial biomass by Calvin–Benson 

cycle (King and Weber, 2007). The 

chemolitho-autotroph thermophilic, 
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Acidithiomicrobium sp., isolated from 

geothermal environment, exploits 

sulphur as their energy source (Norris 

et al., 2011).The antibiosis is an 

additional strategy through which 

actinobacteria keep going by killing 

other microbial flora under nutrient 

restricted conditions. Alkaliphiles and 

acidophiles regulate H+ concentrations 

inside and outside the cell through 

proton pumps for maintaining their 

physiological pH inside (Kumar et al., 

2011). Alkaliphiles have negatively 

charged cell wall polymers which can 

stabilize cell membrane by charge 

density reduction at the cell surface 

(Wiegel and Kevbrin, 2004). The 

adaptive strategy of halo-alkaliphiles 

embraces excess tolerance to salty 

environment by producing and 

accumulating higher amount of attuned 

solutes (Roberts, 2005) which can 

avoid desiccation through osmo-

regulation. Additionally, they have 

Na+/H+ antiporter system to exclude 

undue salt from inside of the cell. 

Some actinobacteria also have the 

capacity to live in various radioactive 

sites and tolerate extremely harmful 

radiations like UV and gamma rays. 

Three thermophiles of Rubrobacter 

species - R. xylanophilus (Ferreira et 

al., 1999), R. radiotolerans and R. 

taiwanensis (Chen et al., 2004) were 

reported to be radio-tolerant. The 

resistance machinery has not been 

sufficiently understood, but the whole 

genome analysis of R. radiotolerans 

RSPS-4 exposed the presence of genes 

responsible for encoding proteins those 

are involved in oxidative stress 

response, DNA repair system and 

b i o s y n t h e t i c  p a t h w a y s  o f 

companionable sugars (mannosyl 

glycerate and trehalose) playing a vital 

role in extenuating the damage caused 

via radiation (Egas et al., 2014). In 

current years, some more radio tolerant 

and alkali tolerant actinobacterial 

species such as Microbacterium 

radiodurans GIMN 1.002T (Zhang et 

a l . ,  2 0 1 0 ) ,  M i c r o b a c t e r i u m 

maritypicum (Williams et al., 2007), 

Cellulosimicrobium cellulans UVP1 

(Gabani et al., 2012), Kocuria sp. 

ASB107 (Asgarani et al., 2012) and 

Kocuria rosea strain MG2 (Gholami et 

al., 2015) have been reported. The two 

alkali tolerant Kocuria strains were. 

The Kocuria sp. ASB107 isolated from 

Ab-e-Siah radioactive spring of Iran is 

a psychrotrophic strain showing 

tolerance to ionizing radiation (upto 

90% lethal doses) such as corona 

discharge and ultraviolet (256nm-UV). 

The Kocuria rosea strain MG2 was 
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revealed to tolerate the high quantity of 

damaging UV-C radiation. This strain 

can grow in a ample pH range (5–11 

with optimum growth at pH 9.2) along 

with salt concentration (0– 15%). Cell-

viability analysis on Kocuria rosea 

strain MG2 under multiple stresses was 

reported by Gholami et al. (2015). It 

was revealed that, after 28 days of 

incubation under desiccation condition, 

the Kocuria strain cells were viable and 

demonstrated high tolerance to the 

strong oxidant such as H2O2 (1–4%) 

and radiation. H2O2 is a well accepted 

antimicrobial compound damaging 

bio logica l membranes through 

hydroxyl radical generation. Hence, the 

aforementioned Kocuria strains seem 

to display both non-enzymatic anti 

oxidant defense systems (carotenoids) 

and enz ymat ic (cat a lase  and 

p e ro x id a s e )  d imin i s h ing  t he 

consequence of radiation, strong 

oxidants and other stresses (Gholami et 

al., 2015). 

The flexibility and adaptability of 

ext remophil ic/  ext remoto lerant 

act ino bacter ia award t he m a 

competit ive benefit over other 

microbes. Besides helping them to 

endure extreme condit ions, the 

physiology as well as metabolic 

elasticity also prompts them to create 

industrially costly compounds (Singh 

et al., 2013). The manufacture of 

biomolecules through extremophiles 

alleviates the risks of other bacterial 

contaminations, besides providing halo

-tolerant, alkali-stable and thermo-

stable compounds. Enzymes produced 

t hro ugh t hese  ext r e mo phil ic /

extremotolerant actinobacteria are also 

useful under extreme environment, 

thus, making them appropriate 

candidates for industrial processes with 

harsh treatment methods.  

2 . 5 . 1  T h e r m o p h i l i c  a n d 

Thermotolerant Actinobacteria 

Thermophilic actinobacteria flourish at 

comparatively elevated temperature 

ranging from 40 - 80◦C (Tortora et al., 

2007). They are generally found in 

moldy silage (Corbaz et al., 1963), self

-heating residues of plant, sugar cane 

bagasse, cereal grains (Suihko et al., 

2006), compost heaps, decaying 

vegetable materials (Shivlata and 

Tulasi 2015).These are 2 types: 

stringently thermophilic which can 

grow in the temperature range between 

37 and 65◦Cwith optimum proliferation 

55–60◦Cand reasonably thermophilic 

which thrive at 28–60◦C and need 45–

55◦C for their optimum growth (Jiang 

and Xu, 1993). Another collection 

called thermo-tolerant actinobacteria is 
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able to endure upto 50◦C temperature 

(Lengeler et al., 1999). 

Thus, actinobacteria being a diverse 

group of microbes are present in all 

probable habitats and are important 

from medicinal, ecological and 

environmental aspects. In spite of  all 

diversities, there remain some unities 

among these organisms in both 

genomics and proteomic level. Those 

signatures, if identified, will definitely 

help us to  fill up the pit holes 

regarding our understanding about 

actinobacteria. In this study, we are 

going to utilize the power of 

bioinformatics to analyze the massive- 

data generated from a mass of 

actinobacteria to obtain an overall 

“birds‟-eye” view of these microbes. 

2.6 Bioinformatics as tool to explore 

the complexities microbial world: 

2.6.1 Dawn of bioinformatics:  

It was in the year 1953 when James 

Watson and Francis Crick proposed the 

twisted-ladder (double helix) structure 

of deoxyribonucleic acid (DNA). This 

particular event forever changed the 

history of biological science and gave 

rise to modern molecular biology. In 

short order, their discovery yielded 

ground-breaking insights into the 

genetic code and protein synthesis. 

During the 1970s and 1980s, it helped 

to produce new and powerful scientific 

techniques, specifically recombinant 

DNA research, genetic engineering, 

rapid gene sequencing, etc. Around the 

same time, the term “bioinformatics” 

was coined by Ben Hesper and Paulien 

Hogeweg (Hesper and Hogeweg, 

1970). Bioinformatics is by nature a 

cross-disciplinary field that began in 

the 1970s with the efforts of Margaret 

O. Dayhoff, Walter M. Fitch, Russell 

F. Doolittle and others and has 

gradually matured into a fully 

developed discipline. Initially, it was 

referred as „the study of information 

processes in biotic systems‟ (Hesper 

and Hogeweg, 1970). However, its 

primary use since at least the late 

1980s has been to describe the 

application of computer science and 

information sciences to the analyses of 

biological data, particularly in the areas 

of genomics involving large-scale 

DNA sequencing (Luscombe et al., 

2001). The arrival of the INTERNET is 

another important milestone in the 

development of bioinformatics as a full

-fledged discipline. This discipline 

represents the convergence of 

geno mics ,  b io t echno lo gy and 

in fo r mat io n  t ec hno lo g y,  a nd 

e n c o m p a s s e s  a n a l y s i s  a n d 
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interpretation of data, modeling of 

b io lo g i c a l  p h e n o m e n a ,  a n d 

development of algorithms and 

statistics (Fenstermacher, 2005). The 

need for bioinformatics was further 

accelerated when the Human Genome 

Project (HGP) was launched in 1990. 

The aim of the project was to sequence 

the entire human genome. Information 

gleaned from the HGP is not very 

useful until the huge data is managed 

and interpreted in a proper way by the 

computational tools leading to the 

materialization of bioinformatics. The 

success of HGP opened the flood-gates 

for other genome sequencing projects. 

Gradually genome sequences of 

mouse, rat, worms, yeast and plants 

like rice, Arabidopsis were completed. 

The publication of huge amount of 

sequence data were greatly supported 

by development of high end computers, 

smart computational tools for large-

s c a le  a n no t a t io n ,  fu nc t io na l 

classification of the proteins (Searls, 

2000) and development of specific 

databases (Birney et al., 2002). 

Availability of complete genome 

sequences of different organisms lead 

to the development  of public 

repositories of gene data like GenBank 

(Benson et al., 2000), EMBL (Baker et 

al., 2000), DDBJ (Okayama et al., 

1998), Protein DataBank (PDB) 

(Bernstein et al., 1977) and several 

others. After the formation of the 

databases, tools became available to 

execute various analyses. Two 

programs, which greatly facilitated the 

similarity search, were FASTA 

(Pearson and Lipman, 1988) and 

BLAST (Altschul et al., 1990). Many 

programs have been further developed 

since then. Accessibility of free and 

open source software has taken 

bioinformatics and its application to all

-together new heights.  

2.6.2 Bioinformatics based platforms 

suited for microbial research:  

Several „omics‟ based research 

disciplines i.e., genomics (for genome 

data), proteomics (for protein data), 

transcriptomics (for gene transcription 

data), etc., have emerged with the 

e n o r m o u s  a d v a n c e m e n t  o f 

bioinformatics. The „cause and effect‟ 

relationships of biological systems are 

being frequent ly employed by 

m a t h e m a t i c a l  m o d e l s  a n d 

computational simulations for proper 

elucidation of biological complexities. 

Proper blend of knowledge-driven 

computational simulations and data-

oriented bioinformatics holds the key 

in apt realization of the riddles of host-

microbe interactions. Meaningful 
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analysis of high-throughput sequencing 

data promises to unravel the enigma of 

the complex associations. Specific 

biological databases, providing access 

to annotated genomic data of bacterial 

populations, like IMG/M (Markowitz 

et al., 2014), SEED (Overbeek et al., 

2005) and Greengenes (DeSantis et al., 

2006) have opened up revenues to 

extract significant  information. 

Annotation pipelines like RAST (Aziz 

et al., 2008) and MG-RAST (Meyer et 

al., 2008) have been instrumental for 

t h e  w ho le s o me  p u r p o s e  o f 

characterizing bacterial masses. 

Systems Biology Markup Language 

(SBML) (Hucka et al., 2003) and 

BioModels repository (Le Novere et 

al., 2006) have been very useful for 

proper standardization of biochemical 

r e a c t i o n  m o d e l s .  V a r i o u s 

bioinformatics based platforms suited 

for genomic investigations are as 

follows: 

2.6.2.1 Marker Gene Profiling 

Marker gene profiling (also known as 

gene amplicon sequencing) involves 

extraction of DNA from different 

samples. DNA extraction is followed 

by amplificat ion using primers 

specifically designed against ribosomal 

R N A  g e n e s .  I n i t i a l l y ,  4 5 4 

pyrosequencing technology was pretty 

popular for the chore but nowadays, it 

has been replaced by Illumina 

sequencing which has been reported to 

produce equivalent results with a better 

coverage (Luo et al., 2012). QIIME 

(Navas-Molina et al., 2013) and 

MEGAN (Huson et al., 2011) have 

been efficient pipelines for analyzing 

data extracted via marker gene 

profiling. PICRUSt effectively predicts 

the functional potentials of host 

associated microbes by analyzing the 

metagenome from the marker gene 

data (Langille et al., 2013). Marker 

gene profiling does not involve high 

cost and thus, aptly suits the purpose of 

large projects concerned with data 

extract ion. Pathway enrichment 

followed by metabolic reconstruction 

has been suggested to be fruitful 

pertaining to proper analysis of 

metagenomic data (Abubucker et al., 

2012; Sharon et al., 2011). Robust 

machine learning algorithms have been 

suggested to be useful for proper 

predictive analysis of data produced by 

marker gene profiling (Nakano et al., 

2014; Statnikov et al., 2013). The 

major limitation of the technique is that 

it largely depends on pre-existing 

curated rRNA databases for taxonomic 

profiling which highlights the 

impotence o f t he method to 
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successfully characterize novel 

bacterial species present in the samples 

(Dicksved, 2008). 

2.6.2.2 Metagenomics:  

Metagenomics is the branch of 

genomics that performs investigations 

by direct extraction and cloning of 

DNA from assembly of organisms 

(Handelsman, 2004). Comprehensive 

sequencing is necessary to pursue 

metagenomics based investigations 

(Fig 2.1). It is taken into presumption 

that human gut microbiome contains a 

large number of uncultured species and 

therefore, thorough sequencing is 

ma nd a t o r y t o  p ro c e e d  w it h 

metagenomics o f gut  samples 

(Emerson et al., 2012; Hess et al., 

2011; Narasingarao et al., 2012). 

Sophist icated genome assembly 

protocols (Bashir et al., 2012; 

Goldberg et al., 2006) and efficient 

single-cell sequencing technologies 

(Lasken, 2012; Shapiro et al., 2013) 

have been suggested to aid proper 

metagenomic analysis.  Due to 

extensive focus on host associated 

microbiome and availability of 

numerous bacterial genomes, assembly

-free methods tend to be useful in 

thorough scrutiny of metagenomic 

samples (Carr et al., 2013; Luo and 

Moran, 2013). Rapid progress of next-

generat io n sequenc ing (NGS) 

technologies has been a boost for the 

domain of metagenomics. NGS based 

techniques allow in-depth profiling and 

analysis of microbiome without the 

limitations of selection bias and 

constraints, associated with cultivation 

methods. NGS-based methods rely 

greatly on sophisticated bioinformatics 

based tools, regularly updated data 

repositories and functional know-how.  

The main mot if o f bact er ia l 

metagenomic analysis has been 

proficient characterization of and 

profiling of the microbial members 

framing the diverse microflora. 

Similarity based alignment tools like 

BLAST serve the preliminary purpose 

of finding out regions of similarity 

between the raw or assembled 

sequences against a reference database 

and thus, provide an initial clue about 

the functionalities of the query 

samples. MG-RAST pipeline employs 

the M5nr database that is a large 

repository of non-redundant protein 

sequences from multiple sources 

(Weinstock, 2012; Wilke et al., 2012). 

QIIME pipeline facilitates taxonomic 

classificat ions.  Funct ional and 

metabolic databases like KEGG 

Orthology (Kanehisa and Goto, 2000) 

or SEED subsystems (Overbeek et al., 
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2005) assist investigations pertaining to 

functionalities. Sophisticated statistical 

techniques are also frequent ly 

employed for extensive functional 

analysis (Kristiansson et al., 2009). 

Metabolic modeling tends to be useful 

in apt execution of function oriented 

studies (Abubucker et al., 2012; Jiao et 

al., 2013; Levy and Borenstein, 2013).  

2.6.2.3 Metatranscriptomics: 

 Met at r anscr ip t o mic s  invo lve s 

Fig 2.1 Schematic diagram for Metagenomics data analysis. The scheme was 

adopted from Prakash, T. and Taylor, T.D., 2012. Functional assignment of 

metagenomic data: challenges and applications. Briefings in bioinformatics, 13(6), 

pp.711-727.  
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extraction of RNA from samples of 

interest and is much more complex 

than DNA extraction technologies. The 

major concern of metatranscriptomics 

is to achieve good quality sequence and 

sufficient yield. Fast alignment tools 

like bowtie (Langmead et al., 2009) 

and SSAHA (Ning et al., 2001) find 

applications in proper alignment of 

transcriptomic data, retrieved from the 

host-microbiota sample, with a set of 

representative bacterial genomes 

(McNulty et al., 2011; Turnbaugh et 

al., 2010; Xiong et al., 2012). Simple 

BLAST has also been employed for the 

purpose (Gosalbes et al., 2011; Xiong 

et al., 2012) but the task requires 

extensive and rigorous computational 

support to align millions of sequence 

reads. Current pipelines use variations 

of this basic approach (Leimena et al., 

2 0 1 3 ;  X u  e t  a l . ,  2 0 1 4 ) . 

Metatranscriptomic data promise to be 

handy in exploring the intricacies of 

gut microbiota and provide vivid 

depiction of the host-microbiota 

interactome (Westermann et al., 2012; 

Xu et al., 2014). However, retrieval of 

sufficient  bacterial RNA from 

combined host-microbiota sample has 

been a daunting task as host RNA 

prevails over bacterial RNA due to low 

biomass of the microbial members. 

Another crucial step is the removal of 

ribosomal RNA from bacterial RNA in 

order to avoid misinterpretations while 

analyzing metatranscriptomic data. 

 2.6.2.4 Metabolomics:  

Metabolomes refer to the complete set 

of metabolites present in a cell/

organism or a community of organisms 

(Jordan et al., 2009). Research 

pertaining to metabolome of human gut 

microbiota has been an exciting 

challenge these days.  Metabolomes 

have been suggested to be crucial 

players of proper interactions and cross

-talks between gut associated microbes 

and human host (Marcobal et al., 2013; 

Nicholson and Lindon, 2008). 

Extensive profiling of metabolomes 

promise to confer large body of 

information regarding the complex 

interactions and also the health benefits 

and hazards associated with the 

concerned microbes of human gut 

(Larsen and Dai, 2015).  

2.6.2.5 Computational Modeling and 

Simulation:  

Availability of complete genome 

sequences has made it feasible to 

execute computational and metabolic 

m o d e l i n g  o f  c o n c e r n e d 

microorganisms (Oberhardt et al., 

2009; Thiele and Palsson, 2010). Huge 
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data surging out of the various 

metagenomic projects also provide 

ample scope for apt simulation and 

metabolic modeling (Henry et al., 

2010). Computational simulations do 

employ simplified techniques based on 

abstractions. Computational models not 

only prove fruitful for a single 

organism but also can be employed 

efficiently for a community of 

organisms displaying significant 

interactions (Borenstein, 2012). This 

technique also finds its applications in 

supra-organism where there is 

significant assemblage of metabolic 

pathway associated genes reflecting all 

involved species (Borenstein, 2012). 
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3.1 Characterization of different 

metabolic pathway  genes 

3.1.1 Selection of genomes and species 

biotopes 

Actinobacteria can thrive under 

different environmental conditions and 

ecological habitats. Based on their 

predominant lifestyle, seven different 

b io t o p e s  w e r e  a s s ig n e d  t o 

Actinobacteria (Sen et al. 2014). They 

are thermal, soil, plant, mammal, 

arthropods and extremophiles (other 

than thermal). While selecting the 

genomes for this study we intended to 

include most of the dominant niches 

occupied by different orders of the 

class Actinobacteria. We aimed to 

investigate the genomic features of 

different metabolic pathway related 

genes hence, selected genomes whose 

whole genome sequencing have been 

completely finished and which are also 

present in KEGG database (Kanehisa 

and Goto, 2000) were considered. 

Supplementary file 1 lists all the strains 

selected for deep view codon and 

amino acid usage study of genes and 

corresponding proteins involved in 

diverse metabolic pathway.  

3.1.2 Retrieval of coding sequence 

Complete genomic,  prot eomic 

sequences of selected Actinobacterial 

strains were retrieved from Integrated 

Microbial Genome (IMG) database 

(Markowitz et al. 2011) Sequences 

with proper initiation and termination 

codon and minimum 300 bp coding 

length were only considered for further 

analysis to minimize the sampling 

error. All the 16s rRNA and tRNA 

sequences were also obtained from 

I M G  d a t a b a s e  ( h t t p s : / /

img.jgi.doe.gov/).   

3.1.3 Reclamation of metabolic 

pathway related genes 

Information regarding the genes 

Chapter 3 
Materials and Methods 

 

“Truth is ever to be found in simplicity, and not in the multiplicity and 
confusion of things.”                      -Sir Issac Newton 
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acid usage indices like aromaticity 

(Aromo) and grand average of 

hydrophobicity (Gravy) were also 

estimated via CodonW program 

(codonw.sourceforge.net/). Fraction of 

synonymous codons which are aptly 

accepted by the abundant isoaccepting 

tRNAs and used optimally are 

represented by Frequency of optimal 

codons (Fop) (Peden, 1999). Its value 

ranges from 0 (meaning a gene has no 

optimal codons) to 1 (when a gene is 

exclusively comprised of optimal 

codons). Fop is generally determined 

by the following equation. 

Fop = Noc /Nsc  ………(1) 

The original equation is modified in 

equation (2), when rare codons are 

identified, as  

Fop(mod) = (Noc – Nrc )/ Nsc ……(2) 

Where N represents the frequency of 

each codon type used, whereas Noc, Nrc 

and Nsc stands for frequencies of 

optimal codons, rare codons and 

synonymous codons respectively. 

involved in diverse metabolic pathways 

was obtained from KEGG database 

(https://www.genome.jp/kegg/). The 

locus tags of pathway specific genes 

were collected from KEGG and an in-

house python script was used for 

retrieving the corresponding gene 

sequences from the whole genome 

files. Eight major metabolic pathways 

were selected (Fig 3.1). 

3.1.4 Analysis of Codon and amino 

acid usage indices 

Several codon usage indices like GC 

(frequency of G and C), GC3 

(frequency of codons with guanine (G) 

or cytosine (C) at the third synonymous 

position excluding methionine (Met), 

tryptophan (Trp) and termination 

codons), the frequency of four different 

nucleotides at the third synonymous 

position of the codons (A3, T3, G3, 

C3), effective number of codons (Nc) 

and frequency of optimal codons (Fop) 

were calculated through CodonW ver 

14.2 software (Peden, 1999). Amino 

Fig 3.1 Major metabolic pathways.  
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Effective number of codons (Nc) is a 

direct measure of synonymous codon 

usage of genes and genomes. Its value 

ranges from 20-62 (Peden, 1999). This 

parameter accurately measures the 

preference of a small subset of codons 

in a genome by the following formula 

 

….(3) 

S signifies total frequency of GC3s. 

3.1.5 Estimation of Codon Adaptation 

Index (CAI) 

Codon Adaption Index is another 

important parameter in estimating the 

codon usage variation among genomes 

(Peden, 1999). CAI measures the 

relative adaptability of codons in a 

gene with respect to that of highly 

expressed gene set.  CAI value 

generally ranges from 0-1.  Higher CAI 

value of a gene indicates the codon 

usage pattern of the considered gene is 

very similar to that of highly expressed 

genes (Peden, 1999). Thus, CAI can 

also be used to measure the mRNA 

expression level. Several studies 

predicting the expression level of 

coding gene sequences found 

significant positive correlation between 

the expression level and CAI values 

(Roymondal et al. 2009, Sharp and Li 

1987, Wu et al. 2005, Eyre-Walker 

1996, Coghlan and Wolfe 2000, Martn-

Galiano et al. 2004, Dos Reis et al. 

2003, Jansen et al. 2003). Hence, CAI 

is an effective codon usage indices 

envisaging the expression level of 

proteins encoded by a particular gene. 

CAI calculator 2 server (Wu et al. 

2005) was used for estimating the CAI 

values of selected strains. Genomic 

sequences of ribosomal proteins were 

taken as reference set since they are 

assumed to be housekeeping highly 

expressed genes.  Top 10% genes with 

high CAI values were designated as 

potentially highly expressed genes 

(PHX) and last 10% genes with low 

CAI values were assumed to be 

potentially lowly expressed genes 

(PLX). Rest were potentially medially 

expressed (PMX). This kind of 

approach was also taken previously by 

Roy et al. (2015). 

3.1.6 Filtering translationally optimal 

codons 

A particular set of codon being mostly 

used by PHX genes are termed as 

optimal codons. A set of these optimal 

codons accurately match the most 

abundant iso-accepting tRNAs and are 

termed as translationally optimal 

codons (Roy et al. 2015). They show a 

significant correlation between cellular 
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tRNA level and tRNA gene copy 

number. Information regarding tRNA 

copy number and anticodon table was 

obtained via „„tRNAscan-SE‟‟ (http://

gtrnadb.ucsc.edu/) program (Lowe and 

Eddy, 1997). Translationally optimal 

codons were subsequently filtered 

depending upon the results obtained 

from the above mentioned software 

and was correlated with other major 

codon usage indices. 

3.1.7 Computation of tRNA adaptation 

index (tAI) 

Estimation of tRNAusage by the 

coding sequences of a genome is 

termed as tRNA adaptation index (tAI) 

(Roy et al. 2015). tAI measures the 

availability of tRNAs for every codon 

of a coding sequence and estimate the 

level of adaptation between a coding 

sequence and the corresponding tRNA 

pool of the cell. The level of co-

adaptation between a particular codon 

and the corresponding tRNA pool can 

be directly represented by tAI (Roy et 

al. 2015). Hence, tAI shows higher 

correlation with protein abundance 

than other codon bias measures. tAI 

was estimated using the codonR scripts 

d o w n l o a d e d  f r o m  h t t p : / /

people.cryst.bbk.ac.uk/*fdosr01/tAI/. 

This script uses the following formula  

 

……(4) 

lg = the length of the gene in codons; 

wikg= relative adaptivity of the codon 

defined by the k-th triplet in the gene. 

3.1.8 Statistical analysis and heat map 

generation 

All the statistical analysis was done by 

IBM SPSS statistic 21 software. Two 

significance (p<0.01 and p<0.05) 

levels were considered. The p<0.01 has 

been designated by ** and p<0.05 was 

indicated by *. All the heatmaps were 

generated by R software (https://www.r

-project.org). 

3 . 2  E st i mat io n  o f  p ro t e i n 

biosynthetic energy cost  

Amino acid and protein biosynthesis 

requires a number of high energy 

phosphate bonds and includes a dual 

energy cost for the synthesis of 

chemical intermediates during the 

fuelling reactions and the conversion of 

precursor molecules to final products 

(Akashi and Gojobori 2002). This is 

po pu la r ly k no w n a s  p ro t e in 

biosynthetic energy cost (henceforth 

called EC). Dambe ver. 6.4.81 (Glass 

et al. 2008) was used for the energy 

cost calculation of selected organisms 

(Supplementary file 1). The energy 
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cost (EC) of PHXP, PLXP and PMXP 

was observed separately to reveal 

whether any significant difference was 

present among them regarding the 

protein biosynthetic cost. ANOVA test 

along with F-test and t-Test (with null 

hypothesis that, the mean difference 

will be 0) with an alpha value of 0.01 

was adopted for statistical validation of 

our result.  Heatmaps were generated 

by R statistical software .  

3.3 Comparative genomics among 

selected genera 

3.3.1 Retrieval of genomic and 

proteomic data 

Selected actinobacterial genera were 

considered for comparative genomics. 

Supplementary file 2 enlists the 

organisms selected for comparative 

genomics. The genomic and proteomic 

sequences were downloaded from IMG 

database. Coding sequences with 

proper initiation and termination 

codons and having length more than or 

equal to 300 nucleotides were only 

considered for our analysis.  

3.3.2 Construction of BLAST matrix 

BLAST matrix (BM) is a visual 

representation of pair-wise proteome 

comparison using BLAST algorithm 

with 50/50 rule (Vesth et al. 2013). In 

this practice, all the sequences are 

compared to each other and when 50% 

of the alignment is identical matches 

with length of alignment 50% of the 

longest protein in the comparison, the 

BLAST hit is significant. Two 

sequences are assigned to a “protein 

family” if they share similar cut-off 

va lue.  While co mpar ing two 

proteomes, protein families were built 

through single linkage to obtain the 

amount of shared proteins (indicated 

by shaded green) (Vesth et al. 2013). 

Moreover, in BM homolog proteins 

having hits within the proteome itself 

was indicated at the bottom row of the 

matrix in shaded red coloration. The 

color scales were set automatically 

from highest to lowest value observed. 

T w o  p r o g r a m s  n a m e l y 

“matrix_createConfig” and “matrix” 

implemented in CMG Biotools 

software (Vesth et al. 2013) were used 

for crating the BM for selected 

actinobacterial genera. The color scales 

have been indicated with the 

corresponding figures. 

3.3.3 Pan- Core genome plot 

generation 

Pan-genome of a bacterial species is 

defined as the entire gene families of 

all concerned strains of interest, 

representing a particular species (Vesth 

et al. 2013). The core genome refers to 
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the conserved pool of genes shared 

between all strains, reflecting the 

bacterial species of concern. Thus, the 

pan-genome of a bacterial species is 

the combination of the core genome set 

containing genes present in all strains, 

the dispensable genome set containing 

genes present in two or more strains 

and the unique gene families those are 

exclusively present in single strains. 

(Vesth et al. 2013)  

To identify and process homology 

within and across genomes, all genes 

were assigned into unique gene 

families based on sequence similarity. 

The genes were translated into amino 

acid sequences and aligned „all-against

-all‟ using BLASTP, and any two 

genes were considered to be a gene 

pair if the alignment was found to be in 

accordance with the „50/50‟ rule i.e., if 

their amino acid sequences were more 

than 50% identical over more than 50% 

of their length. Since each member of a 

pair might be a member of other pairs 

as well, all gene pairs sharing members 

were subsequently combined into one 

gene family (Vesth et al. 2013). Thus, 

all genes of a genome were grouped 

into gene families. Multiple genes per 

genome might belong to a single gene 

family. Two programs namely 

“pancoreplot_createConfig” and 

“pancoreplot” executed in CMG 

Biotool software was adopted for 

creating the pan-core genome plot and 

indentifying the core genes among 

investigated strains of a particular 

genus. The amount of pan-genome 

increased as more genomes were 

analyzed whereas core genome set 

decreased with addition of more 

considered genomes (Vesth et al. 

2013). 

3.3.4 Determination of Clusters of 

Orthologous Groups (COG) category 

Clusters of Orthologous Groups (COG) 

are defined as the collection of 

orthologous proteins from similar 

phylogenetic lineages (Tatusov et al., 

2003). Information regarding COG 

categories of the encoded protein 

products of all concerned strains was 

obtained from the IMG database 

(http://img. jgi.doe.gov/cgi-bin/w/

main.cgi) (Markowitz et al., 2011). 

Mentioned proteins were categorized 

into various COG categories such as 

„Information Storage and Processing‟, 

„Cellular Processes and Signaling‟, 

„ M e t a b o l i s m ‟ ,  a n d  „ P o o r l y 

Characterized‟ and respective sub-

categories in accordance with the 

classification scheme followed by 

Hsiao et al. (2005).  
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3.3.5 Average nucleotide identity (ANI) 

score calculation 

Average Nucleotide Identity (ANI) 

score calculates the genomic similarity 

at nucleotide level (Rodriguez and 

Konstantinidis 2016). ANI calculator 

(http://enve-omics.ce.gatech.edu/ani/) 

was used to calculate the ANI scores 

among selected strains of considered 

genus. The ANI calculator used both 

best hits (one-way ANI) as well as 

reciprocal best hits (two-way ANI) 

between two genomes. Typically ANI 

score of two genomes from same 

species is reported to be >95% and 

values <75% is generally not 

co ns ider ed (Rodr iguez - R and 

Konstantinidis 2016). All-vs-all ANI 

score was calculated to create a matrix 

fo r  each genus se lect ed fo r 

comparative genomics analysis. 

3.3.6 Phylogenomics among selected 

genera 

Two different phylogenetic trees were 

used for this study namely (i) Multi 

locus sequence analysis (MLSA) tree 

and (ii) Pan genomic tree  

 (i) Multi locus sequence analysis 

(MLSA) tree 

Multi-locus sequence analysis (MLSA) 

based phylogenet ic trees were 

constructed with neighbor joining 

algorithm and bootstrap value of 1000. 

Amino acid sequences of five different 

housekeeping genes namely AtpI 

(encoding membrane-bound ATP 

synthase, F1 sector), GyrA (encoding 

DNA gyrase), FtsZ (tubulin-like GTP-

binding protein), SecA (ATPase 

secretory preprotein translocase) and 

DnaK (chaperone Hsp70 in DNA 

biosynthesis) were used for this 

phylogeny. The proteins sequences 

were concatenated and were aligned by 

ClustalW (Borovska et al. 2014). The 

phylogeny was generated via Mega v. 

4.0  software (Tamura et al. 2007). 

(ii) Pan genomic tree 

Information regarding the pan and core 

genome was obtained from CMG 

Biotools (previously mentioned in 

section 3.3.3). The same software was 

used for building the pan genomic 

dendrogram with relative manhattan 

distance. The software build tree 

depending upon neighbor-joining 

algorhim and uses 1000 bootstrap 

value. CMG Biotools used a small 

program called “pancoreplot_tree” for 

generating this phylogeny. This 

phylogeny was further compared to the 

MLSA phylogeny and all similarities 

as well as dissimilarities were noted 

and examined. 
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3.4 Comparative secretome profiling 

among selected Mycobacterium  

3.4.1 Retrieval of genomic and 

proteomic data 

The genomic and proteomic sequences 

of selected pathogenic as well as non-

pathogenic Mycobacterium strains 

were obtained from IMG database. We 

have used only the “Finished” strains 

for this study. Table 1 enlisted all the 

strains selected for this study.  

3.4.2 Secretome prediction scheme 

Secretomes are defined as the overall 

set of secretory proteins that are 

associated with cellular cross-talks, 

communication and interaction with 

the host environment (Ranganathan 

and Garg, 2009). Broadly there are two 

types of secretomes (a) classical and 

(b) non-classical. SignalP4.0 (Petersen 

et al. 2011) was used for prediction of 

classical secretomes (Fig 3.2). This 

server uses both artificial neural 

Fig 3.2 Schematic approach to predict the final secretome set among selected 

Mycobacterial proteomes. The same approach was also followed while extracting 

the final set of secretory proteins from studied stone-dwelling 

Geodermatophilaceae strains. 
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network and hidden markov model 

(HMM) for classical secretome 

prediction. SecretomeP 2.0 (Bendtsen 

et al. 2005a) was used for detecting the 

non-class ica l secretomes from 

investigated Mycobacterium strains. 

Proteins with N-N score ≥ 0.5 were 

considered. Lipoprotein (Lipo) type 

signal peptides were predicted via 

L ip o P  1 . 0  ( J u n c k e r  e t  a l . 

2 0 0 3 ) . P r o t e i n s  t h o s e  w e r e 

“cytoplasmic” were not considered for 

further analysis. Twin-Arginine (TAT) 

signal peptides (RR/RK) are involved 

in twin-arginine signaling. TatP 1.0 

server (Bendtsen et al. 2005b) was 

used for detecting the TAT signal 

peptides and proteins with recognized 

TAT motifs were selected for the next 

step. Proteins which gave positive 

results from all the aforementioned 

servers were the fed in TMHMM 

(Krogh et al. 2001) to predict their 

number of transmembrane helices. 

Proteins with no transmembrane helix 

were directly considered in the final 

secretome set. On the contrary, 

proteins with one or more than one 

transmembrane helices were fed into 

Phobius server (Käll et al. 2007) to 

identify α helical conformation (a 

signature of signal peptide proteins). 

Positive results from phobius server 

along proteins with no transmembrane 

helix were considered as final 

secretome set.  

3.4.3 Comparative accounts of 

Mycobacterial secretomes 

T h e  g e n o m i c ,  p r o t e o m i c 

c harac t e r iza t io n,  as  we l l  a s 

comparative secretomic analysis was 

done in a similar manner as described 

in section 3.1 and 3.3. MLSA 

phylogeny was generated separately 

among investigated pathogenic and non

-pathogenic strains.  

3.4.4 Identification of potentially 

virulent secretory proteins 

V ir u le n t P r e d  s e r ve r  ( h t t p : / /

bioinfo.icgeb.res.in/virulent/)(Garg and 

Gupta 2008)was used to identify the 

potential virulent proteins present in 

the secretome set. Cascaded SVM 

module implemented in the mentioned 

server was selected for executing the 

task. The mentioned module is very 

efficient in detecting prokaryotic 

virulent proteins (accuracy rate around 

81%) and it uses pre-defined 

experimentally validated virulent 

proteins in its prediction analysis (Garg 

and Gupta 2008). We tried to assess 

whether the frequency of potentially 

virulent proteins among the secretome 

sets were statistically different from 
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random. For this analysis, we 

constructed 1000 random datasets each 

containing genes of identical number to 

the secretome set of a particular strain. 

Frequency of virulent proteins among 

these 1000 datasets was compared with 

that of the secretome set via Mann–

Whitney statistical test. Furthermore, 

the non-secretory protein set was 

assessed for the potential virulent 

proteins and was compared with the 

result of secretome set for each 

considered strains statistically (Mann–

Whitney statistical test).  

3.4.5 Assessing evolutionary patterns 

of secretory proteins 

Orthologous sequences between two 

bacterial members of same genus were 

identified using Reciprocal Best Hits 

(RBH) approach keeping an identity 

level of >= 50%, an E-value of 1e-10 

and at least 50% region of alignment, 

using the local BLASTP program.  

We used the ratio (ω) of non 

synonymous substitutions rate per non-

synonymous site (Ka) to synonymous 

substitutions rate per synonymous site 

(Ks) for assessing the evolutionary 

pat t ern among secretomes o f 

considered strains. ω > 1 is an indicator 

of diversifying (positive) Darwinian 

selection, on contrary, ω < 1 identifies 

purifying (negative) selection (Roy et 

al. 2015). The evolutionary analysis 

was done separately on pathogenic and 

non-pathogenic sets of Mycobacterium 

so that, we can compare between the 

t w o  s e t s .  C o d e m l  p r o g r a m 

implemented in PAML software 

(http://abacus.gene.ucl.ac.uk/software/

paml.html) package with runmode = − 

2 and CodonFreq = 1 was used for this 

study.  

Ortholog sequence pairs showing 

saturated values of ω, Ka and Ks were 

not considered for further analysis. 

Evolutionary rates of signal peptides 

and their respective mature parts were 

also assessed and compared against the 

rest of the genes for a deep-view study 

on secretome evolution.  

3.4.6 Statistical analysis and heatmap 

generation 

All the statistical analysis was done by 

IBM SPSS statistic 21 software. Both 

p<0.01 and p<0.05 significance levels 

were considered. They were designated 

by ** and * respectively. Heatmaps 

were generated by R package. 

Similar kind of analysis was also done 

on the extremophilic actinobacteria to 

reveal some interesting facts about 

their secretomic attributes as well as 

evolutionary dynamics. 
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3.5 Evolutionary aspects of 

extremophilic secretomes  

3.5.1 Reclamation of genomic and 

proteomic data 

Genomic and proteomic sequences of 

all the selected Geodermatophilaceae 

(Geodermatophilus, Blastococcus, 

Modestobacter) strains available in 

public domain database were retrieved 

from JGI/IMG. Table 2 lists all the 

selected strains. * indicated those 

strains which were reclassified as 

Klenkia (Montero-Calasanz et al. 

2017). Sequences required for 

phylogenomics analysis were also 

recovered from the same database.  

3.5.2 Prediction of secretomes 

A similar scheme described in section 

3.4.2 was executed for prediction of 

putative secretome protein sets among 

selected Geodermatophilaceae. 

3.5.3 Comparative secretomics 

T h e  g e n o m i c ,  p r o t e o m i c 

c harac t e r iza t io n,  as  we l l  a s 

comparative secretomic analysis was 

done in a similar manner as described 

in section 3.1 and 3.3. MLSA 

phylogenetics, ANI-matrix based tree, 

pan-genomic dendograms were 

generated in similar way as described 

earlier in section 3.3.6. 

3.5.4 Evaluation of secretome 

evolution 

The secretome evolution analysis was 

done separately on Geodermatophilus, 

Blastococcus and Modestobacter 

strains. The scheme for assessing the 

evolutionary pattern among selected 

Geodermatophilaceae genomes has 

been described in 3.4.5. 

3.5.5 Statistical analysis and heatmap 

generation 

All the statistical analysis was done by 

IBM SPSS statistic 21 software. Both 

p<0.01 as well as p<0.05 significance 

levels have been considered and 

designated by ** and * respectively. 

All the heatmaps were generated by R 

software package. 

3.6 Carbohydrate activated enzymes 

(CAZymes) in Frankia 

3.6.1 Retrieval of sequences 

CAZY database (Cantarel et al. 2008) 

along with dbCAN web server (Yin et 

al. 2012) both were considered for 

caz yme ide nt i f ica t io n a mo ng 

considered Frankia strains (Table 3).  

Cazyme sequences for Frankia alni 

ACN14a, F. sp. CCl3, F. sp. Eul1c and 

F. sp. Ean1pec were collected from 

CAZY database (http://www.cazy.org/) 

and were compared with results of 
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dbCAN (http://csbl.bmb.uga.edu/

dbCAN/). Results of these two 

platforms were identical. Hence, rest of 

the Frankia genomes (Table 3) were 

fed into dbCAN web server for CAZy 

identification. Along with the CAZy 

sequences information regarding the 

CAZy type was also recovered from 

the aforementioned database and web 

servers. 

3.6.2 Genomic and proteomic 

characterization 

All t he CAZ y sequences o f 

investigated strains were analyzed in 

the same procedure as described in the 

section 3.1- 3.3.  

3.6.3 Evolutionary analysis of CAZy 

sequences 

Workflow described in section 3.5.5 

was used to evaluate the evolutionary 

trends of CAZyme among selected 

Frankia strains. 

3.6.4 Statistical analysis and heatmap 

generation 

All the statistical analysis was done by 

IBM SPSS statistic 21 software. Both 

p<0.01 as well as p<0.05 significance 

levels have been considered and 

designated by ** and * respectively. 

Heatmaps were generated by R 

package. 

3.7 Generation of protein domain 

based phylogeny 

3.7.1 Selection of genomes and species 

biotopes 

A total 100 actinobacteria strains 

inhabiting in seven different biotopes 

[plant, soil, mammal, arthropod, water, 

thermal, extremophile (other than 

thermal)] were selected for this study. 

Supplementary file 1 lists the strains 

considered for this analysis.  

3.7.2 Preparation of domain dataset 

Each selected actinobacteria was 

searched for their domain constituent. 

Pfam server (https://pfam.xfam.org) 

was used for this analysis. A list was 

prepared with all the domains present 

in all considered strains. This dataset 

was used as domain-database (DD). 

The domainal information of each 

strain was then compared with DD to 

get information about the presence and 

absence of domains. Based on this 

information, a binary dataset was 

prepared where, 1 represent presence 

of domain and 0 signifies absence of 

domain. Total number of different 

domains present in all considered 

strains was named as pan-domains 

whereas; domains shared by all the 

investigated strains were designated as 

core-domain. 
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3.7.3 Phylogenetic analysis 

The binary dataset was fed into NTedit 

software and „nts‟ file was prepared. 

Later, that „nts‟ file was used to build 

phylogeny by NTsys software (Rohlf, 

1982). This new phylogenetic tree was 

compared with previously build MLSA 

tree.  

3.7.4 Biological network analysis 

String server (https://string-db.org) 

(Schultz et al. 1998) was used to study 

the biological network of shared 

domains among taxonomically distant 

strains placed near each other in 

domain based tree. This analysis was 

also executed among core domains 

(domains present in all 100 selected 

actinobacteria). Cytoscape software 

(Shannon et al. 2003) was used for 

better network visualization.  

3.8 Importance of PAS domain in 

biological network 

3.8.1 Background of selected strains  

Selected strains from Frankiales, 

Mycobacteriales, Nakamurellales, 

Streptomycetales, Acidothermales and 

Geodermatophilales were chosen for 

this study. Table 4 lists all the selected 

strains. Thus, this study included 

strains from diverse habitat for 

example, plant- associated, animal host 

associated, aquatic, soil inhabiting, 

thermals and extremophilic stone 

dwellers.  

3.8.2 Retrieval of genome and 

proteome sequences 

Sequences of thirty actinobacterial 

genomes which were considered for 

this study were downloaded from IMG 

database. Information regarding genes 

present in leading and lagging strands 

was also recovered from the same 

database.  

3.8.3 Identification of PAS domains 

PAS domains share very less sequence 

similarity among closely related 

species hence, BlastP was not found 

suitable in PAS domain identification 

(Taylor and Zhulin 1999). We used 

HMMER 3.1b1 program (Eddy 1998) 

for PAS domain detection. Raw 

Stockholm alignment format of PAS 

(PF00989), PAS_2 (PF08446), PAS_3 

(PF08447), PAS_4(PF08448), PAS_8

(PF13188), PAS_9(PF13426), PAS_11

(PF14598), PAS_5(PF07310), PAS_6

(PF08348), PAS_7(PF12860) and 

PAS_10(PF13596) was used as 

database to search PAS domain among 

considered strains.  Simple Modular 

Architectural Research Tool (SMART) 

(Schultz et al. 1998),Pfam server and 

Conserved Domain Database (CDD)
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(Marchler- Bauer et al. 2011) 

maintained by NCBI confirmed the 

result of HMMER. Proteins with 

posit ive result s from all t he 

aforementioned algorithms were 

selected as final set of PAS containing 

protein.   

3.8.4 Characterization of PAS-genes 

Gene sequences which ultimately code 

for PAS domain containing proteins 

are hereby called as PAS-genes. The 

genomic characterization of PAS genes 

of considered actinobacteria was done 

via codonW software (Peden, 1999) as 

described in section 3.1. Information 

regarding the localization of PAS 

proteins in the cells was obtained from 

CELLO server (Yu et al. 2004).  

3.8.5 Phylogenetic tree construction  

 We have found a single PAS 

containing protein in M. tuberculosis 

(IMG Gene ID- 651084145, locus tag- 

Rv1364c, annotation- hypothetical 

protein, Pfam domains present- PAS_4, 

SpoIIE, HATPase_c_2, STAS_2). This 

particular protein was taken as 

reference for selecting PAS proteins 

from other strains to build phylogenetic 

tree. BlastP algorithm was used in this 

case. Selected protein sequences were 

aligned by Clustal omega(McWilliam 

et al. 2013; Sievers et al. 2011). 

Phylogenetic tree was generated by 

Phylip-3.695 version software (http://

evolution.genetics.washington.edu/

phylip.html). Another tree based on 

16s rRNA of considered strains were 

also build using Clustal omega and 

Phylip-3.695 for comparison.  

3.8.6 Homology modelling and 

structure based tree generation 

PAS-proteins which were used in 

phylogenetic analysis were also used in 

homology modelling. Most of these 

proteins contained PAS domains along 

with some other co-domains. Hence, 

the amino acid sequence of only PAS 

domain was extracted through SMART 

server (Schult z et  al.  1998). 

Modeller9v12 program (advanced 

modelling system) (Eswar et al. 2008) 

was used for homology modelling. 

Steepest descent and conjugate 

gradient methods helped to improve 

the quality of the models by energy 

minimization with harmonic constraint 

of 100 KJ/mol/Å2. In-vacuo process 

with GROMOS96 43B1 parameters 

implemented in Swiss PDB viewer 

(Kaplan and Littlejohn 2001) was 

a d o p t e d  f o r  t h i s  t a s k . 

PROCHECKserver (Laskowski et al. 

1993)validated these structures and 

Ramachandan plots were generated.  
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Later, MUSTANG server (Konagurthu 

et al. 2010) was exploited for structural 

alignment and Phylip-3.695 generated 

the st ructure-alignment  based 

phylogenetic tree. Here we used the 

P A S  d o m a i n  s t r u c t u r e  o f 

Sinorhizobium meliloti (PDB id 1D06) 

as outgroup, since it was found to be 

the best template structure during 

homology modelling. This structure 

based tree was compared with the 

previously build 16s rRNA based tree.  

3.9 Identification of putative drug 

targets in Mycobacterium  

3.9.1 Comparison of metabolic 

pathways between host and pathogen 

We started our work through 

comparing the metabolic pathways of 

Mycobacterium tuberculosis RGTB423 

(MtR) and its host Homo sapiens. Our 

aim was to identify those metabolic 

pathways which are unique for MtR 

and are totally absent in human. 

Screening of the pathogen specific 

pathways will decrease the probability 

of targeting a protein important for the 

host and this will further lead to 

decreased case of side effects. Kyoto 

Encyclopedia of Genes and Genomes 

(KEGG) (http://www.genome.jp/kegg/) 

pathway database was used for this 

step. The screening of the metabolic 

pathways was done manually and 

pathways unique for M. tuberculosis 

were further considered. The sequences 

of those proteins which were involved 

in the considered pathways were 

downloaded from KEGG database. 

3.9.2 Screening of essential genes in 

MtR 

Genes which are crucial for the 

bacteria to survive are termed as 

essential genes. Database of Essential 

G e n e s  ( D E G )  ( h t t p : / /

www.essentialgene.org/) provides a list 

of bacterial essential genes. The unique 

pathway proteins of MtR were 

subjected to Blastp against DEG with 

an E value cut-off 10-10 and a 

minimum bit score of 100. Thus 

essent ial proteins from unique 

pathways of MtR (henceforth will be 

called as UEMP) were identified.  

3.9.3 Screening of non-host essential 

proteins 

The UEMP were compared with non-

redundant (nr) protein sequence 

database of the human (taxid: 9606) to 

screen the non-host proteins of the 

considered pathogen. A BLASTp 

analysis was performed with an E-

value of 0. 005 and identity score 

35%.The proteins below this threshold 

level are considered for further 
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analysis. 

3.9.4 Quantitative characterization of 

UEMP 

The UEMP were further screened 

based on their molecular characters 

like molecular weight, subcellular 

localization, functional networking and 

druggability.  

3 . 9 . 4 . 1  M o l e c u l a r  w e i g h t 

determination 

Since low MW proteins are easy to 

purify and solubilze, they are better be 

targeted for drug designing in the 

present study. Hence, proteins with 

MW< 100 kDa were only considered. 

C o m p u t e  p I / M w  ( h t t p : / /

web.expasy.org/compute_pi/) an online 

tool maintained by ExPASy portal was 

used to determine the molecular weight 

of the proteins under consideration. 

3.9.4.2 Searching for sub-cellular 

localization 

These selected proteins were searched 

for their subcellular localization. It is 

considered that membrane proteins are 

goo d  vacc ine  t a rge t s  wh ile , 

cytoplasmic proteins are better for drug 

targets (Barh et al. 2011). Therefore, 

proteins present only in cytoplasm 

were taken under consideration for 

interactome study. For gett ing 

in fo rmat ion about  subce l lu lar 

localization of proteins, CELLO v.2.5 

server (http://cello.life.nctu.edu.tw/) 

was used. 

3.9.4.3 Interactome analysis 

Protein – protein network analysis 

reveals the functional importance of a 

protein based on the confidence score. 

Thus, MtR proteins with considerable 

confidence score were used for 

druggability analysis. STRING 10 

server (http://string-db.org/) helped us 

to get the protein networks. A cut-off 

value of 0.700 was considered in this 

case hence, protein with confidence 

score ≥ 0.700 were used further and 

rest were eliminated. 

3.9.4.4 Druggability analysis 

Proteins having high affinity towards 

drug or drug like chemicals are termed 

as potentially druggable targets. For 

this analysis a database called 

D r u g Ba nk  d a t a ba s e  ( ht t p s : / /

www.drugbank.ca/) was used. The 

druggability of MtR proteins were 

screened. Each protein was searched 

for similar therapeutic targets having 

identical biological utility. BLASTp 

program with an E-value 1e-5 was 

considered for this analysis. Proteins 

having homologs with similar 

biological functions are the known 
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targets whereas, proteins whose 

homologs were not found in DrugBank 

are considered as novel targets. To 

determine the effectiveness of the 

putative targets we ranked them by the 

following formula- 

 

........(5) 

DTS - Drug Target Score 

DEG - Number of homologs obtained 

from Essential Genes Database; 

I - Number of Interacting Partners 

obtained through STRING 10 

DB -Number of Drug Bank entry 

against each protein 

3.9.4.5 Receptor Protein Structure 

All the identified targets were 

subjected to iterative BLAST search 

against the PDB structures using 0.001 

E-value cut off and 100% identity. The 

proteins were chosen considering X-

ray diffraction resolution upto 2.0Å. 

3.9.5 Structural Refinement 

K o B a M I N  s e r v e r  ( h t t p : / /

csb.stanford.edu/kobamin/) is a fast 

and reliable protein st ructure 

refinement  server.  The majo r 

refinement protocol followed by this 

server checks the structural integrity 

using BioPhython (Bio.PDB module). 

Structure undergoes refinement 

through energy minimization using a 

statistical knowledge-based potential of 

mean force (Chopra et al. 2010, Chopra 

et al. 2008, Rodrigues et al. 2012). 

MESHI (a new, strictly object-oriented, 

molecular modeling suite written in 

Java) was used to give stereo-

chemically correct models (Chopra et 

al. 2010, Chopra et al. 2008, Rodrigues 

et al. 2012). It focuses on the number 

of clashes, indicating van der Waals‟ 

violations, number of angles and bonds 

outliers, number of side-chain chi1 and 

chi2 outliers, number of backbone 

angles that are outliers on the 

Ramachandran plot. KoBaMIN brings 

the proteins closer to their native-like 

conformation. 

3.10 Validation of identified drug 

targets  

3.10.1 Ligand selection 

The plants were selected considering 

their anti-microbial activity and action 

against respiratory ailments. Aleo vera, 

Oplopanax horridus and Withania 

somnifera all three of them also have 

reported activity according to databases 

like ARS (Agricultural research 

service), Phytochemical Database 

(https://www.ars.usda.gov/services/

docs.htm?docid=8875) and Dr Duke‟s 
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Phytochemical and Ethnobotanical 

D a t a b a s e  ( h t t p s : / /

phytochem.nal.usda.gov/phytochem/

search). The above databases were 

searched for screening suitable ligand 

molecules present in these plants. 

These chemical structures were 

downloaded using Pubchem (https://

p u b c h e m . n c b i . n l m . n i h . g o v / ) 

maintained by NCBI. Open Babel 

(http://openbabel.org/wiki/Main_Page) 

was used to convert these molecules 

into required PDB format. 

3.10.2 Molecular Docking 

Extensive molecular docking analysis 

of receptor proteins against the selected 

chemicals were carried out using Auto 

Dock Vina (Trott et al. 2010). The X, 

Y and Z dimensions were chosen to be 

100. Center Grid Box was chosen to fit 

the protein. We set exhaustiveness to 8. 

Every concerned protein was made 

ready by removing the water molecules 

and by adding polar hydrogens to 

them. Subsequently Gasteiger charges 

were added to the proteins on the basis 

of electronegativity equilibration and 

the non-polar hydrogens were merged. 

This was performed because AutoDock 

uses the united atom model to represent 

molecules. Gasteiger charges were also 

calculated for the respective ligands 

and all the torsions were allowed to 

rotate. 

3.10.3 Druglikness 

We determined basic solubilit y 

analysis of Log P and Log S values 

using ALOGPS 2.1 maintained by 

Virtual Computational Chemistry 

Laboratory (Tanaka et al. 2002, Tetko 

et al. 2002). Log P is the logarithm of 

partial coefficient; it is defined as the 

ratio of the concentration of a solute 

between two solvents specifically for 

unionized solutes. Log S value is a unit 

stripped logarithm (base 10) of the 

solubility measured in mol/liter. 

Parameters like hydrogen ion acceptor/

donor, polar surface area, molecular 

weight , refract ivity etc. , were 

determined using Mcule (Kiss et al. 

2012). Chemcalize.org beta (http://

www.chemicalize.org/) maintained by 

Chem Axon was used to determine the 

log D values at physiological pH of 7.4 

which is the normal pH of blood 

plasma. Log D is the distribution 

coefficient and has been defined as the 

ratio of the sum of concentrations of all 

forms of the compound (ionized plus 

un-ionized) in each of the two phases, 

one o f t hem be ing aqueous. 

Chemcalize.org beta was also used to 

determine pi energy and total atom 

count.  
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3.10.4 Toxicology, carcinogenicity and 

dosage recommendation 

Toxicological, carcinogenic and 

mutagenicity analyses were carried out 

using online server LAZAR–Lazy 

structure-activity relationships for 

toxicology predictions (https://lazar.in-

silico.ch/predict) (Helma et al. 2006). 

Furthermore, the daily recommended 

dosage was also predicted using this 

server. This was performed by finding 

similarity with existing experimental 

data of different chemicals. The server 

operates on the basis of machine 

learning and data mining approaches. 

Various experimental model organisms 

including fathead minnows, rodents of 

different types and Salmonella 

typhimurium have been used to predict 

the mentioned parameters. 
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4.1 Characterization of metabolic 

pathway genes 

4.1.1 Major metabolic pathways 

All biochemical reactions occurring 

within the cells of an organism are 

considered as metabolism. Bacterial 

metabolism mainly focuses on the 

chemical diversity of substrate 

oxidations as well as dissimilation 

reactions (reactions through which 

substrates are broken down) (Peter, 

1996). These reactions help the 

bacteria to generate energy. Moreover, 

uptake and utilization of several 

different organic and inorganic 

nutrients (assimilation reaction) for the 

growth and maintenance of microbes 

are also a part of bacterial metabolism. 

Thus, a series of exergonic and 

endergonic reactions catalyzed by 

integrated enzyme systems ultimately 

result in self-replication of cells (Peter, 

1996). The capacity of bacterial cells to 

grow and function in proper chemical 

milieu (bacterial culture medium) 

along with the chemical changes 

resulting in bacterial transformation 

fall under the scope of bacterial 

metabolism. There are several 

metabolic pathways in each organism 

involving different proteins, enzymes 

and operons. Kyoto Encyclopedia of 

Genes and Genomes (KEGG) (https://

www.genome.jp/kegg/) is one of the 

major databases dealing with genomes, 

bio logica l pathways, chemica l 

substances, diseases and drugs (https://

en.wikipedia.org/wiki/KEGG). This 

database has been used mainly in 

bioinformatics and metabolomics 

study. 

We have also used this database for 

selecting the major metabolic pathways 

among considered actinobacteria 

strains. Ultimately we chose 8 major 

Chapter 4 
Results and Discussion 

 

“You do not know what you will find, you may set out to find one thing and 
end up by discovering something entirely different.” 

-Alexander Fleming 
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metabolic pathways. They are – (1) 

Carbohydrate metabolism pathway 

(CM), (2) Amino acid metabolism 

(AM), (3) Energy metabolism (EM), 

(4) Lipid metabolism (LM), (5) 

Nucleotide metabolism (NM), (6) Co-

factor and vitamin metabolism (CVM), 

(7) Terpenoids and polyket ides 

metabolism (TPM) and (8) Xenobiotics 

biodegradat ion and metabolism 

(XBM). CM included Amino sugar and 

nuc leo t ide sugar  metabo l is m, 

Ascorbate and aldarate metabolism, 

Butanoate metabolism, C5-Branched 

dibasic acid metabolism, Citrate cycle 

(TCA cycle), Fructose and mannose 

metabolism, Galactose metabolism, 

Glyco lys is / Gluconeogenesis, 

Glyo xylat e and d icarboxylat e 

metabolism, Inositol phosphate 

m e t a b o l i s m ,  P e n t o s e  a n d 

glucuronateinter-conversions, Pentose 

phosphate pathway, Propanoate 

metabolism, Pyruvate metabolism, 

Starch and sucrose metabolism. AM 

included Alanine, aspartate and 

glutamate metabolism, Arginine and 

pro line met abo l is m,  Arg in ine 

biosynthesis, Cysteine and methionine 

metabolism, Glycine, serine and 

threonine metabolism, Hist idine 

metabolism, Lysine biosynthesis, 

Lysine degradation, Phenylalanine 

metabolism, Phenylalanine, tyrosine 

and  t r yp t o phan b io s ynt hes is , 

Tryptophan metabolism, Tyrosine 

metabolism, Valine, leucine and 

isoleucine biosynthesis, Valine, leucine 

and isoleucine degradation. Carbon 

fixation pathways in prokaryotes, 

Methane metabo lism, Nitrogen 

m e t a b o l i s m ,  O x i d a t i v e 

phosphorylation, Sulfur metabolism 

were included in EM. LM comprised 

of alpha-Linolenic acid metabolism, 

Arachidonic ac id metabo lism, 

Biosynthesis of unsaturated fatty acids, 

Ether lipid metabolism, Fatty acid 

biosynthesis, Fatty acid degradation, 

G l y c e r o l i p i d  m e t a b o l i s m , 

Glycerophospholipid metabolism, 

Linoleic acid metabolism, Primary bile 

acid biosynthesis,  Sphingolipid 

met abo l is m,  Stero id hor mo ne 

biosynthesis and Synthesis and 

degradation of ketone bodies. NM 

included Purine metabolism and 

Pyr imidine metabo lism. Biot in 

metabolism, Folate biosynthesis, 

Lipoic acid metabolism, Nicotinate and 

nicotinamide metabolism, One carbon 

pool by folate, Pantothenate and CoA 

b io s yn t he s i s ,  P o r p h yr in  a nd 

chlorophyll metabolism, Retinol 

metabolism, Riboflavin metabolism, 

Thiamine metabolism, Ubiquinone and 
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other terpenoid-quinone biosynthesis 

and Vitamin B6 metabolism pathways 

were included in CVM. TPM 

composed o f Biosynthes is o f 

a ns a myc ins ,  B io s yn t he s is  o f 

siderophore group nonribosomal 

peptides, Biosynthesis of type II 

polyketide products, Biosynthesis of 

vancomycin group ant ibiot ics, 

Carotenoid biosynthesis, Geraniol 

degradation, Limonene and pinene 

degradation, Polyketide sugar unit 

biosynthesis, Sesquiterpenoid and 

triterpenoid biosynthesis, Terpenoid 

backbone biosynthesis, Tetracycline 

biosynthesis and Zeatin biosynthesis 

pathways.Aminobenzoate degradation, 

Atrazine degradat ion, Benzoate 

degradation, Bisphenol degradation, 

C a p r o l a c t a m  d e g r a d a t i o n , 

Chloroalkane and chloroalkene 

degradation, Chlorocyclohexane and 

chlorobenzene degradation, Dioxin 

degradation, Drug metabolism - 

cytochrome P450, Drug metabolism - 

o t her  enzymes ,  Et hylbenze ne 

d e g r a d a t io n ,  F lu o r o be n z o a t e 

d e g r a d a t io n ,  M e t a bo l i s m o f 

xenobiotics by cytochrome P450, 

Naphthalene degradation, Nitrotoluene 

degradation, Polycyclic aromatic 

hydrocarbon degradation, Steroid 

degradation, Styrene degradation, 

Toluene degradation and Xylene 

degradation were involved in XBM 

pathway. 

4.1.2 Expression pattern analysis  

Codon adaptation index (CAI) was 

calculated for estimating the expression 

pattern of the proteins (Wu et al. 2005)  

encoded by different metabolic 

pathway related genes. CAI has the 

capacity to directly measure the mRNA 

expression pattern (Roymondal et al. 

2009, Wu et al. 2005, Eyre-Walker 

1996, Coghlan and Wolfe 2000, Martn-

Galiano et al. 2004, Dos et al. 2003) 

hence, depending upon the CAI values 

we have grouped the total protein 

coding genes of an organism among 

PHX, PMX and PLX category (as 

discussed in the Materials and Methods 

sect ion). We checked out the 

distribution pattern of the investigated 

metabolic pathway related proteins. 

The results have been given as Fig 4.1. 

It is evident from the result that, most 

(76%) of the metabolic pathway related 

genes were under PHX category. Their 

distribution was limited to 1-2% in 

PLX category the rest being under 

PMX group. This is quite expected 

since; these genes were associated 

especially with the metabolism cum 

utilization of different nutrients and 

production of energy.  
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This finding was also supported by 

Willenbrock and Ussery (2007). They 

showed the effect of posit ion 

preference over genes associated with 

different metabolic pathway among 

prokaryotes. Position preference is 

basically a measurement strategy of 

DNA structure (Brukner et al. 1995). 

This concept actually originated from 

eukaryotes. Since DNA transcription is 

highly dependent on the bending 

pattern and flexibility of DNA, the 

structural pattern of DNA may reflect 

or influence the codon usage pattern 

also. Position preference is an idea to 

focus on the preference of a tri-

nucleotide to be placed at a site where 

the DNA minor groove is either 

towards or away from the histone core 

of nucleosome (Satchwell et al. 1986). 

Higher inclination for nucleosome is 

reflected by high absolute position 

preference (Pedersen et al. 1998). On 

the contrary, lower position preference 

was assigned to those tri-nucleotides 

which tend to exclude nucleosomes. 

Unfortunately, this model was not 

suitable for prokaryotes since they lack 

nu c le o s o me .  H o w e v e r ,  bo t h 

prokaryotes and eukaryotes have 

chromatin and similar level of DNA 

condensation level (more than 1000x). 

Fig 4.1 Pie chart showing the distribution of the metabolic pathway related genes among 

PHX, PMX and PLX categories. The values were calculated for each strain separately and 

then average value of all the considered metabolic pathways were taken for this plot 

generation. 

PHX 

PLX 

PMX 
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Willenbrock and Ussery (2007) utilized 

these facts and modified the position 

preference model for prokaryotes. 

According to their hypothesis, position 

preference of a DNA can reflect how 

easily the DNA can be wrapped around 

the chromatin. It was revealed that, 

position preference was inversely 

proportional to the DNaseI sensitivity 

and directly proportional to the 

chromatic condensation preference 

(Willenbrock and Ussery 2007). Thus, 

the more is the preference value the 

less is the DNaseI sensitivity and more 

is the chromatin condensat ion 

preference at that particular part of 

DNA (Willenbrock and Ussery 2007). 

Conversely, the less is the preference 

value the more is the DNaseI 

sensitivity and less is the chromatin 

condensation preference of DNA. 

Ribosomal genes and other highly 

expressed (actively dividing) genes 

which were found to be with low 

position preference (Dlakić et al. 

2005). They were more sensitive to 

DNaseI and were not much condensed. 

This actually helped them to access the 

RNA polymerase radially and make 

them easy to be transcribed. Thus, a 

correlation between the position 

preference and expression level of 

genes were established (Dlakić et al. 

2005). Moreover, Willenbrock and 

Ussery (2007) also revealed that, 

metabolic pathway related genes were 

genera lly under  low posit ion 

preference category which implied 

their high expression and vitality in 

microbial genomics.  

4.1.3 Effect of compositional constrain  

Most of the actinobacterial genera are 

GC rich and tends to use the more GC3 

rich codons among protein coding 

genes. Studies have also revealed that 

the preference of GC3 rich codons is 

higher among PHX rather than PLX 

(Roy et al. 2015). Correlating the CAI 

values with GC content may prove to 

be a good measure of compositional 

constrain among genes. Supplementary 

figure 1 showed the correlation 

coefficients among GC3 and CAI 

values of selected metabolic pathway 

related genes among investigated 

actinobacteria. The colour code has 

been given at the bottom of the figure. 

For AT rich strains, correlation 

between AT3 and CAI was considered. 

This result indicated a clear persistence 

of compositional constrain on these 

genes. Codons like GCC, GCG, CTG, 

CGC, GAC, GTG, GGC and ACC 

were some of the predominantly 

utilized codons in most of the cases 

(Fig 4.2 and 4.3) except Tropheryma 
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whipplei and Gardnerella vaginalis. 

This was expected, since these two 

genera are exception from rest of the 

act inoabcteria considering their 

genomic composition. They are low 

GC content actinobacteria (Das et al. 

2006, Yeoman et al. 2010) and have 

negative correlation between CAI and 

GC3.  

The positive correlation between CAI 

and GC3 among metabolic pathway 

related genes revealed that, preference 

for GC rich codons enhances with 

increased expression level. To further 

validate the result, we also did an 

amino acid usage analysis and found 

alanine, valine, leucine, glycine, 

arginine and aspartic acid to be most 

preferred amino acids among the 

metabolic pathway related proteins 

(Fig 4.2) .  Ana lys is on the ir 

synonymous codon usage pattern 

revealed that, while encoding these 

aforementioned amino acids, GC rich 

synonymous codons were preferred 

over AT rich ones. On contrary, T. 

whipplei and G. vaginalis showed the 

preference of AT rich synonymous 

codons while encoding the same amino 

acids. This finding further emphasizes 

the persistence of compositional 

constrain (be it GC constrain or AT 

constrain) over the considered 

metabolic pathway related genes 

among selected strains. 

Wr ight  (1990)  suggest ed the 

correlation between GC3 and ENc can 

be an effective measure to study the 

codon usage variation among genes 

and genomes. ENc value generally 

ranges from 20-62 (Peden 1999). 

Heatmap (Supplementary Figure 2) 

based on the correlation coefficient 

between CAI and ENc revealed 

significant negat ive correlat ion 

between these two parameters 

indicating the fact that, ENc value 

decreases with increase in CAI value. 

This means, PHX genes have lower 

ENc values whereas PLX genes are 

with higher ENc values. Metabolic 

pathway related genes considered in 

this study posses be very low ENc 

value (ranges from 28-42). GC3 was 

correlated with ENc values and results 

have been given as Supplementary 

Figure 3. Significant  negat ive 

correlation between ENc and GC3 

values (significant positive correlation 

was found between GC3 and ENc of T. 

whipplei and G. vaginalisdue to their 

AT compositional constrain) depicted 

strong codon usage bias among the 

considered genes (Comeron and 

Aguade, 1998; Roy et al. 2015) which 

further validates composit ional 
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a. 

b. 

c. 

d. 

e. 
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f. 

g. 

h. 

Fig 4.2 Rose plots for codon and amino acid usage analysis of 8 different metabolic 

pathways.  Circles at the left side are for codon usage analysis (red) and on the right side are 

for amino acid usage (blue). Different metabolic pathways selected for this analysis are- (a) 

carbohydrate metabolism, (b) amino acid metabolism, (c) energy metabolism, (d) lipid 

metabolism, (e) nucleotide metabolism, (f) co-factors and vitamin metabolism, (g) terpenoids 

and polyketides metabolism and (h) xenobiotics biodegradation and metabolism. 

Tropheryma whipplei and Gardnerella vaginalis were not considered in this analysis. 
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a. b. c. 

d. e. f. 

g. h. 

Fig 4.3 Bar diagram of position specific nucleotide usage of 8 different metabolic pathways. 

Different metabolic pathways selected for this analysis are- (a) carbohydrate metabolism, (b) 

amino acid metabolism, (c) energy metabolism, (d) lipid metabolism, (e) nucleotide 

metabolism, (f) co-factors and vitamin metabolism, (g) terpenoids and polyketides 

metabolism and (h) xenobiotics biodegradation and metabolism. Tropheryma whipplei and 

Gardnerella vaginalis were not considered in this analysis. 
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constrain as one of the major indices 

governing the codon and amino acid 

usage pattern of selected genes and 

their respective transcribed proteins.  

4.1.4 Importance of optimal codons  

Optimal codons are defined as the 

codons mostly preferred by the PHX 

genes (Peden 1999).  Heatmap 

(Supplementary Figure 4) revealed a 

positive correlation between CAI and 

Fop among selected genes. This 

indicates, the preferential usage of 

optimal codons among the metabolic 

pathway related genes. Further, the 

positive correlation between Fop and 

GC3 also signifies that optimal codons 

are GC biased (except T. whipplei and 

G. vaginalis, their optimal codons were 

AT rich). GCC, CGG, GCG, GGG, 

CTG, GAC, CCC, CCG, CGC and 

GGC were most commonly used 

optimal codons among considered gene 

set of studied GC rich actinobacteria. 

On the contrary, ATT, TAT, CTT, 

CTA, GAT, CAT, GTT were some of 

the frequently used optimal codons 

among T. whipplei and G. vaginalis. 

4.1.5 Effect of translational selection 

A detailed analysis on the anticodon 

information along with tRNA copy 

number was done. This displayed a 

clear pattern revealing the fact that; 

majority of the optimal triplets 

(codons) was perfectly recognized by 

most of the abundant iso-accepting 

tRNAs (Roy et al. 2015). Hence, those 

codons were both optimal as well as 

translationaly optimal codons. GGC, 

CGC, CGG, GCC, CCC CAT, CTA, 

GTT, TAT, ATT were optimal as well 

as translationally optimal in T. whipplei 

and G. vaginalis. tAI calculation 

fur ther  probed the effect  o f 

translat ional select ion over the 

considered gene set. Significant 

positive correlation between CAI and 

tAI along with tAI and Fop 

(Supplementary Figure 5, 6) among all 

investigated strains reinforced the 

effect of both natural selection and 

translat ion efficiency on their 

metabolic pathway related genes (Roy 

et al. 2015). The effect of tRNA 

population over genomic codon usage 

pattern was previously reported in 

some other organisms like D. 

melanogas ter  (Mor iya ma and 

Powell1997), E. coli (Ikemura 1981) 

and C. elegans (Duret2000) etc. 

Thus, CAI, compositional constrain, 

frequency of optimal codons (Fop) and 

tRNA adaptation index (tAI) were 

found to be the major indices 

governing codon usage pattern of 

genes associated with 8 considered 
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metabolic pathways among selected 

actinobacteria. A combinatorial effect 

of both natural select ion and 

translational efficacy was also evident 

from this study.  

4.2. Evaluation of protein biosynthetic 

energy cost  

Protein biosynthetic energy cost (EC) 

of potentially highly expressed proteins 

(PHXPs),  potent ia lly med ia lly 

expressed proteins (PMXPs) and 

potentially lowly expressed proteins 

(PLXPs) among selected actinobacteria 

from different niche was evaluated and 

compared. This analysis exposed some 

very interesting result discussed below.  

4.2.1 Statistical analysis between the 

CAI and EC 

The correlation coefficient between 

CAI and EC of different habitat 

specific actinobacteria was determined. 

These two parameters were negatively 

correlated among animal-host -

associated actinobacteria (R2 = 0.756) 

(Fig 4.4). On the contrary, strong 

positive correlation between CAI and 

EC was found in extremophilic (R2 = 

0.955), plant-associated (R2 = 0.801), 

aquatic (R2 = 0.817) and soil dwelling 

(R2 = 0.746) actinobacteria (Fig 4.4). 

Moreover, ANOVA test followed by F-

test and t-test on the mean EC values of 

PHXPs, PMXPs, and PLXPs for each 

strain revealed considerable differences 

among them (at the p < 0.01 level of 

significance). From this statistical 

analysis it was clear that PHXPs of 

animal host associated actinobacteria 

consume less biosynthetic energy than 

PMXPs and PLXPs whereas in other 

niche associated actinobacteria the EC 

values of PHXPs were found to be 

more than PMXPs and PLXPs. All the 

statistical data are available in 

supplementary file 3. A list of PHXP, 

PMXPs and PLXPs is given as 

supplementary file 4. 

4.2.2 Regulation of amino acid 

biosynthetic pathway  

Hodgson (2000) carried out a detailed 

study on the regulation of metabolic 

pathway in Streptomyces. We also tried 

to get deep view knowledge on the 

amino acid biosynthetic pathways of 

invest igated act inobacteria. The 

modular architecture of amino acid 

biosynthetic pathway was obtained 

from KEGG database (Fig 4.5). The 

total amino acid biosynthesis pathway 

was found to be divided into two parts- 

core and extension. Conversion of 

Glycera ldehyde-3-phosphate to 

pyruvate along with serine and glycine 

associated pathways were under core 

part. The extensions of aforementioned 
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pathways involved the reaction 

modules RM001, RM033, RM032, and 

RM002. RM001 and RM032 were 

found to be associated with 2-

oxocarboxylic acid chain extension and 

carboxyl to amino conversion 

reactions, respectively. RM033 was 

involved in branched chain amino acid 

synthesis. RM002 was responsible for 

basic amino acid synthesis. This 

Fig 4.4 Correlation between CAI and Energy cost of selected Actinobacteria thriving in 

diverse niche (a) animal host associated, (b) plant host associated, (c) soil dwelling, (d) 

aquatic and (e) extremophilic actinobacteria. Only animal host associated actinobacteria 

showed negative correlation between CAI and EC whereas positive correlation  was 

revealed among other niche specific actinobacteria. 
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extension is most divergent consisting 

of multiple lysine synthesis pathways 

along with multiple gene sets for 

arginine production. The aforesaid 

extensions were also responsible for 

essential amino acid biosynthesis. 

However, the most interesting fact is 

the feedback inhibition mechanism of 

aromatic amino acid biosynthesis 

pathway or shikimate pathway. A 

previous study on Amycolatopsis 

methanolica  (a methylotrophic 

actinomycete) revealed the feedback 

mechanism of enzymes involved in 

shikimate pathway via modification of 

branch point intermediates (Herrmann 

and Weaver, 1999; Euverink 1995). 

Hence we may infer that, the 

Fig 4.5 Amino acid biosynthesis pathway of Actinobacteria as depicted in KEGG database. 

Extensions are written in bold red color.  
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expression level of proteins involved in 

shikimate pathway is repressed when 

aromatic amino acids are adequate in 

environment. 

4.2.3 Differential distribution of 

aromatic amino acids 

Heatmap (Fig 4.6) illustrates the 

aromatic amino acid usage of PHXPs 

and PLXPs among the considered 

strains clearly revealed the recurrent 

exploitation of aromatic amino acids 

by the PHXPs of diverse niche specific 

actinobacteria except the animal host 

associated strains. This unusual finding 

may correlate with the niche adaptive 

capability of actinobacteria.  

Animal host associated actinobacteria 

may obtain a substantial fraction of 

their amino acids from their respective 

host (Graf and Ruby 1998). Thus, they 

are in a nutrient rich environment and 

are not always dependent upon the 

amino acid biosynthesis. Host-derived 

amino acids are also important in 

pro liferat ion and infect ion o f 

pathogens. The animal partner provides 

a considerable proportion of amino 

acids along with other organic 

compounds to bacteria which are 

beneficial for both host and microbes. 

Bifidobacterium may behave as an 

auxotroph by obtaining certain amino 

acids from their host (Ferrario et al. 

2015). Similarly a unidirectional flow 

of nutrients from host to pathogens is 

believed to support the infection cycle 

(Graf and Ruby 1998). Chlamydia 

trachomatis possess incomplete amino 

acid biosynthesis pathways and are 

thus dependent on the host for some 

e s s e n t i a l  a m i n o  a c id s  l i k e 

phenylalanine, tyrosin, tryptophan, 

glycine etc (Stephens et al. 1998). 

Since pathogens rely on their host for 

some essential amino acids including 

the aromatic (most costly) ones, natural 

selection may support the usage of 

energy economic amino acids in 

PHXPs. Furthermore, many of the 

PHX genes of animal-associated 

actinobacteria (both probiotic and 

pathogenic) contain signal peptides and 

were components of secretomes, which 

are essential for the host-microbe 

interactions (Roy et al. 2013). The 

proteins encoded by these genes were 

found to be using fewer aromatic 

amino acids than PLXPSs, lowering 

the overall energy cost of the PHXPs. 

This finding also confirms previous 

studies of (Heizer et al. 2006, Roy et 

al. 2013). 

On the contrary, PHXPs of other niche 

associated actinobacteria (desert-, stone

-, plant-, soil-, and water-) was found 
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to be using more aromatic amino acids. 

The PHXP set of actinobacteria 

thriving under harsh environmental 

conditions (stone surfaces, desert, 

hydrothermal vents, saline water, etc.) 

were found to contain shikimate 

pathway related proteins along with 

heat resistance proteins. Proteins 

involved in shikimate pathway were 

found to be using more aromatic amino 

acids increasing the overall EC of 

PHXP set. The products of this 

pathway also act as precursors of myco

-sporines and mycosporines-like-amino

Fig 4.6 Heatmap on differential distribution pattern of costly aromatic amino acids in PHXPs 

and PLXPs of  selected actinobacteria thriving in diverse niche.  
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-acids (MAA) (Oren and Gunde-

Cimerman 2007). These compounds 

are well known for their photo-

protective and UV radiation resistant 

properties (Shick and Dunlap 2002) 

and thus play an imperative role in 

maintaining the healthy lifestyle of 

stone-dwelling and extremophilic 

actinobacteria. Other PHXPs of 

extremophilic actinobacteria were 

found to be involved in spore-

formation, signal t ransduct ion, 

motility, cell division as well as 

metabolism and they utilize significant 

amount of aromatic amino acids. 

Moreover, a modest increase in thermo

-stable phenylalanine and tyrosine 

usage in thermophiles and hyper-

thermophiles has been reported 

previously (Oren and Gunde -

Cimerman 2007). Thus, in the hyper-

thermophiles and thermophiles 

aromatic amino acids may help the 

bacteria to thrive under extreme 

environmental circumstances. The π-

orbitals (molecular orbital of the pi 

bond) of aromatic amino acids play a 

pivotal role in several ionic interactions 

providing better protein stabilization 

and thus may help in proper and 

stabilized protein-protein interactions 

acting as a survival strategy among 

extremophilic actinobacteria under 

ruthless situation (Goldstein 2007; 

Jaenicke and Bahm 1998; Kannan and 

Vishveshwara 2000). 

In aquat ic act inobacteria (like 

Micrococcus, Micromonospora etc.), 

UV radiation resistant proteins and 

tryptophan metabolism related proteins 

were mainly found under PHXP 

category. Interestingly those proteins 

were under PMXP category among 

Cyanobacteria (Supplementary File 5). 

Aqua t ic  ac t ino bac t e r ia  be ing 

predominantly present on the water 

surface are more exposed to UV 

radiation. UV radiation acts on both 

aromatic amino acids as well as 

dissolved oxygen matter (DOM) 

(Reitner et al. 2002). Generally, aquatic 

actinobacteria lack the UV-absorbing 

pigments and the below mentioned 

interactions further help the microbes 

to fight against the UV radiation. 

Tryptophan enhances the absorption 

rate of lower photosynthetically active 

radiation (PAR) and UV radiation via 

photo-coloring or humification of 

aquatic microorganisms (Shick and 

D u n la p  2 0 0 2 ) .  W h e r e a s  i n 

Cyanobacteria, UV absorbing pigments 

protects them from UV-radiation 

(Matsui et al. 2012).  

Plant host associated microbes like 

Frankia (actinobacteria), Rhozibium 
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(proteobacteria) etc. produce plant 

hormones like indole acetic acid(IAA) 

and phenyl acetic acid (PAA) which 

are essential for plant growth (Prasad et 

al. 2000; Pedraza et al. 2004). The 

biosynthesis of IAA and PAA require 

aromatic amino acids for the amino 

transferase acitivity (Peret et al. 2008). 

In Rhizobium, proteins involved in IAA 

and PAA biosynthetic pathway were 

found under PMXP category whereas, 

in Frankia, those proteins were under 

PHXP category. Other PHXPs of 

Frankia were involved in secondary 

metabolite production, carbohydrate 

metabolism, signal transduction, and 

stress regulation. These proteins were 

found to be using phenylalanine, 

tyrosine, t ryptophan, hist idine, 

isoleucine, lysine, leucine, arginine, 

and valine more frequently than the 

rest of the amino acids. Majority of 

these amino acids are costly (Akashi 

and Gojobori 2002). Moreover, some 

host plants like alfalfa, soybean, and 

cowpea (host plants for Rhizibium) 

provide several amino acids like 

cyst eine,  arginine,  iso leuc ine, 

tryptophan, valine, and histidine to 

their micro-symbionts (Randhawa and 

Hassani 2002). On the contrary, during 

nitrogen fixation, Frankia provides the 

nitrogen in the form of amides and 

amino acids to their hosts (Mus et al. 

2016). This could be one of the reasons 

why the Rhizobeaceae maintain a low 

EC value in PHXPs and become 

auxotrophic for some amino acids. 

Heatmap (Fig 4.7) revealed higher 

usage of arginine, histidine, isoleucine, 

lysine, leucine, valine, tyrosnine, 

tryptophan, and phenylalanine in 

f r a n k ia l  P H X P  r a t h e r  t h a n 

Rhizobiaceae.  

Soil inhabiting Streptomyces are 

mainly important for antibiot ic 

production however, they also produce 

phytohormones including gibberelin, 

auxins, cytokinins etc (Baca et al.1994; 

Subramaniam et al.2016; Hsu 2010). 

Proteins involved in ant ibiot ic 

biosynthesis were found to be 

exploiting more aromatic amino acids 

however; the exact reason is still 

unknown. Moreover, a large set of 

Carbohydrate activating enzymes 

(CAZymes) were found in the PHXP 

set of Streptomyces as well as Frankia. 

These set of protein help the microbes 

to degrade complex polysaccharides 

into simple monosaccharides. Thus, 

they are also important in soil and plant 

host associated bacteria. These 

enzymes require aromatic amino acids 

at their active site for a stable 

interaction with their respective 
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carbohydrate moiety (Zhang et al.2015; 

Tian et al. 2016). As a consequence the 

EC of PHXPs in soil and plant 

associated bacteria rises up.  

The EC of PHXP, PMXP and PLXP of 

selected proteobacteria, firmicuites, 

cyanobacteria and yeasts were also 

calculated and compared with the 

results obtained from actinobacterial 

dataset. It was revealed that, in 

proteobacter ia,  firmicuites and 

cyanobacteria PHXPs were energy 

economic rather than PMXPs and 

PLXPs. Only the EC value of yeast 

PHXPs were more than their PMXPs 

and PLXPs (we could not do a 

statistical analysis due to shortage of 

data) (Supplementary File 6).  

Thus, this analysis revealed a strange 

finding regarding the biosynthetic 

energy cost and aromatic amino acid 

usage of PHXPs among selected 

actinobacteria. The PHXPs were found 

to be more costly with higher usage of 

costly aromatic amino acids except in 

case of animal host associated 

actinobacteria. This property may be 

directly related to the niche specificity 

or niche adaptability of considered 

microbes.  

Furthermore, our result also supports 

the hypothesis of Akashi and Gojobori 

(2002) that, the theory of energy cost is 

not at all fixed and may change with 

d ifferent  metabo lic pathways, 

translational efficiency, nutritional 

availability, and other environmental 

conditions where microbes adapt. 

Fig 4.7 Heatmap on differential amino acid usage pattern among selected members of 

Frankia and Rhizobiaceae. Higher usage of arginine, histidine, isoleucine, lysine, leucine, 

valine, tyrosnine, tryptophan, and phenylalanine in frankial PHXP rather than Rhizobiaceae 

was clearly evident from this figure. 
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4.3 Comparative analysis of selected 

Actinobacteria 

4.3.1. Comparative genomics of 

Amycolatopsis 

4.3.1.1 Overall codon and amino acid 

usage analysis 

Six strains of Amycolatopsis genus 

whose whole genome sequences were 

finished and available in public domain 

database at the time of this study were 

selected for this invest igat ion 

(Supplementary file 2). Codon usage 

analysis (Supplementary figure 7a) of 

these strains clearly indicated towards 

the biased use of GC rich codon (color 

code of the heatmap has been indicated 

with the figure). This result also 

supports the effect of compositional 

constrains on this genus which has 

been previously described at section 

4.1. Amino acid usage analysis on the 

considered strains was also explored 

(Supplementary figure 7b). It was 

observed that, Glycine, alanine, valine, 

leucine were the most preferred amino 

acids. These amino acids are of low 

energy cost amino acids (Akashi and 

Gojobori 2002). This is quite 

interesting. In section 4.2 we have 

discussed that, free living soil 

actinobacteria use high cost aromatic 

amino acids (phenylalanine, tyrosine 

and tryptophan) in their PHX proteins. 

However, while analyzing the amino 

acid usage of the whole proteome it is 

seen that, usage of aromatic amino 

acids is quite low.  This is probably 

due to the very less content of costly 

amino acids among PMX and PLX 

proteins of Amycolatopsis which have 

ultimately balanced the overall energy 

economy of the whole proteome. 

4.3.1.2 MLSA phylogenetic tree 

A multilocus sequence alignment 

(MLSA) phylogeny was generated 

taking AtpI, DnaK, GyrB, FtsZ and 

SecA proteins (Supplementary figure 

7c). A. mediterranei U32, A. 

mediterranei RB and A. methanolica 

239 were in one cluster. The second 

cluster consisted of A. orientalis 

H C C B 1 0 0 0 7 ,  A .  j a p o n i c a 

MG417CF17 and A. lurida NRRL 

2430. This result was further validated 

with blast matrix analysis. 

4.3.1.3 Blast matrix analysis 

Supplementary figure 7d showed the 

blast matrix proteome analysis among 

selected Amycolatopsis strains. It was 

evident that, A. mediterranei RB and A. 

mediterranei U32 were 99.6% similar 

to each other. A. japonica and A. 

orientalis HCCB10007 shared 75.3% 

similarity. Following them, 70.6% 
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shared nature was found between A. 

lurida NRRL2430 and A. orientalis 

HCCB10007. Furthermore, A. lurida 

NRRL2430 also shared 69% identity 

with A. japoniaca . Extent of 

duplicat ion within a part icular 

proteome was also revealed from this 

analysis. Both A. mediterranei RB and 

A. mediterranei U32 were 6.9% 

duplicated whereas, A. methanolica 

showed 6.2% duplication within their 

proteome. 

4.3.1.4 Average nucleotide identity 

(ANI) matrix 

A matrix was generated based on the 

ANI score. Supplementary figure 7e 

showed a heatmap on ANI matrix. This 

matrix completely validates the result 

from Blast matrix analysis. Two strains 

of A. mediterranei (RB and U32) 

showed highest identity. Following 

them were A. japonica and A. 

orientalis HCCB10007 (95%).  

4.3.1.5 Pan-core pool analysis 

The total proteome size adding all 

considered proteomes constitutes pan 

pool whereas, the protein set shared 

among the selected proteomes is core 

pool. A total of 7839 proteins were 

found in the pan pool whereas the core 

pool was 2998 (Supplementary figure 

7f).This is quite expected since with 

addition of proteomes, the pan pool 

increase and the core pool deceases. A 

separate phylogenet ic tree was 

generated with the core pool 

( S u p p le me n t a r y  f i g u r e  7 g ) . 

Interestingly, this tree was identical to 

the results obtained from both MLSA 

and ANI matrix based phylogeny.  

4.3.1.6 Cluster of ortholog (COG) 

analysis 

Supplementary figure 7h displayed a 

heatmap generated on the COG 

c la s s i f i c a t io n  o f  c o ns id e r e d 

Amycolatopsis. J (Translation), K 

(Transcription), L (Replication and 

repair) from „Informat ion and 

storage‟ (IPS) category; T (Signal 

Transduct ion) ,  M (Cell wa ll/

membrane/envelop biogenesis) from 

„ C e l l u l a r  p r o c e s s i n g  a n d 

signaling‟ (CPS) group; C (Energy 

product ion and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

a nd  t r a nspo r t ) ,   (Co enz yme 

metabolism), I (Lipid metabolism), P 

( Inorganic  io n t ranspor t  and 

metabolism), Q (Secondary Structure) 

of „Metabolism‟ (Met) category were 

found to be the main COG categories 

among investigated dataset. Unknown 

COGs were not considered for this 

analysis.  
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4.3.2 Comparative Genomics of 

Bifidobacterium 

4.3.2.1 Overall codon and amino acid 

usage analysis 

Thirteen strains of Bifidobacterium 

each from different species was 

c o n s i d e r e d  f o r  t h i s  s t u d y 

(Supplementary file 2). Overall codon 

usage analysis revealed the effect of 

GC compositional constrain over all 

the strains (Supplementary figure 8a). 

G and C ending codons also 

predominated over the A and T rich 

codons. While considering the amino 

acid usage Glycine, alanine, proline, 

valine, leucine, serine and thymine 

were found to be preferred amino acids 

(Supplementary figure 8b).  The 

overall usage of costly aromatic amino 

acids was low. Section 4.2 described 

the lower usage of costly aromatic 

amino acids among PHXP since 

Bifidobacterium live within human gut 

and obtains some major amino acids 

from host itself thus maintaining the 

energy economy.   

4.3.2.2 MLSA phylogenetic tree 

AtpI, DnaK, GyrB, FtsZ and SecA 

proteins were considered in MLSA 

phylogeny (Supplementary figure 8c). 

Bifidobacterium angulatum GT102, B. 

adolescentis ATCC15703 and B. 

kashiwanohense PV202 clustered 

together. B. pseudolongum PV82 and 

B. animalis subsp. Lactis DSM10140 

close to each other. B. asteroids 

PRL2011 grouped with B. coryneforme 

LMG18911. B. actinocoloniiforme 

DSM22766 was fund to be close with 

B. asteroids PRL2011 and B. 

coryneformeLMG18911. Following 

them, B. breve JCM7019 and B. 

longum subsp. infantis ATCC15697 

were clustered.  

4.3.2.3 Blast matrix analysis 

Blast matrix (Supplementary figure 8d) 

proteome analysis was performed on 

t h e  c o n s i d e r e d  s t r a i n s  o f 

Bifidibacterium. This analysis further 

supported the MLSA phylogenetic 

clustering pattern. For instance, B. 

animalis subsp. Lactis DSM10140 and 

B. pseudolongum PV82 were found to 

share considerable amount of proteome 

size. Further, similarities among B. 

a s t e r o i d s  P R L 2 0 1 1 ,  B . 

actinocoloniiforme DSM22766 and B. 

coryneformeLMG18911 was also 

evident from this analysis. MLSA 

clutering pattern of B. adolescentis 

ATCC15703, B. kashiwanohense 

PV202 and B. angulatum GT102 was 

also validated through blast matrix. 

Moreover, B. breve JCM7019 was 

found to share higher percentage of 
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proteins with B. longum subsp. infantis 

ATCC15697. While considering the 

amount of proteome duplication, B. 

longum subsp. infantis ATCC15697 

showed the higher degree of proteome 

duplication. 

4.3.2.4 Average nucleotide identity 

(ANI) matrix 

Supplementary figure 8e displayed the 

ANI matrix generated on investigated 

Bifidobacterium. From this figure it is 

clear that, B. longum subsp. infantis 

ATCC15697 and B. breve JCM7019 

were close to each other. B. 

pseudolongum PV82 was found to be 

close to B. animalis subsp. Lactis 

D S M 1 0 1 4 0 .  B .  c o r y n e f o r m e 

LMG18911, B. actinocoloniiforme 

DSM22766 and B. asteroids PRL2011 

were grouped together. The clustering 

pattern of B. angulatum GT102, B. 

adolescentis ATCC15703 and B. 

kashiwanohense PV202 was similar as 

found in both MLSA and blast matrix 

analysis. 

4.3.2.5 Pan-core pool analysis 

The pan and core protein pool was 

analyzed and showed in Supplementary 

figure 8f. Total 477 were found to be in 

core pool and 8030 were found to be in 

pan pool. A phylogeny was generated 

on core protein pool (Supplementary 

figure 8g). Interestingly, this tree 

showed the exact clustering pattern as 

found in MLSA and blast matrix. Thus, 

all the attempts made to compare these 

considered Bifidobacterium strains 

displayed similar results depicting the 

accuracy of our approach.  

4.3.2.6 Cluster of Ortholog (COG) 

analysis 

Results obtained from COG analysis of 

investigated Bifidobacterium strains 

has been represented as Supplementary 

figure 8h. It was found that J 

(Translation), K (Transcription) from 

IPS category; T (Signal Transduction), 

M (Cell wall/membrane/envelop 

biogenesis) from CPS; C (Energy 

product ion and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

a n d  t r a n s p o r t ) ,  ( C o e n z y m e 

metabolism), I (Lipid metabolism), P 

( Inorganic  io n t ranspor t  and 

metabolism), Q (Secondary Structure) 

from Met category were prevalent. 

Unknown COG groups were not 

considered. 

4.3.3 Comparative genomics of 

Corynebacterium 

4.3.3.1 Overall codon and amino acid 

usage 

Total 38 strains of Corynebacterium 
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each from different species were 

c o n s i d e r e d  f o r  t h i s  s t u d y 

(Supplementary file 2). Supplementary 

figure 9a and 9b revealed the overall 

codon and amino acid usage of this 

genus. From codon usage analysis the 

effect of GC compositional constrain 

was evident. Both GC enriched codons 

as well as codons ending with G and C 

(G3 of C3 codons) was found to be 

preferred among all considered strains. 

Alanine, valine, leucine, glycine, 

arginine, aspartate, glutamate, serine, 

threonine and proline were most 

favored amino acids. All these amino 

acids are aliphatic and with low energy 

cost (Akashi and Gojobori 2002). 

Thus, the utilization of low energy cost 

a m i n o  a c i d s  m a y  h e l p 

Corynebacterium to maintain an 

energy economic life style. 

4.3.3.2 MLSA phylogeny 

Five house-keeping proteins (AtpI, 

DnaK, GyrB, FtsZ and SecA) were 

used for MLSA phylogenetic analysis. 

Five distinct groups were clear 

(Supplementary figure 9c). Clade I 

consisted of Corynebacterium resistens 

DSM 45100, C. jeikeium K411, C. 

urealyticum DSM 7109, C. falsenii 

BL8171 DSM 44353, C. kroppenstedtii 

DSM 44385, C. lactis RW25, C. 

v a r i a b i l e  D S M  4 4 7 0 2 ,  C . 

terpenotabidum Y11. C. ulcerans 

BRAD22, C. pseudotuberculosis sv. 

Ovis P54B96,  C. diphtheriae 

NCTC11397, C. kutscheri DSM 

20755, C. vitaeruminis DSM 20294, C. 

atypicum R2070, C. argentoratense 

DSM 44202, C. epidermidicanis DSM 

45586 were present in clade II. Clade 

III was consisted with C. singulare IBS 

B52218, C. aurimucosum CN1, C. 

simulans Wattiau, C. camporealensis 

DSM 44610, C. flavescens DSM 

20296, C. casei LMG S19264, C. 

s t a t i o n i s  A T C C  6 8 7 2 ,  C . 

ureicelerivorans IMMIB RIV2301, C. 

imitans DSM 44264, C. riegelii PUDD 

83A45. C. humireducens NBRC 

106098, C. marinum DSM 44953, C. 

halotolerans YIM 70093, C.maris 

DSM 45190,C.doosanense CAU 

212,C.testudinoris DSM 44614, C. 

uterequiDSM 45634 were present in 

clade IV. Clade V was composed of C. 

callunae DSM 20147, C. deserti 

GIMN1010, C. glutamicum Nakagawa 

ATCC 13032, C. crudilactis JZ16 and 

C. efficiens YS314. 

4.3.3.3 Blast matrix analysis 

Blast matrix proteome analysis 

revealed the percentage of shared 

proteins among selected strains 

(Supplementary figure 9d). Deep green 

color represented higher similarity than 
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light green color. Blast matrix totally 

supported the clustering pattern of 

MLSA phylogeny. It was evident that, 

strains which were presented in same 

cluster shared more proteome 

similarity among each other than 

others. It was also revealed that, 

Corynebacterium testudinoris DSM 

44614 has 40.1% (highest among 

considered proteomes) duplicated 

proteins which is far more than other 

investigated Corynebacterium strains. 

4.3.3.4 ANI matrix analysis 

A matrix was generated depending 

upon the ANI scores among all the 

investigated strains. Supplementary 

figure 9e displayed the ANI matrix. 

This clustering pattern of this matrix 

was compared with MLSA, core 

protein phylogeny and blast matrix and 

considerable similarities were found 

among all them.  

4.3.3.5 Pan-Core pool analysis 

Fig 4.16f displayed the pan core plot of 

considered strains. Total 561proteins 

were present in core pool whereas 

22031 were present in pan pool. A 

phylogenetic tree based on core protein 

pool was generated (Supplementary 

figure 9f). Interestingly, this phylogeny 

perfectly matched with the results 

obtained from blast matrix and MLSA 

phylogeny further validating those 

findings. 

To obtain an overall knowledge 

regarding the functionality of the 

protein coding genes of considered 

microbes COG analysis was done. 

4.3.3.6 Cluster of Ortholog (COG) 

analysis 

Supplementary figure 9h displayed a 

heatmap based on the COG categories 

among examined Corynebacterium 

strains. It was found that, from ISP 

g r o u p  J  ( T r a n s l a t i o n ) ,  K 

(Transcription), L (Replication and 

repair) predominated. V (Intracellular 

trafficking and secretion), T (Signal 

Transduct ion) ,  M (Cell wa ll/

membrane/envelop biogenesis), O 

(Post-translat ional modificat ion, 

protein turnover, chaperone functions) 

fr o m CPS cat egory revea led 

considerable values.  All COG 

categories from Met group i.e. C 

(Energy production and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

and t ransport),  F (Nucleot ide 

metabolism and transport),  (Coenzyme 

metabolism), I (Lipid metabolism), P 

( Inorganic  io n t ranspor t  and 

metabolism) and Q (Secondary 

Structure) were found to be significant 
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among Corynebacterium strains 

selected for this study as evident from 

the heatmap. 

4.3.4 Comparative genomics of plant 

host associated Frankia 

4.3.4.1 Codon and Amino acid usage  

Supplementary figure 10a and 10b  

displayed the heatmap based on the 

codon and amino acid usage analysis of 

considered Frankia  st rains.  A 

prominent effect of GC compositional 

constrain was evident from the higher 

usage of GC enriched codons. Glycine, 

Serine, proline, valine, threonine, 

alanine were mostly used amino acids. 

Interestingly, in section 4.2 we have 

discussed that, plant host associated 

Frankia generally use high cost 

aromatic amino acids in their highly 

expressed proteins than other protein 

sets. However, the usage of those 

costly aromatic amino acids are very 

less among PLXPs and PMXPs which 

has reduced the overall usage of 

phenylalanine, tyrosine and tryptophan 

(3 costly aromatic amino acids) among 

investigated Frankia strains lowering 

their overall usage. This is also helping 

these strains to maintain an energy 

economic state.  

4.3.4.2 MLSA phylogeny 

AtpI, DnaK, GyrB, FtsZ and SecA- 

these five house-keeping proteins were 

used for phylogenet ic analysis 

Supplementary figure 10c. Four 

distinct clusters were prominent. We 

have sub-divided cluster I into two 

groups Ia and Ic (resembling to the 

conventional clustering pattern of 

Frankia (Tisa et al. 2016). Cluster Ia 

was composed of F. alni ACN14, 

Frankia sp. AvcI1, Frankia sp. strain 

CpI1P, Frankia sp. strain CpI1S, 

Frankia sp. ACN1ag, Frankia sp. 

QA3. Frankia sp. CcI156, Frankia sp. 

strain CcI6, Frankia sp. CgIS1, 

Frankia sp. strain Allo2, F. casuarinae 

BR, Frankia sp. CgIM4, F. casuarinae 

Thr, F. casuarinae CcI3, Frankia sp. 

strain CeD, Frankia sp. strain 

BMG5.23, F. casuarinae Cg70.9, 

Frankia sp. KB5 were grouped in 

cluster Ic. Cluster II consisted of 

Frankia sp. BMG5 30, F. coriariae 

BMG5.1, Candidates Datisca Frankia 

glomerata Dg2. Cluster III housed 

Frankia sp. NRRL B16219, Frankia 

s p .  E AN 1 p e c ,  F .  d i s c a r i a e 

BCU110501, Frankia sp. Cc1 17, F. 

elaeagni BMG5 12, Frankia sp. EI5c, 

Frankia sp. R43, Frankia sp. CcI49, 

Frankia sp. G2, Frankia sp. EUN1f. 

Interestingly all nod-nodulating non-N2 

fixers or ineffectively nodulating 

Frankia strains were grouped in cluster 
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IV. 

4.3.4.3 Blast Matrix analysis 

Blast matrix proteome analysis among 

selected Frankia strains has been 

displayed as Supplementary figure 10d. 

The result of blast matrix completely 

validated the MLSA clustering pattern. 

The non-infective strains showed better 

proteomic identity among themselves 

rather than other infective and N2 

fixing strains. Frankia sp. R43 showed 

highest proteome duplication (4.1%) 

among the Frankia strains considered 

for this analysis. 

4.3.4.4 ANI matrix and phylogeny 

Supplementary figure 10e showed a 

matrix based on the ANI score. The 

intensity of green colour increases with 

increase in ANI score. This matrix 

gave similar result as that of blast 

matrix. Hence, this is very much 

evident that, a distinct genomic and 

evolutionary barrier exists between the 

N2 fixing and non-N2 fixing Frankia 

strains. 

4.3.4.5 Pan-core pool analysis 

Total amount of proteins of all the 

strains under investigation constituted 

pan pool whereas, the set of protein 

which is common among all the 

compared strains make the core protein 

pool. Supplementary figure 10f 

displayed the pan-core plot of selected 

Frankia strains. Total 33156 proteins 

were found in pan pool and 1095 were 

found in core pool. A phylogenetic tree 

based on the core pool was generated 

(Supplementary figure 10g) and 

compared with the result obtained from 

MLSA and blast matrix analysis. The 

grouping pattern of Frankia was very 

similar in all these mentioned analyses 

further validating the classification 

pattern. 

Further we did a COG analysis to 

enrich our knowledge. 

4.3.4.6 COG analysis 

Supplementary figure 10h showed a 

heatmap based on the COG analysis of 

considered Frankia  st rains.  J 

(Translation), K (Transcription), L 

(Replication and repair) from IPS 

group; T (Signal Transduction), M 

( C e l l  w a l l / me mbr a ne / e nve lo p 

biogenesis) from CPS category and C 

(Energy production and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

and t ransport),  H (Coenzyme 

metabolism), I (Lipid metabolism), P 

( Inorganic  io n t ranspor t  and 

metabolism) from Met set were found 

to be predominant COG categories.  
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4.3.5 Comparative genomics among 

Nocardia 

4.3.5.1 Overall codon and amino acid 

usage  

Five different strains of Nocardia, each 

from different species were considered 

for this analysis. Supplementary figure 

11a and 11b displayed the overall 

codon and amino acid usage of selected 

Nocardia strains. Just like other 

act inoabcterial genus described 

previously, the persistence of GC 

compositional constrain is very clear 

from the codon usage heatmap. The 

amino acid usage pattern was also 

similar to most of the other 

Actinobacterial genera. Alanine, 

glycine, valine, proline, serine, 

threonine, aspartate, glutamate, 

arginine were found to be mostly used 

as evident from the amino acid usage 

heatmap. 

4.3.5.2 MLSA phylogeny analysis 

The MLSA phylogenetic tree was 

generated taking five housekeeping 

proteins (AtpI, DnaK, GyrB, FtsZ and 

SecA) (Supplementary figure 11c). 

Nocardia cyriacigeorgica GUH2 and 

Nocardia farcinica NCTC11134 were 

closer to each other rather than other 

three strains i.e. Nocardia nova SH22a, 

Nocardia seriolae EM150506 and 

Nocardia brasiliensis ATCC 700358. 

4.3.5.3 Blast matrix analysis 

Supplementary figure 11d displayed 

the blast matrix analysis result of 

considered Nocardia strains. N. 

cyriacigeorgica GUH2 and N. 

farcinica NCTC11134 were found to 

share highest percentage of proteomic 

similarity rather than other strain. This 

also supports the MLSA phylogeny 

clustering pattern. N. nova SH22a was 

found to have 6.6% proteome 

duplication. N. seriolae EM150506 and 

N. brasiliensis ATCC 700358 both had 

6.2% proteome duplication rate. The 

duplication percentage was a bit lower 

in N. cyriacigeorgica GUH2 (5.1%) 

and N. farcinica NCTC11134 (5.2%). 

4.3.5.4 ANI matrix and phylogeny 

The matrix based on the ANI scores 

among investigated Nocardia strains 

has been given in Supplementary 

figure 11e. The ANI matrix result was 

compared with blast matrix result and a 

similar pattern was obtained.  

4.3.5.5 Pan Core protein analysis 

Supplementary figure 11f showed the 

pan-core plot of considered Nocardia 

strains. Total 2505 proteins were in 

core set whereas, 16146 proteins were 

in pan set. A phylogenetic tree based 
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on the core protein set (Supplementary 

figure 11g) displayed similar grouping 

among selected Nocardia strains as 

obtained in MLSA tree, further 

supporting the results of MLSA and 

blast matrix.  

4.3.5.6 COG analysis 

Supplementary figure 11h displayed 

the major COG categories of 

considered Nocardia strains. It was 

revealed that, J (Translation), K 

(Transcription), L (Replication and 

repair) from IPS category; T (Signal 

Transduct ion) ,  M (Cell wa ll/

membrane/envelop biogenesis), N 

(Cell motility) from CPS group; C 

(Energy production and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

and t ransport),  H (Coenzyme 

metabolism), I (Lipid metabolism), P 

( Inorganic  io n t ranspor t  and 

metabolism) and Q (Secondary 

Structure) from Met category were 

prevalent among all the investigated 

Nocardia strains. 

4.3.6 Comparative genomics of 

Rhodococcus 

4.3.6.1 Codon and amino acid usage 

analysis 

Seven Rhodococcus strains each from 

different species were selected for this 

analysis (Supplementary file 2). 

Supplementary figure 12a  and 12b 

displayed the overall codon and amino 

acid usage of selected Rhodococcus 

s t r a in s .  P e r s i s t e n c e  o f  G C 

compositional constrains, dominance 

of G or C at the third position of the 

codons was evident. Low cost aliphatic 

amino acids like alanine, valine, 

proline, glycine, threonine, serine, 

leucine, aspartic acid, glutamic acids 

were preferred over others maintaining 

an overall energy economic state of 

Rhodococcus.  

4.3.6.2 MLSA phylogeny 

Five housekeeping proteins (AtpI, 

DnaK, GyrB, FtsZ and SecA) were 

used for MLSA phylogenetic analysis 

(Supplementary figure 12c). Two 

distinct clusters were evident from the 

phylogeny. R. aetherivorans IcdP1, R. 

pyridinivorans SB3094, R. equi 103S, 

R. erythropolis BG43, R. fascians 

D188 were grouped in one cluster. R. 

jostii RHA1 and R. opacus B4 were 

separately clustered in another clade. 

4.3.6.3 Blast matrix analysis 

Supplementary figure 12d revealed the 

blast matrix proteome analysis among 

considered Rhodococcus strains. R. 

jostii RHA1 and R. opacus B4 shared 

51.4% proteome with each other. On 
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other side, R. aetherivorans IcdP1 and 

R. pyridinivorans SB3094 shared 

45.2% proteome with each other. This 

result further supports the clustering 

pattern of MLSA phylogeny. 

4.3.6.4 ANI matrix analysis 

The ANI matrix has been displayed in 

Supplementary figure 12e. The results 

obtained from ANI matrix completely 

supported blast matrix. It was observed 

that, this matrix gave similar clustering 

pattern among Rhodococcus strains 

selected for this comparative genomics 

study. 

Further, a detailed pan-core genome 

analysis was done. 

4.3.6.5 Pan-core pool analysis 

Supplementary figure 12f displayed the 

pan core plot of selected Rhodococcus 

strains. Total 16510 proteins were 

found in pan pool and 1891 were found 

in core pool. Core protein based 

phylogenetic tree resembled enough 

with MLSA phylogenetic tree as well 

as blast matrix result further validating 

those results Supplementary figure 

12g . 

4.3.6.6 COG analysis 

Supplementary figure 12h showed a 

heatmap based on the overall COG 

c a t e go r ie s  id e n t i f i e d  a mo ng 

investigated Rhodococcus strains. J 

(Translation), K (Transcription) from 

IPS category; T (Signal Transduction), 

M (Cell wall/membrane/envelop 

biogenesis) from CPS group; C 

(Energy production and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

and t ransport),  H (Coenzyme 

metabolism), I (Lipid metabolism), P 

( Inorganic  io n t ranspor t  and 

metabolism) and Q (Secondary 

Structure) from Met category were 

found to be major COG categories 

among the considered strains. 

4.3.7 Comparative genomics of 

Tropheryma 

4.3.7.1 Overall codon and amino acid 

usage 

Tropheryma is an exceptional genus 

among Actinobacteria since they are 

AT rich organisms and are associated 

with neurological disorders (Das et al. 

2006). Another interesting fact about 

this genus is, only one species has been 

discovered till now under this genus. 

Hence we have considered all the 19 

strains of this genus whose whole 

genome sequences are available in the 

p u b l i c  d o m a i n  d a t a b a s e 

(Supplementary file 2). Supplementary 

figure 13a and 13b  displayed the 
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overall codon and amino acid usage of 

this genus. From the codon usage 

heatmap, the persistence of AT 

compositional constrain in clear over 

Tropheryma genus. Moreover, the 

dominance of T3 codons was also 

revealed. The amino acid usage pattern 

of this unusual genus was quite similar 

with other Actinobacterial genera. 

Leucine, glycine, alanine, valine, 

proline, serine all these low cost 

aliphatic amino acids were found to be 

mostly preferred while the usage of 

bulky chain aromatic amino acids 

(phenylalanine, tyrosine, tryptophan) 

was considerably less which perfectly 

match with the energy cost hypothesis 

of Gojobori and Sarkar et al. 

4.3.7.2 MLSA phylogeny 

Five housekeeping protein sequences 

(AtpI, DnaK, GyrB, FtsZ and SecA) 

were used for this analysis. The MLSA 

phylogeny divides the considered 

strains into two distinct groups 

(Supplementary figure 13c). T. 

whipplei TW08 27 and T. whipplei sv. 

2A Twist were presented in one group 

while all the other 17 strains were 

grouped in the second cluster. This is 

quite interesting since all of the strains 

were from same species but two of 

them (their whole genome sequences 

has been completely finished while 

others are in permanent draft status) 

showed quite difference in the amino 

acid sequences from the rest 17 strains.  

4.3.7.3 Blast matrix analysis 

Supplementary figure 13d displayed 

the blast matrix proteome analysis. 

Result of this matrix totally supported 

the MLSA protein based phylogeny. T. 

whipplei TW08 27 and T. whipplei sv 

2A showed 89.3% proteome similarity 

among each other while their 

percentage of identical proteins was 

quite low with other strains. On the 

contrary 90-93% proteomic similarities 

were observerd among the other 17 

investigated strains. T. whipplei 

Neuro14 and T. whipplei DigADP25 

showed 1.9% proteome duplication. A 

slightly lower (1.7%) was observed in 

T. whipplei Dig15. 

4.3.7.4 ANI matrix analysis 

Supplementary figure 13e shows the 

matrix generated on the ANI values 

among the 19 considered Tropheryma 

strains. The result of this analysis was a 

bit different from the observations we 

proposed from blast matrix, MLSA and 

pan- core protein analysis. The 

similarity pattern of this matrix was 

also different from core protein tree 

and MLSA tree. For instance, T. 

whipplei TW08 27 and T. whipplei sv 



RESULTS AND DISCUSSION  89 

 

2A were not closest to each other in 

this case (99.6 ANI value). T. whipplei 

TW08 27 was found to be grouped 

with T. whipplei Bcu26 and T. whipplei 

Neuro1 (ANI 99.9% in both cases) 

whereas, T. whipplei sv 2A was 

completely separated from this group. 

This indicates that, TW08 27 and sv 

2A strains share better proteome 

similarity rather than genomic identity. 

This may have an effect on their 

pathogenicity. However, more detailed 

study is needed in this regard. 

4.3.7.5 Pan-Core protein pool analysis 

The pan- core protein pool among 19 

investigated Tropheryma strains were 

a n a l y s e d  a n d  d i s p l a y e d  i n 

Supplementary figure 13f. A total of 

1010 proteins were in pan pool and 716 

were in core pool. A phylogenetic tree 

b a s e d  o n  t he  c o r e  p r o t e in 

(Supplementary figure 13g) set again 

validated the results of blast matrix and 

M L S A  p h y lo g e n y  s i n c e  T . 

whippleiTW08 27 and T. whipplei sv 

2A were found to be close to each 

other and made a complete different 

cluster than others in this core protein 

based phylogeny too. 

4.3.7.6 COG analysis 

A heatmap based on the COG 

categories of the considered strains has 

been given in Supplementary figure 

13h. J (Translation), K (Transcription), 

L (Replicat ion and repair), B 

(Chromatin Structure and dynamics)  

from IPS category; T (Signal 

Transduct ion) ,  M (Cell wa ll/

membrane/envelop biogenesis), N 

(Cell motility), U (Intracellular 

trafficking and secretion) from CPS 

group; C (Energy production and 

convers io n) ,  G (Carbohydrat e 

metabolism and transport), E (Amino 

Acid metabolism and transport), H 

(Coenzyme metabolism), I (Lipid 

metabolism), P (Inorganic ion transport 

and metabolism) and Q (Secondary 

Structure) from Met category were 

found to be major COG categories 

among the considered strains. 

4.3.8 Comparative genomics of 

Streptomyces 

4.3.8.1 Overall codon and amino acid 

usage 

A total of 29 strains each from 

different species of Streptomyces was 

considered for this analysis. A 

prominent effect of GC compositional 

constrain was evident from the higher 

usage of GC enriched codons 

(Supplementary figure 14a). Glycine, 

Serine, proline, valine, threonine, 

alanine were mostly used amino acids 
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(Sup p le me nt a r y f ig u re  1 4 b) . 

Interestingly, in section 4.2 we have 

discussed that , soil inhabitant 

Streptomyces generally use high cost 

aromatic amino acids in their highly 

expressed proteins than other protein 

sets. However, the usage of those 

costly aromatic amino acids are very 

less among PLXPs and PMXPs which 

has reduced the overall usage of 

phenylalanine, tyrosine and tryptophan 

(3 costly aromatic amino acids) among 

investigated Streptomyces strains 

lowering their overall usage. This is 

also helping these strains to maintain 

an energy economic state.  

4.3.8.2 MLSA phylogeny 

Amino acid sequences of five 

housekeeping proteins (AtpI, DnaK, 

GyrB, FtsZ and SecA) were used for 

generating the MLSA phylogeny of 

selected strains (Supplementary figure 

14c) .  I t  was  o bserved  t hat , 

Streptomyces col l inus  Tu365, 

Streptomyces incarnatus NRRL8089, 

Streptomyces ret i cul i  TUE45, 

Streptomyces avermitilis MA4680 

were grouped together. Following 

them, Streptomyces ambofaciens 

ATCC23877, Streptomyces parvulus 

2297, Streptomyces lividans TK24, 

S t re p to m yc e s  coe l i co l o r  A3 , 

Streptomyces pactumKLBMP 5084 

were present in a cluster. Streptomyces 

cyaneo griseus noncyanogenus 

NMWT1, Streptomyces leeuwenhoekii 

DSM42122, Streptomyces glaucescens 

G L AO  ma d e  a no t he r  c la d e . 

Streptomyces fulvissimus DSM40593, 

Streptomyces globisporus C1027, 

Streptomyces anulatus ATCC11523, 

Streptomyces griseussubspgriseus 

N B R C 1 3 3 5 0 ,  S t r e p t o m y c e s 

flavogriseus IAF45CD ATCC33331, 

S t r e p t o m y c e s  a l b u s  J 1 0 7 4 , 

St reptomyces pr i st i naespi ral i s 

HCCB10218 were also found to be 

close to each other. Streptomyces 

venezuelae Shinobu 719 in close 

p r o x i m i t y  t o  A T C C 1 0 7 1 2 , 

S t r e p t o m y c e s  v i e t n a m e n s i s 

GIMV40001. Streptomyces lydicus 103 

and Streptomyces albulus NK660 was 

also close to each other. 

4.3.8.3 Blast matrix analysis 

Blast matrix proteome analysis on 

selected Streptomyces strains has been 

presented in Supplementary figure 14d. 

We have compared the results from 

blast  matr ix with the MLSA 

phylogeny. Results were similar and 

thus, blast matrix further validated the 

MLSA phylogeny.  

4.3.8.4 ANI matrix analysis 

A matrix was generated depending 
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upon the ANI scores among all the 

investigated strains. Supplementary 

figure 14e displayed the ANI matrix. 

This clustering pattern of this matrix 

was compared with MLSA, core 

protein phylogeny and blast matrix and 

considerable similarities were found 

among all them.  

4.3.8.5 Pan- core pool analysis 

Supplementary figure 14f displayed the 

pan core plot of considered strains. 

Total 1748 proteins were present in 

core pool whereas 48085 were present 

in pan pool. A phylogenetic tree based 

on core protein pool was generated 

(Sup p le me nt a r y f ig u re  1 4g) . 

Interestingly, this phylogeny perfectly 

matched with the results obtained from 

blast matrix and MLSA phylogeny 

further validating those findings. 

4.3.8.6 COG analysis 

Supplementary figure 14h showed a 

heatmap based on the COG analysis of 

considered Streptomyces strains. J 

(Translation), K (Transcription), L 

(Replication and repair) from IPS 

group; D (Cell cycle control and 

mitosis), V (Intracellular trafficking 

a n d  s e c r e t i o n ) ,  T  ( S i g n a l 

Transduct ion) ,  M (Cell wa ll/

membrane/envelop biogenesis) from 

CPS category and C (Energy 

product ion and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

and t ransport),  H (Coenzyme 

metabolism), I (Lipid metabolism) 

from Met set were found to be 

predominant COG categories.  

4.3.9 Comparative genomics of 

Propionibacterium 

4.3.9.1 Overall codon and amino acid 

usage 

Five strains of Propionibacterium were 

selected for this study (Supplementary 

f i le  2) .  Here we cons idered 

Propionibacterium acnes PA 30 2 L1, 

P. acnes HL096PA1, P. avidum 44067, 

P. freudenreichii shermanii JS, P. 

acidipropionici  ATCC 55737, 

Propionibacterium sp. oral taxon193 

F0672 and P. propionicum F0230a. 

Supplementary figure 15a and 15b 

displayed the overall codon and amino 

a c i d  u s a g e  o f  s e l e c t e d 

Propionibacterium strains. Persistence 

of GC compositional constrains, 

dominance of G or C at the third 

position of the codons was evident. 

Low cost aliphatic amino acids like 

alanine, valine, proline, glycine, 

threonine, serine, leucine, aspartic acid, 

glutamic acids were preferred over 

others maintaining an overall energy 
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economic state of Propionibacterium. 

4.3.9.2 MLSA phylogeny 

Five housekeeping protein sequences 

(AtpI, DnaK, GyrB, FtsZ and SecA) 

were used for this analysis. P. acnes 

PA 30-2-L1, P. acnes HL096PA1, P. 

avidum 44067 and Propionibacterium 

sp. oral taxon193 F0672 were placed in 

one clade. Among them, the two strains 

of Propionibacterium acnes were 

closest (Supplementary figure 15c). 

4.3.9.3 Blast matrix analysis 

Blast matrix proteome analysis on 

selected Propionibacterium strains has 

been presented in Supplementary 

figure 15d. We have compared the 

results from blast matrix with the 

MLSA phylogeny. Results were 

similar and thus, blast matrix further 

validated the MLSA phylogeny.  

4.3.9.4 ANI matrix analysis 

A matrix was generated depending 

upon the ANI scores among all the 

investigated strains. Supplementary 

figure 15e displayed the ANI matrix. 

Color code has been given with the 

figure. This clustering pattern of this 

matrix was compared with MLSA, core 

protein phylogeny and blast matrix and 

considerable similarities were found 

among all them.  

4.3.9.5 Pan- core pool analysis 

Supplementary figure 15f displayed the 

pan core plot of considered strains. 

Total 681 proteins were present in core 

pool whereas 7955 were present in pan 

pool. A phylogenetic tree based on 

core protein pool was generated 

(Sup p le me nt a r y f ig u re  1 5g) . 

Interestingly, this phylogeny perfectly 

matched with the results obtained from 

blast matrix and MLSA phylogeny 

further validating those findings. 

4.3.9.6 COG analysis 

Supplementary figure 15h showed a 

heatmap based on the COG analysis of 

considered Propionibacterium strains. J 

(Translation), K (Transcription) from 

IPS group; D (Cell cycle control and 

mitosis), V (Intracellular trafficking 

a n d  s e c r e t i o n ) ,  T  ( S i g n a l 

Transduct ion) ,  M (Cell wa ll/

membrane/envelop biogenesis), U 

(Intracellular trafficking and secretion), 

O (Post-translational modification, 

protein turnover, chaperone functions) 

from CPS category and C (Energy 

product ion and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

and t ransport),  H (Coenzyme 

metabolism), I (Lipid metabolism), P 

( Inorganic  io n t ranspor t  and 
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metabolism) and Q (Secondary 

Structure) from Met set were found to 

be predominant COG categories.  

4.3.10 Comparative genomics of 

Mycobacterium 

4.3.10.1 Overall codon and amino acid 

usage 

We selected 41 different strains of 

M y co ba c t e r i um  inc o rpo r a t ing 

facultative pathogens, opportunistic 

pat hogens and no n-pat hogens 

(Supplementary file 2). Codon and 

amino acid usage analysis were done 

and have been represented as 

Supplementary figure 16a and 16b. GC 

compositional constrain was clearly 

evident from the heatmap. Moreover, 

dominance of C3 codons over G3 

codons was also clear. Supplementary 

figure 16b displayed the overall amino 

a c id  u s a g e  a mo n g  s e l e c t e d 

Mycobacterium strains. Glycine, 

alanine, valine, leucine, isoleucine, 

arginine, aspartate, glutamate, serine, 

threonine and proline were found to be 

preferred. As discussed previously, all 

these amino acids are low cost aliphatic 

amino acids. Thus, they may help 

pathogen ic Mycobacterium  in 

maintaining an energy economic life-

style within their respective host. This 

finding is supported by the protein 

energy cost hypothesis of Akashi and 

Gojobori (2002). Regarding non-

pathogenic strains we have discussed 

in section 4.2 that usage of aromatic 

costly amino acids were more among 

PHXP (Sarkar et al. 2018). However, 

their usage among PMXPs and PLXPs 

were so less that the overall use of 

these bulky chain amino acids were 

overall lower than aliphatic less energy 

consuming amino acids. 

4.3.10.2 MLSA phylogeny  

Five housekeeping proteins (AtpI, 

DnaK, GyrB, FtsZ and SecA) were 

used for constructing the MLSA 

phylogeny Supplementary figure 16c. 

A distinct clustering pattern was 

observed from this phylogeny. The first 

clade  was comprised of M. indicus 

pranii MTCC9506, Mycobacterium sp. 

MOTT36Y, M. intracellulare MOTT64, 

M. intracellulare MOTT02, M. 

chimaera AH16, M. avium 104, M. 

simiae MO323, Mycobacterium sp. 

JDM601. Among these strains, M. 

chimaera AH16, M. intracellulare 

MOTT64, M. intracellulare MOTT02 

and M. avium 104 were from 

Mycobacterium avium complex (MAC) 

(Schweickert et al. 2008). Non-

pathogenic strain M. indicus pranii 

MTCC9506 was found to be close to 

MAC. Similar result was also found by 
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Saha et al. (2018). Hence, this 

clustering pattern also supports their 

hypothesis that MAC has been evolved 

from non-pathogens and is still 

e vo lv ing  (Sa ha  e t  a l . 2 018) . 

Mycobacterium simiae MO323 and 

Mycobacterium sp. JDM601 are 

opportunistic pathogens (Steffani-

Vallejo et al. 2018; Saha et al.2018) 

and have clustered with the MAC 

strains which are also potential 

pathogens. 

All strains from Mycobacterium 

tuberculosis (MTB) complex were 

grouped in second cluster. Along with 

MTB strains some other potential 

pathogens including Mycobacterium 

bovis AF212297, Mycobacterium 

africanum GM041182, Mycobacterium 

caprae Allgaeu, Mycobacterium 

c a n e t t i i  C I P T 1 4 0 0 7 0 0 0 8 , 

M y c o b a c t e r i u m  m i c r o t i  1 2 , 

M y c o b a c t e r i u m  h a e m o p h i l u m 

DSM44634, Mycobacterium ulcerans 

Agy99, Mycobacterium marinum M, 

Mycobacterium liflandii 128FXT, 

Mycobacterium kansasii ATCC12478, 

Mycobacterium leprae TN were found 

to be clustered in this clade. Some 

other  pathogens for inst ance, 

Mycobacterium chelonae CM6388 

(P into -Gouve ia et  a l.  2015) , 

Mycobacterium abscessus (Petrini 

2006), Mycobacterium immunogenum 

FLAC016 (Gupta et al. 2009), 

Mycobacterium massiliense GO 06 

(Simmon et al. 2007) grouped together 

in the following cluster. The following 

clade IV was subdivided in two sub-

clades. The first sub-clade was 

composed of non-pathogenic strains M. 

vanbaalenii PYR1, M. gilvum PYR 

G C K ,  M .  v a c c a e  9 5 0 5 1 , 

M y c o b a c t e r i u m  s p .  M C S , 

M y c o b a c t e r i u m  s p .  K M S , 

Mycobacterium sp. JLS, M. chubuense 

NBB4, M. phlei CCUG21000, M. 

rhodesiae NBB3. The next sub-clade  

consisted of facultative pathogens 

which are generally found in 

environmental habitats but can infect 

immune-compromised patients. These 

strains were Mycobacterium neoaurum 

VKM Ac1815D (Awadh et al. 2016), 

M. fortuitum CT6, M. smegmatis 

MC2155. Mycobacterium goodie X7B 

was close to M. smegmatis MC2155 

and M. fortuitum CT6 further 

supporting the information that, M. 

goodii are generally found in same 

environment as M. smegmatis MC2155 

a n d  M .  f o r t u i t u m  ( h t t p s : / /

e n . w i k i p e d i a . o r g / w i k i / 

Mycobacterium_goodii). 

4.3.10.3 Blast matrix analysis 

Supplementary figure 16d displayed 
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t he blas t  mat r ix amo ng  t he 

Mycobacterium strains considered in 

this analysis. The MTB strains revealed 

better proteomic similarity among 

them. Moreover, the pathogenic strains 

showed considerable proteomic 

identity among them rather than with 

non-pathogenic strains. Similarly, non-

pathogens were more related to each 

other than pathogens. M. indicus pranii 

MTCC9506 shared 61.3%, 84.1%, 

82.3% and 80.4% proteomic similarity 

with M. avium 104, Mycobacterium sp. 

MOTT36Y, M. intracellulare MOTT64 

and M. intracellulare MOTT02 

respectively. This result completely 

supports the MLSA clustering pattern. 

4.3.10.4 ANI matrix  

A matrix was generated depending 

upon the ANI scores among all the 

investigated strains. Supplementary 

figure 16e displayed the ANI matrix. 

Color code has been indicated.  This 

clustering pattern of this matrix was 

compared with MLSA, core protein 

phylogeny and blast matrix and 

considerable similarities were found 

among all them. M. indicus pranii 

MTCC9506 was also grouped with the 

strains of MAC along with M. simiae 

MO323, Mycobacterium sp. JDM601 

further validating the MLSA result. 

4.3.10.5 Pan-core pool analysis 

Supplementary figure 16f represents 

the pan-core plot of considered 

Mycobacterium strains. 28368 proteins 

were found to be under pan pool and 

803 were in core pool. Supplementary 

figure 16g shows the phylogenetic tree 

based on core protein pool. This tree 

was compared with MLSA and blast 

matrix analysis and exactly similar 

trend was obtained. 

4.3.10.6 COG analysis 

Supplementary figure 16h showed a 

heatmap based on the COG analysis of 

considered Propionibacterium strains. 

J (Translation), K (Transcription), L 

(Replication and repair) from IPS 

group; T (Signal Transduction), M 

( C e l l  w a l l / me mbr a ne / e nve lo p 

biogenesis) from CPS category and C 

(Energy production and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

and t ransport),  H (Coenzyme 

metabolism), I (Lipid metabolism), P 

( Inorganic  io n t ranspor t  and 

metabolism) and Q (Secondary 

Structure) from Met set were found to 

be predominant COG categories.  

The comparative genome analysis were 

further extended to extremophilic stone 

dwelling actinobacteria. 
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4.3.11 Comparative genomics of 

Blastococcus 

4.3.11.1 Overall codon and amino acid 

usage 

A total of 12 strains each from 

different species of Blastococcus were 

co ns ider ed  fo r  t h is  a na lys i s 

(Supplementary file 2). A prominent 

effect of GC compositional constrain 

was evident from the higher usage of 

GC enriched codons (Supplementary 

figure 17a). Glycine, Serine, proline, 

valine, threonine, alanine were mostly 

used amino acids (Supplementary 

figure 17b). Interestingly, in section 4.2 

we have discussed that, soil inhabitant 

Blastococcus generally use high cost 

aromatic amino acids in their highly 

expressed proteins than other protein 

sets. However, the usage of those 

costly aromatic amino acids are very 

less among PLXPs and PMXPs which 

has reduced the overall usage of 

phenylalanine, tyrosine and tryptophan 

(3 costly aromatic amino acids) among 

investigated Blastococcus strains 

lowering their overall usage. This is 

also helping these strains to maintain 

an energy economic state.  

4.3.11.2 MLSA phylogeny 

Amino acid sequences of five house-

keeping proteins (AtpI, DnaK, GyrB, 

FtsZ and SecA) were used for 

generating the MLSA phylogeny of 

selected strains (Supplementary figure 

17c) .  I t  was  o bserved  t hat , 

Blastococcus   sp. DSM 44205, 

Blastococcus  sp.  DSM 44268, 

Blastococcus sp. AP3, Blastococcus 

aggregatus DSM 4725, Blastococcus 

sp. DSM 44270 clustered together. 

Blastococcus sp. DSM 46786 and 

Blastococcus bullaregi DSM46842 

were in close proximity. Blastococcus 

sp.  URHD0036,  Blastococcus 

endophyticus DSM 45413 grouped 

with each other. 

4.3.11.3 Blast matrix analysis 

Blast matrix proteome analysis on 

selected Blastococcus strains has been 

presented in Supplementary figure 17d. 

We have compared the results from 

blast  matr ix with the MLSA 

phylogeny. Results were similar and 

thus, blast matrix further validated the 

MLSA phylogeny.  

4.3.11.4 ANI matrix analysis 

A matrix was generated depending 

upon the ANI scores among all the 

investigated strains. Supplementary 

figure 17e displayed the ANI matrix. 

This clustering pattern of this matrix 

was compared with MLSA, core 

protein phylogeny and blast matrix and 
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considerable similarities were found 

among all them.  

4.3.11.5 Pan- core pool analysis 

Supplementary figure 17f displayed the 

pan core plot of considered strains. 

Total 1877 proteins were present in 

core pool whereas 13269 were present 

in pan pool. A phylogenetic tree based 

on core protein pool was generated 

(Sup p le me nt a r y f ig u re  1 7g) . 

Interestingly, this phylogeny perfectly 

matched with the results obtained from 

blast matrix and MLSA phylogeny 

further validating those findings. 

4.3.11.6 COG analysis 

Supplementary figure 17h showed a 

heatmap based on the COG analysis of 

considered Blastococcus strains. J 

(Translation), K (Transcription), L 

(Replication and repair) from IPS 

group; D (Cell cycle control and 

mitosis), V (Intracellular trafficking 

a n d  s e c r e t i o n ) ,  T  ( S i g n a l 

Transduct ion) ,  M (Cell wa ll/

membrane/envelop biogenesis) from 

CPS category and C (Energy 

product ion and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

and t ransport),  H (Coenzyme 

metabolism), I (Lipid metabolism) 

from Met set were found to be 

predominant COG categories.  

4.3.12 Comparative genomics of 

Geodermatophilus 

4.3.12.1 Overall codon and amino acid 

usage analysis 

T w e n t y - f o u r  s t r a i n s  o f 

Geodermatophilus were selected for 

this investigation (Supplementary file 

2 ) .  C o d o n  u s a g e  a n a l y s i s 

(Supplementary figure 17a) of these 

strains clearly indicated towards the 

biased use of GC rich codon (color 

code of the heatmap has been indicated 

with the figure). This result also 

supports the effect of compositional 

constrains on this genus which has 

been previously described at section 

4.1. Amino acid usage analysis on the 

considered strains was also explored 

(Supplementary figure 17b). It was 

observed that, Glycine, alanine, valine, 

leucine were the most preferred amino 

acids. These amino acids are of low 

energy cost amino acids (Akashi and 

Gojobori 2002). This is quite 

interesting. In section 4.2 we have 

d iscussed t hat ,  ext r emophil ic 

actinobacteria use high cost aromatic 

amino acids (phenylalanine, tyrosine 

and tryptophan) in their PHX proteins. 

However, while analyzing the amino 

acid usage of the whole proteome it is 
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seen that, usage of aromatic amino 

acids is quite low.  This is probably 

due to the very less content of costly 

amino acids among PMX and PLX 

proteins of Amycolatopsis which have 

ultimately balanced the overall energy 

economy of the whole proteome. 

4.3.12.2 MLSA phylogenetic tree 

A multilocus sequence alignment 

(MLSA) phylogeny was generated 

taking AtpI, DnaK, GyrB, FtsZ and 

SecA proteins (Supplementary figure 

18a). Four different clusters were 

found. Clade 1 comprised of G. ruber 

DSM 45317 and G. ramli DSM 46844. 

G. obscures, G. poikilotrophi, G. 

siccatus, G. uthaensis, G. africanus, G. 

turciae, G. limestone, and G. 

luedemanniigrouped in clade II.Clade 

III comprised ofG. aquaeductus, G. 

carrarae ,  G.  amargosae,  G . 

dictyosporus, G. saharensis, G. 

normandii,  G. nigrescens, G. 

tzadiensis, G. telluris, G. sp. DSM 

44208. Clade IVwas found to be 

consisting of G. soli, G. brasiliensis, G. 

sp. Leaf369 and G. taihuensis. 

4.3.12.3 Blast matrix analysis 

Blast matrix proteome analysis on 

selected Geodermatophilus strains has 

been presented in Supplementary 

figure 18b. We have compared the 

results from blast matrix with the 

MLSA phylogeny. Results were 

similar and thus, blast matrix further 

validated the MLSA phylogeny.  

4.3.12.4 ANI matrix analysis 

A matrix was generated depending 

upon the ANI scores among all the 

investigated strains. Supplementary 

figure 18c displayed the ANI matrix. 

This clustering pattern of this matrix 

was compared with MLSA, core 

protein phylogeny and blast matrix and 

considerable similarities were found 

among all them.  

4.3.12.5 Pan-core pool analysis 

The total proteome size adding all 

considered proteomes constitutes pan 

pool whereas, the protein set shared 

among the selected proteomes is core 

pool. A total of 18091 proteins were 

found in the pan pool whereas the core 

pool was 1738 (Supplementary figure 

18d).This is quite expected since with 

addition of proteomes, the pan pool 

increase and the core pool deceases. A 

separate phylogenet ic tree was 

generated with the core pool 

(Supplementary figure 18e).This tree 

w a s  c o m p a r e d  w i t h  o t h e r 

phylogenomics.  Interestingly, this tree 

was identical to the results obtained 

from both MLSA and ANI matrix 
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based phylogeny.  

4.3.12.6 COG analysis 

Supplementary figure 17h displayed a 

heatmap generated on the COG 

c la s s i f i c a t io n  o f  c o ns id e r e d 

Geodermatophilus. J (Translation), K 

(Transcription), L (Replication and 

repair) from „Informat ion and 

storage‟ (IPS) category; T (Signal 

Transduct ion) ,  M (Cell wa ll/

membrane/envelop biogenesis) from 

„ C e l l u l a r  p r o c e s s i n g  a n d 

signaling‟ (CPS) group; C (Energy 

product ion and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

a nd  t r a nspo r t ) ,   (Co enz yme 

metabolism), I (Lipid metabolism), P 

( Inorganic  io n t ranspor t  and 

metabolism), Q (Secondary Structure) 

of „Metabolism‟ (Met) category were 

found to be the main COG categories 

among investigated dataset. Unknown 

COGs were not considered for this 

analysis.  

4.3.13 Comparative genomics of 

Modestobacter 

4.3.13.1 Overall codon and amino acid 

usage 

Five strains each from different species 

of Modestobacter was considered for 

this analysis (Supplementary file 2). A 

prominent effect of GC compositional 

constrain was evident from the higher 

usage of GC enriched codons 

(Supplementary figure 17a). Glycine, 

Serine, proline, valine, threonine, 

alanine were mostly used amino acids 

(Sup p le me nt a r y f ig u re  1 7 b) . 

Interestingly, in section 4.2 we have 

discussed that , soil inhabitant 

Modestobacter generally use high cost 

aromatic amino acids in their highly 

expressed proteins than other protein 

sets. However, the usage of those 

costly aromatic amino acids are very 

less among PLXPs and PMXPs which 

has reduced the overall usage of 

phenylalanine, tyrosine and tryptophan 

(3 costly aromatic amino acids) among 

investigated Blastococcus strains 

lowering their overall usage. This is 

also helping these strains to maintain 

an energy economic state.  

4.3.13.2 MLSA phylogeny 

Amino acid sequences of five 

housekeeping proteins (AtpI, DnaK, 

GyrB, FtsZ and SecA) were used for 

generating the MLSA phylogeny of 

selected strains (Supplementary figure 

19a). It was observed that, M.caceresii 

KNN452b and M. roseus DSM45764 

were placed together. M. multiseptatus 

BC501 was found to be near the 

previous clade. Modestobacter sp. 
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Leaf380 and Modestobacter sp. 

DSM44400 were at the lower portion 

of the phylogeny. 

4.3.13.3 Blast matrix analysis 

Blast matrix proteome analysis on 

selected Modestobacter strains has 

been presented in Supplementary 

figure 19b. We have compared the 

results from blast matrix with the 

MLSA phylogeny. Results were 

similar and thus, blast matrix further 

validated the MLSA phylogeny.  

4.3.13.4 ANI matrix analysis 

A matrix was generated depending 

upon the ANI scores among all the 

investigated strains. Supplementary 

figure 19c displayed the ANI matrix. 

This clustering pattern of this matrix 

was compared with MLSA, core 

protein phylogeny and blast matrix and 

considerable similarities were found 

among all them.  

4.3.13.5 Pan- core pool analysis 

Supplementary figure 19d displayed 

the pan core plot of considered strains. 

Total 2051 proteins were present in 

core pool whereas 10223 were present 

in pan pool. A phylogenetic tree based 

on core protein pool was generated 

( Su pp le me nt a r y f ig u r e  18 e) . 

Interestingly, this phylogeny perfectly 

matched with the results obtained from 

blast matrix and MLSA phylogeny 

further validating those findings. 

4.3.13.6 COG analysis 

Supplementary figure 17h showed a 

heatmap based on the COG analysis of 

considered Modestobacter strains. J 

(Translation), K (Transcription), L 

(Replication and repair) from IPS 

group; D (Cell cycle control and 

mitosis), V (Intracellular trafficking 

a n d  s e c r e t i o n ) ,  T  ( S i g n a l 

Transduct ion) ,  M (Cell wa ll/

membrane/envelop biogenesis) from 

CPS category and C (Energy 

product ion and conversion), G 

(Carbohydrate metabo lism and 

transport), E (Amino Acid metabolism 

and t ransport),  H (Coenzyme 

metabolism), I (Lipid metabolism) 

from Met set were found to be 

predominant COG categories among 

selected Modestobacter strains. 

4.4. Comprehensive profiling of 

mycobacterial secretomes 

4.4.1 Enriched secretomic repertoire of 

Mycobacterium 

Secretory proteins are of pivotal 

importance in cellular adhesion, 

c o m m u n i c a t i o n ,  m i g r a t i o n , 

morphogenesis, proliferation and 

differentiation (Ranganathan and Garg 
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2009; Tjalsma et al. 2004). They are 

also crucial in establishing the basic 

platform for successful interaction of 

pathogenic Mycobacterium with their 

respective hosts, thus, paving way for 

proper infection (Malen et al. 2007). In 

no n-pathogen ic  st r a ins ,  t hese 

extracellular protein components carry 

out essential functions that facilitate 

successful abode in environmental 

niche (Champion and Cox 2007; Roy 

et al. 2013). 

Members of Mycobacterium were 

found to contain a large repository of 

secretory proteins for efficient cellular 

cross-talks execution and interaction 

with the host and environmental niche. 

The frequenc ies o f predict ed 

secretomes in all concerned strains 

have been enlisted in Table 5a. The 

complete sets of predicted secretomes 

are given in Supplementary file 7. A 

significant positive correlation between 

respective proteome size and frequency 

of predicted secretomes (r = 0.84, P < 

0.01) among the mycobacterial 

members was evident from this 

analysis (Fig 4.8).Thus the frequency 

of secretomes increased with the 

increase in proteome size. The average 

secretome size of the mycobacterial 

pathogens (~658) was also found to be 

significantly lesser than that of the non-

pathogens (~851) (P < 0.01). However, 

the proportion of secretomes relative to 

respective proteome size of organisms 

was nearly same for both the 

pathogenic (15.01%) and non-

pathogenic (14.94%) members of the 

genus (Table 5a). Previously, Rahman 

et al. 2014 proposed that, non-

pathogenic members of the genus 

Mycobacterium generally possess 

larger genomes in comparison to the 

pathogens. Hence, secretome size was 

distinctly reflecting the genome size of 

t he  myc o ba c t e r ia l  me mb e r s . 

Furthermore, the enriched secretomic 

pool among the genus Mycobacterium 

signified the strategy of efficient 

communicat ion with host  and 

environmental vicinity. 

4 . 4 . 2  A mi no  a c id  us ag e  o f 

mycobacterial secretomes 

Detailed investigation on the amino 

acid usage pattern of mycobacterial 

secretomes was carried out. Heatmap 

was generated based on the relative 

frequencies of amino acids employed 

by the secretory proteins (Fig 4.9a).  

The colour intensity gradually altered 

from bright red to yellow in the 

concerned heatmap with increase in 

frequency of a particular amino acid. A 

distinct bias towards some specific 

amino acids including Alanine (A), 
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Glycine (G), Leucine (L), Valine (V), 

Proline (P) and Serine (S) was evident. 

Secretomes o f all cons idered 

Mycobacterium were using these 

a fo r e me nt io ne d  a mino  a c id s 

u n a n i mo u s l y .  A v o id a n c e  o f 

Phenylalanine (F), Tyrosine (Y) and 

Tryptophan (W) by the secretomes was 

also revealed. Amino acids with bulky 

heavy chains for example, Arginine 

(R), Methionine (M) and Histidine (H) 

were consumed in a very low 

frequency by the secretory proteins. 

Alanine (A), Glycine (G), Proline (P) 

and Serine (S) were significantly more 

prevalent among secretory set in 

comparison to non-secretomic set of 

respective strains (Supplementary file 

8). On contrary, non-secretory 

elements were found to be using a 

higher share of bulky and heavy chain 

amino acids like Histidine (H) and 

Arginine (R) in comparison to the 

secretory proteins (P < 0.01) (Fig 

4.9b). 

Fig 4.8 Scatter plot indicating significant positive correlation between proteome size and 

frequency of predicted secretomes (r = 0.84, P < 0.01) among the considered mycobacterial 

members.  
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4.4.3 Biosynthetic cost of the 

mycobacterial secretomes 

The protein biosynthetic energy cost of 

secretory components was compared 

with that of their respective non-

secretory protein set. The analysis 

revealed the energy economic nature of 

the secretomes. This may be due to the 

e n r i c h m e n t  o f  s i m p l e  a n d 

biosynthetically cheaper amino acids 

among secretomes along with restraint 

from the usage of economically costly 

amino acids (in terms of ATP 

consumption) like Histidine, Arginine 

and other costly aromatic amino acids. 

Reduced synthetic cost of secretory 

proteins was well justified from the 

Fig 4.9a Heatmap generated based on the relative frequencies of amino acids employed by 

the secretory proteins. 
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perception that, protein secretion 

isoften a „one-way‟ mechanics due to 

the absence of protein importsystems 

(Saier 1994). Loss of extracellular 

proteins is irreparable and there is 

hardly any chance of re-cycling by the 

cell‟s chaperon and protease systems 

(Saier 1994). Accordingly, it is more 

economic and pragmatic for the 

micro bia l s yst ems to  exp lo it 

metabolically cheaper amino acids in 

secretomes that are permanently lost 

from the cell (Smith and Chapman 

2010).Microbes tend to curb the 

biosynthetic cost of the secretory 

proteins for maintaining proper 

robustness and growth rate of the cell 

(Pintar and Starmer 2003).Thus, 

selection pressure seemed to act on the 

secretory components to hold back the 

Fig 4.9b Heatmap generated based on the relative frequencies of amino acids employed by 

the non- secretory proteins. 
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cost of their production subsequently 

lowering the burden on the cell. 

4.4.4 Functional characterization of 

mycobacterial secretory proteins 

Detailed functional profiling of the 

secretomes in Mycobacterium was 

carried out by COG classification and 

heatmap generation based on the COG 

analysis (Fig 4.10a and 4.10b). A 

gradual change of colour shade from 

bright yellow to dark orange in the 

heatmaps indicates steady increase in 

frequency of a particular COG 

category. „Metabolism‟ (9.11%) and 

„ C e l l u l a r  P r o c e s s e s  a n d 

Signaling‟ (14.98%) were found to be 

predominant among secretomes of all 

c o n s i d e r e d  M y c o b a c t e r i u m . 

Hypothetical proteins and poorly 

characterized proteins were not 

considered. Further inspection revealed 

„Cel l  wa l l /membrane /enve lope 

biogenesis [M]‟, „Post-translational 

modif ication, protein turnover, 

chaperones [O]‟ and „Defense 

mechanisms [V]‟ subcategories of 

„Cellular Processes and Signaling‟ 

were more frequent than others. 

„Carbohydra te  t ranspor t  and 

metabolism [G]‟, „Amino acid 

transport and metabolism [E]‟ and 

„Inorganic ion transport and 

metabolism [P]‟ sub-categories of 

„Metabolism‟ were also found to be 

prevalent. COG analysis on non-

secretomic proteins was estimated and 

t h e  d o m i n a n c e  o f 

„Metabolism‟ (38.92%) category in non 

secretomic set was revealed. Thus, 

possession of genomic architecture 

aiming at metabolic precision is 

evident from the prevalence of proteins 

involved in „Metabolism‟ among both 

secretomes and non-secretomes of 

i n v e s t ig a t e d  M y c o b a c t e r i u m . 

Interestingly, „Cellular Processes and 

Signaling‟ COG category was more 

predominant (P < 0.01) in secretome 

set (14.98%) rather than non secretome 

set (11.27%). This kind of observation 

seemed logical from the perspective 

that secretomes are more efficiently 

suited and devised for cell signalling 

and cellular cross-talks in comparison 

to the non-secretory components 

(Ranganathan and Garg 2009; Tjalsma 

et al. 2004). 

The COG analysis of secretomes 

revealed that secretory proteins are 

mainly involved in biogenesis of cell 

membranes, efficient cell signaling, 

post-translat ional modificat ions, 

cellular defense and transport of 

carbohydrates and amino acids. This 

result also supports a previous report 

showing the effective involvement of 
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secretomes in several „remote-control‟ 

functions that include provision of 

nutrients, cellular cross-talks, cell 

signaling and morphogenesis and are 

subsequently associated with the 

robustness of the microorganisms 

(Tjalsma et al. 2004). 

4.4.5 Secretome based comparison of 

pathogenic and non-pathogenic 

Mycobacterium 

Blast matrix (Supplementary file 9) 

Fig 4.10a COG classification and heatmap generation on secretory proteins of selected 

Mycobacterium strains. 
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analysis was done to reveal the 

percentage of identity among the 

secretomic set of pathogenic and non-

pathogenic Mycobacterium strains. The 

secretome set of pathogenic strains 

were found to share more similarity 

among themselves rather than their non

- p a t h o g e n i c  c o u n t e r p a r t . 

Mycobacterium tuberculosis complex 

i.e., M. tuberculosis, M. africanum, M. 

bovis and M. canetti were found to 

d isp la y h igh secr etome- based 

similarity among themselves with high 

frequencies of shared protein families. 

Fig 4.10b COG classification and heatmap generation on non-secretory proteins of selected 

Mycobacterium strains. 
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Members of M. avium complex i.e. 

Mycobacterium sp. MOTT36Y, M. 

intracellulare MOTT-02, and M. avium 

104also showed strong similitude 

among them. 

Interestingly, M. intracellulare MOTT-

02, Mycobacterium sp. MOTT36Y and 

M. avium 104 exhibited noteworthy 

m a t c h  w i t h  n o n - p a t ho g e n ic 

Mycobacterium indicus pranii.This 

might seem logical as M. indicus pranii 

has been suggested to be the 

evolut ionary progenitor of the 

pathogenic M. avium complex (Saini et 

al. 2012). High proteome-based 

homology between M. intracellulare 

and M. indicus pranii, reported earlier 

by Rahman and colleagues (Rahman et 

al. 2014), tended to support our result 

of considerable secretome-based 

similarity between the two concerned 

mycobacterial species. It was also 

evident that M. marinum, M. ulcerans 

and M. liflandii exhibited high degrees 

of resemblance with each other based 

on their secretory machinery. M. leprae 

was found to show feeble degrees of 

secretome-based similarity with the 

other members o f t he genus 

Mycobacterium . Profound gene 

deletion as well as considerable 

genome decay in M. leprae might be 

responsible for such an observation 

(Ore et al. 2001). 

Core secretory components among 

pathogenic mycobacterial members 

were mainly found to be associated 

with cell elongation, ABC transporter 

substrate-binding, putative secreted 

hydrolases, peptidases and some were 

hypothetical proteins. Non-pathogenic 

members of Mycobacterium comprised 

of carboxypeptidases, hydrolases, 

glycosyl transferases, acyltransferases 

and some uncharacterized proteins in 

their core secretory machinery. Thus, 

an apparent trend was manifested that 

the secretory apparatus of the 

pat hogen ic  me mber s  d if fe r ed 

significantly from the secretome 

composition of the environmental non-

pathogens of Mycobacterium which 

might accentuate their pathogenic or 

non-pathogenic mode of lifestyle. 

4.4.6 Assessment of potentially virulent 

secretory proteins  

Estimation of potential virulent 

property among the secretomes in 

pathogenic and non-pathogenic 

Mycobacterium revealed that the 

probability of secretomes being 

virulent is higher in pathogens 

(56.21%) rather than non-pathogen 

(49.73%) (P < 0.01) (Table 5b). It was 

observed that the in pathogens, 
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predicted sets of secretomes were 

significantly more (Mann–Whitney 

test, P < 0.00001) virulent (average 

proportion of potential virulent 

components 53.89%) than the 1000 

random secretome dataset (average 

proportion of potential virulent 

co mpo nent s  27 . 70%) fo r  a l l 

mycobacterial members. Another 

exciting feature was exposed depicting 

the fact that secretomes (for both 

pathogens and non-pathogens) 

possessed significantly higher share of 

potential virulent elements (56.21% for 

pathogens and 49.73% for non-

pathogens) in comparison to the non-

secretory proteins (27.01% for 

pathogens and 22.82% for non-

pathogens) (P < 0.01) (Table 5b). Such 

a trend signifies the general tendency 

of mycobacterial secretomes towards 

being virulent. 

Members of M. tuberculosis complex 

and M. avium complex shared 

substantial proportion of putative 

virulent  proteins among their 

secretomes. Pathogenic microbes like 

M. marinum, M. abscessus, M. 

ulcerans, M. liflandii and M.leprae also 

showed high frequencies of potentially 

virulent secretory proteins. On the 

c o n t r a r y ,  n o n - p a t h o g e n i c 

myc o ba c t e r ia l  me mbe r s  l i k e 

M y c o b a c t e r i u m  s p .  K M S , 

M y c o b a c t e r i u m  s p .  J L S ,  

Mycobacterium sp. MCS, M. sinense 

JDM601, Mycobacterium neoaurum 

VKM Ac-1815D and M. smegmatis 

MC2 155 were found to display low 

share of probable virulent secretory 

components. Interestingly, saprophytic 

M. indicus pranii was observed to 

possess a high amount of putative 

virulent secretory proteins which might 

be due to the fact that M. indicus pranii 

has been the immediate predecessor of 

mycobacterial members of the 

pathogenic M. avium complex (Saini et 

al. 2012). 

In this context, it would be significant 

to mention that M. indicus pranii 

shares antigens with M. tuberculosis 

and M. leprae (Saini et al. 2012). It is 

often alleged to be at a state of 

transition towards pathogenicity due to 

its elevated ant igenic potent ial 

(Rahman et al. 2014; Saini et al. 2012). 

Furthermore, it also exhibits immune 

modulatory activities and triggers cell 

mediated immune responses against M. 

leprae (Rahman et al. 2014; Saini et al. 

2012).Comparative analysis with 

Virulence Factors Database (VFDB) 

revealed the presence of a large 

proportion of genes in M. indicus 

pranii whose orthologs have been 
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reported to be responsible for virulence 

in several mycobacterial pathogens 

(Saini et al. 2012). However, absence 

of certain essential elements promoting 

pathogenesis and infection like mce2 

and mce3 operons, associated with 

macrophage infection (Marjanovic et 

al. 2010), and devS/devR two-

component system, concerned in 

maintenance of dormant state of the 

bacterial members in depleted oxygen 

concentrations (Gomezet al. 2001), 

might be liable for the non-pathogenic 

nature of M. indicus pranii. 

Mycobacterium chubuense is generally 

considered to be non-pathogenic (Choo 

et al. 2016). Surprisingly, it was found 

to contain an enriched pool of 

secretomes predicted to be potentially 

virulent. Such an observation tended to 

be in complete harmony with previous 

findings from Das et al. (2015) where it 

was reported that M. chubuense 

possesses many proteins associated 

w it h de fe nse  and  v iru le nce . 

Pathogenesis and infection principally 

depend on the ability of the infectious 

agent to attach, infect, survive, flourish 

and eventually circulate profusely 

inside the respective host system (Saini 

et al. 2012). Incompetence in any of 

these vital issues might be responsible 

for the non-pathogenic conduct of M. 

chubuense. Strikingly, non-pathogenic 

environmental members M. gilvum and 

M. vanbaalenii were also found to bear 

substantial proportion of predicted 

virulent  elements among their 

secretomes which suggest that these 

environmental organisms, though non-

pathogenic, might be well adapted for 

pathogenicity. 

Since bacterial secretomes are 

unanimously believed to be associated 

with pathogenic manifestation and 

successful infection with host systems 

(Ranganathan and Garg 2009) the 

considerable share of probable virulent 

secretory components might have been 

responsible for the infective behavior 

of the mycobacterial pathogens. 

4.4.7 Evolutionary dynamics of 

secretory proteins  

MLSA based phylogenetic trees (Fig. 

4.11a, 4.11b) were generated for the 

both pathogenic and non-pathogenic 

members of Mycobacterium separately 

for performing a comparat ive 

evolutionary analysis of their secretory 

proteins. Phylogenetic tree based on 

the concatenated housekeeping 

p r o t e in s  o f  t he  p a t ho g e n ic 

Mycobacterium has been displayed in 

Fig. 4.11a. It was evident that there 

were four discrete clades (Clades A–
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a. 

b. 

Fig 4.11 MLSA based phylogenetic trees of (a) pathogenic Mycobacterium (b )non-pathogenic 

Mycobacterium members considered for this study 
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D). Members of the pathogenic M. 

tuberculosis complex i.e. ,  M. 

africanum, M. tuberculosis, M. bovis 

and M. canetti clustered together in 

Clade A. M. kansasii formed the 

outgroup in that clade. CladeB 

consisted of the members of M. avium 

co mp le x i. e . ,  M .  av ium 104 , 

Mycobacterium sp. MOTT36Y and M. 

intracellulare MOTT-02. M. avium 

104 was the outgroup member for this 

clade. M.abscessus and M. massiliense 

embodied Clade C. Clade D was 

comprised of M. marinum, M. liflandii 

and M. ulcerans where M. leprae was 

the outgroup member. This MLSA 

based phylogenetic tree seemed to be 

in complete concurrence with previous 

findings by Prasanna and Mehra 

(2013), Wang et al. (2015) and Zakham 

et al. (2012) and support our earlier 

observat ions pertaining to the 

percentage similar it y ana lys is 

performed by secretome-based BLAST 

matrix (Supplementary file 9). 

The non-pathogenic members were 

separated by three different clades 

( C la d e s  A – C )  ( F ig  4 . 1 1 b) . 

M y c o b a c t e r i u m  s p .  K M S , 

M y c o b a c t e r i u m  s p .  M C S , 

Mycobacterium sp. JLS and M. 

smegmatiswere found to group together 

in Clade A in which M.neoaurum 

VKM Ac-1815D was outgroup. Clade 

B comprised of M. gilvum and M. 

vanbaalenii with M. chubuense as the 

outgroup of this clade. M. indicus 

pranii and M. sinense JDM601 were 

found to represent CladeC. This result 

was further supported by some 

previous works (Prasanna and 

Mehra2013; Wang et al. 2015; Zakham 

et al. 2012). 

These MLSA based phylogenetic trees 

for the pathogenic and non-pathogenic 

members of Mycobacterium served as 

the plat form for evo lut ionary 

investigations. Evolutionary rate of the 

secretory and non-secretory protein 

sets of the both pathogenic and non-

pathogenic mycobacterial members of 

each clade, was estimated with respect 

to the respective out group member of 

that particular clade. Extensive analysis 

displayed an appealing evolutionary 

pattern of the secretory proteins that 

tended to vary between the considered 

pathogenic and non-pathogenic strains. 

It was evident from comparative 

evolutionary analysis (Table 6) that the 

evolutionary rate of the secretory 

proteins in pathogenic strains of 

Mycobacterium was significantly 

different from the non-secretory 

proteins. However, such a trend was 

totally missing in the non-pathogens. 
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There was no significant difference in 

evolutionary rates of the secretory vs. 

non-secretory protein sets. Secretory 

elements of the pathogenic members 

were found to evolve faster than their 

respective non-secretory components 

and were found to be under much 

tranquil evolutionary constraints 

compared to their non-secretory 

counterparts.  

It has already been reported that 

p a t ho g e n ic  m ic r o be s  u t i l i z e 

cooperative secretions to adapt their 

environment, expand the range of their 

vulnerable hosts and infect multiple 

species (McNally et al. 2014). Rapid 

evo lut ion o f t he extracellu lar 

secretomes has been suggested to aid 

bacterial adaptation (Nogueira et al. 

2012). Dynamic evolutionary traits of 

secretory proteins of pathogenic 

Mycobacterium might award them an 

extra advantage to dodge the host 

immune responses and broaden the 

range of susceptible hosts to infect. 

Our  o bs er va t io n  o f va r y ing 

evolutionary features of the secretory 

proteins among the selected members 

of Mycobacterium might indicate the 

adaptive approach of the pathogens for 

an improved interaction and cross-talk 

with various range of host community. 

Relaxed selection forces on the 

secretory proteins of the pathogenic 

mycobacterial members might offer an 

opportunity to the pathogens for 

pertinent communication with host 

cellular environment and successful 

avoidance of host immune responses 

by accumulation of substitutions. 

4.4.8 Contrasted evolution attributes of 

secretomes in Mycobacterium 

Secretory proteins are composed of a 

two parts – a signal peptide part and a 

mature region (Tjalsma et al. 2004). 

The signal peptide part plays pivotal 

role protein translocation to the target 

cellular compartment by traversing the 

membrane barrier. After translocation 

the signal peptide part is cleaved from 

the respective mature part by definite 

signal peptidases (von Heijne 1990). It 

is commonly believed that the signal 

peptide parts perform vital functions 

those are unrelated to the functions of 

the rest of the protein (Hegde 2002). 

After facilitating protein translocation, 

the cleaved signal peptide parts act as 

ho r mo ne s ,  se l f - a n t ig e ns  a nd 

neurotransmitters (Hegde 2002). Thus, 

signal peptides perform an array of 

crucial functions associated with the 

cellular robustness. 

Depending upon the funct ional 

constraint the impact of evolutionary 
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forces might vary across different 

regions of a gene (Graur and Li 2002). 

To explore whether evolutionary 

impact varies across different regions 

of the secretory proteins the 

evolutionary rates of the signal peptide 

and mature parts of secretory proteins 

were estimated among all concerned 

mycobacterial members.It was evident 

that the signal peptide parts were 

evolving significantly faster than the 

mature parts. It suggested relaxed 

evolutionary constraints on signal parts 

(Table 6). This was consistent trend 

among all considered mycobacterial 

strains irrespective of pathogens as 

well as non-pathogens.  

Similar observations have earlier been 

reported in both prokaryotic and 

eukaryotic systems (Buggiotti and 

Primmer 2006; Li et al. 2009).The 

rapid evolution of the functionally 

vibrant signal peptides appeared as a 

consequence of relaxed purifying 

selection on both the non-synonymous 

and synonymous sites. This might be 

directed towards increased translational 

accuracy (Li et al. 2009)improving the 

proficient tactics of the microbes to 

polish their secretion efficacy as well 

as communication skill with their host 

or environmental niche where they 

dwell. 

4.5. Secretome profi ling of 

extremophilic actinobacteria 

4.5.1 General characterization of 

Geodermatophilaceae secretome set  

Table 7 enlists the amount of the 

secretomic protein sets in each selected 

s t r a in s .  P e r s i s t e n c e  o f  G C 

compositional constrain over the 

secretome encoding genes is clear from 

significant positive correlation between 

CAI, GC and GC3. GCC, CTG, GGC, 

GAC, GTC, GAG, CGC, CCG, CGG, 

CTC, CAG, GCG, GTG, ACC are 

some highly exploited codons among 

secretomic gene set. A significant 

(p<0.01) negative correlation between 

ENc and GC3 revealed the importance 

of factors other than GC and GC3 on 

the codon usage pattern of the 

investigated genes. Correlation matrix 

among some important parameters may 

prove to be helpful in identifying the 

factors governing the codon usage 

prototype of secretomic gene sets 

among considered strains. The 

correlation matrix has been represented 

in Supplementary file 10a. Deep green 

color codes for positive correlation, red 

codes for negative correlation and light 

green indicates significant effect (either 

positive or negative). CAI, tAI and Fop 

showed significant positive correlation 

implying the crucial participation of 
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both optimal and translationally 

optimal codons on the codon usage 

pattern of secretomes. The role of 

syno nymo us codon usage on 

secretomic genes was also exposed. 

Axis 1 and axis 2 were found to be the 

major axes in directing the codon usage 

outline among selected actinobacterial 

secretomes.  

Significant positive correlation among 

CAI, energy cost (EC) and aromaticity 

among the secretomic protein 

(Supplementary file 10b) sets of all 

considered strains signified the higher 

usage of aromatic amino acids 

( phe ny la la n ine ,  t yro s ine  a nd 

tryptophan) among secretomes (Fig 

4.12). This may be due to the fact that, 

secretomic protein components utilize 

costly amino acids to maintain a proper 

lifestyle overcoming the adverse effect 

of extremophilic and nutrient scare 

environment. This finding also 

supports one of our previous findings 

(Sarkar et al. 2017). 

4.5.2 Functional attributes of 

secretomes in Geodermatophilaceae 

The COG analysis of secretomic set 

revealed the functional attributes of 

secretomes in signal transduction with 

external environment and adaptation 

(Fig 4.13). The major COG categories 

found in this case were- J (Translation, 

ribosomal structure and biogenesis), L 

(Replication, recombination and repair) 

from  “Information Storage and 

Processing” group; V (Defense 

mechanisms), T (Signal transduction 

mechanisms), M (Cell wall/membrane/

envelope biogenesis), N (Cell motility), 

U (Intracellular trafficking, secretion, 

a nd  ve s ic u la r  t r a ns po r t ) ,  O 

(Posttranslational modification, protein 

turnover, chaperones) from “Cellular 

Processes and Signalling” category; C 

(Energy production and conversion),G 

( C ar bo h yd r a t e  t r a ns po r t  a nd 

metabolism), H (Coenzyme transport 

and metabolism), P (Inorganic ion 

transport and metabolism) and Q 

(Secondary metabolites biosynthesis, 

transport and catabolism) from 

“Metabolism” cluster. “Cellular 

Processes and Signalling” was leading 

followed by “Metabolism” and 

“Information Storage and Processing” 

categories entailing the fundamental 

responsibility of secretomic proteins in 

cellular cross-talks, morphogenesis and 

cell signalling assisting the microbes in 

proper niche adaptation. 

4.5.3 Secretome based comparative 

genomics of Geodermatophilaceae 

The secretome based comparative 

genomics of Geodermatophilaceae 
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(Blastococcus, Modestobacter and 

Geodermatophilus) was performed. 

Blast matrix (Fig 4.14) analysis the 

secretomic similarit ies between 

B.sp.URHD0036 and B. endophyticus 

DSM 45413 (36.1%). B. aggregates 

DSM 4725 and B. sp. AP3 shared 

35.3% similar it y among their 

secretomes. Around 33.3% similarity 

was obtained between B .  sp. 

DSM44205 and B. sp. DSM44268. B. 

desertis showed a distinct dissimilarity 

in respect to other members of the 

genus Blastococcus. This may be due 

to the fact that B. desertis was isolated 

from desert sand whereas other strains 

of this genus were obtained from either 

soil or sea sand. While considering 

Modestobacter, M. caceresii KNN452b 

and M. roseus DSM 45764 were found 

to share higher similarity among 

secretomes (Fig 4.15). Among the 

strains of Geodermatophilus, G. 

turciae with G. limstoni; G. uthaensis 

with G. poikilotrophi  and G. 

aqueductis with G. carrarae shred 

considerable similarities among the 

secretomes. Interestingly, secretomes 

Fig 4.12 Amino acid usage heatmap of secretomes among selected Geodermatophilaceae. 

The color code has been indicated at the bottom of the figure. 
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of Klenkia taihuensis, K. brasiliensis 

and K. soli (all these three strains were 

p r e v i o u s l y  n a m e d  a s 

Geodermatophilus but later reclassified 

as Klenkia) displayed substantial 

similarities with that of G. sp. Leaf 369 

(Fig 4.16). The results of blast matrix 

analysis were also supported by the pan

-secretomic dendogram (Fig 4.17). 

4.5.4 Evolutionary aspects  

The MLSA based phylo gen y 

(supplementary figure 17c, 18a, 19a) 

was used as a platform for evolutionary 

analysis. Evolutionary rates (dn/ds) of 

PHX, PLX, secretomes as well as non-

secretomes of a genome were 

calculated with respect to the out-group 

of a particular clade (Table 8). This 

analysis revealed slower evolution of 

PHX genes rather than PLX genes. 

This is due to the fact that, organisms 

generally don‟t dare to change the 

essential highly expressed genes and 

this result also supports one of our 

hypothesis (Roy et al. 2015). 

Moreover, a detailed analysis on 

evolutionary pattern of secretomes and 

Fig 4.13 COG analysis heatmap of  selected Geodermatophilaceae secretomes. The color 

code has been indicated at the bottom of the figure. 
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Fig 4.14 Blast matrix analysis of secretomic protein set among considered Blastococcus 

strains. Secretome set of Blastococcus desertis DSM46838 was found to be different from 

others. 

Fig 4.15 Blast matrix analysis of secretomic protein set among considered Modestobacter 

strains. Secretome set of Modestobacter sp. Leaf380 was found to be different from others. 

Fig 4.16 Blast matrix analysis of secretomic protein set among considered Geodermatophilus 

strains. Color code has been indicated at the right side of the figure. 
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b. 
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non-secretomes has displayed a 

contrasted pattern. Previously some 

environmental actinobacteria showed 

no difference between their secretome 

and non-secretome set however; in our 

case we found secretomes were 

evolving faster rather than the non-

secretomes. This faster evolution rate 

of secretomes may prove to be an 

efficient adaptive strategy of these 

microbes which may further assist 

these bacteria in their well-organized 

cross talks with external environment 

under the stressed extremophilic 

condition.  

4.5.5 Evolution of signal peptide parts 

Assessment of evolutionary rates of 

signal and mature peptide parts among 

considered strains revealed that, signal 

peptide parts were evolving at a faster 

rate (p<0.01) than the mature parts 

(Table 8). We have previously 

mentioned (section 4.4.8) that, the 

signal peptide part is of crucial 

importance in protein translocation and 

cellular cross talks, The faster 

evolutionary rate on signal peptide 

parts indicate the persistence of relaxed 

purifying selection pressure on both 

c. 

Fig 4.17 Pan-secretomic dendrogram of members of (a) Blastococcus, (b) Modestobacter and (c) 

Geodermatophilus strains selected for this study. In case of Geodermatophilus strains, the 

secretomic protein set of Geodermatophilus sp. Leaf 360 revealed tight clustering pattern with 

Klenkia strains than others. This same result we have also found in the comparative 

genomics and proteomics study discussed previously. 
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synonymous and non-synonymous 

s it es .  T h is  fu r t her  ind ica t es 

translational precision on the signal 

peptide parts of investigated strains. 

Thus, the higher evolutionary rate of 

signal peptides may be related to their 

functions associated with cellular 

robustness and biological interactions. 

This result also supports a previous 

finding which states that, depending 

upon the functional constraint the 

impact of evolutionary forces might 

vary across different regions of a gene 

(Graur and Li 2002). 

4.6 Biology and evolution of frankial 

CAZymes 

4.6.1. Plant polysaccharide degrading 

CAZymes are predominant  

The total number of CAZymes found 

in each Frankia strains has been listed 

in Table 9. The COG analysis of 

CAZymes exposed their contribution in 

“Metabolism” category particularly in 

carbohydrate metabolism (G) followed 

by “Ce l lu la r  P rocess ing  and 

Signalling” (Fig 4.18, Supplementary 

File 11). Moreover, GH and GT types 

were found to be widespread over other 

CAZyme categories perhaps due to 

their crucial responsibility in plant 

polysaccharide degradation (Andrade 

et al. 2017). The plant cell wall is 

mainly composed of cellulose, 

hemicellulose, xylan, mannan, pectin, 

cutin, chitin, glucan, startch and other 

complex polysaccharides. Among 

them, cellulose is one of the chief plant 

cell wall element build up by linear 

chain of several β-(1-4) linked D-

glucose units and can be degraded by 

GH-encoded cellulase enzymes. 

Cellulases enzyme are further 

categorized into endo-β-1,4-D-

glucanases,  ce l lo bio hydro lases 

(exocellulases), and β-1,4-glucosidases 

(Zerillo et al. 2013) all of which are 

encoded by different GH member 

proteins. Likewise, endoglucanases and 

β-glucosidases are also concerned with 

cellulose and xyloglucan degradation. 

Xyloglucan is a hemicellulose present 

in the primary cell wall of plants. They 

remain associated with the cellulose 

microfibrils providing structural 

integrity to the cell wall. GH10 and 

GH11 are alleged to encode xyloglucan 

degrading enzymes. Furthermore, endo

-β -1, 4- xyla nase  and  β- 1,4 -D-

xylosidase, two well known xylan 

(abundant in secondary cell wall of 

woody plants) degraders are also 

encoded by GH cazymes (Zerillo et al. 

2013). GH2, GH5 and GH25 have been 

reported to code potent mannan 

degraders for example β-mannosidase 
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and β-mannase. Likewise, several other 

enzymes for example pectin lyase, 

rhamno-galacturonases, exo- and endo- 

polygalacturonases (pectin degrader), 

cutinase (degrade cutin), chitinase 

(involved in chitin breakdown), β-1,3-

glucanosyltransglycosylases and β-1,3-

glucanases (associated with the cross-

linkage and alteration of linear β-1,3-

glucans) are also encrypted by different 

GH family. Hence, the prevalence of 

GH among Frankia may help in plant 

polysaccharide degradation. The 

second most abundant CAZyme family 

in Frankia was GT. This result 

substantiates some previous works on 

soil bacteria where GH numbers were 

found to exceed GT numbers, whereas 

aquatic microbes had GT more than 

GH (Andrade et al. 2017). GT families 

are generally associat ed with 

carbohydrate biosynthesis. Both UDP-

G l c N A c :  p e p t i d e  β - N -

acetylglucosaminyl transferase and 

U D P - G l c : p e p t i d e  N - β -

glucosyltransferase are grouped as GTs 

and are concerned with bacterial cell 

membrane formation. Moreover, GTs 

are also associated with cell signalling, 

energy metabolism and stress response 

along with the cellulose biosynthesis, 

production of chitin, hyaluronic acid 

and sucrose (Andrade et al. 2017). 

Thus, frankial GHs and GTs represent 

Fig 4.18: COG analysis of investigated frankial CAZyme set. Color code has been indicated 

at the bottom of the figure. 
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an enormous bio-resource of vital 

enzymes with both ecological and 

indu s t r ia l impo r t ance .  T he se 

aforementioned findings also suggest 

that carbohydrate-breaking enzymes in 

Frankia may aid obtaining nutrition 

from the plant hosts. 

We tried to thoroughly investigate 

these highly important proteins among 

plant host associated Frankia. 

4.6.2 Codon and amino acid usage 

analysis  

A comparative account between the 

codon usage indices of CAZymes in 

each considered strains with their 

respective genomes revealed several 

crucial parameters governing codon 

usage pattern of this special gene set 

(Supplementary File 12). Perseverance 

of the GC compositional constrain was 

obvious based on the significant 

positive correlation (p<0.001) among 

GC, GC3 and CAI. A significant 

negative correlation (p<0.001) among 

GC3 and Nc exposed the effect of 

some parameters on CAZymes other 

than compositional constrain (Roy et 

al. 2015). To unveil those other 

parameters, GC, GC3 and CAI were 

correlated with Fop. A significant 

positive correlation (p<0.001) among 

these four factors indicates that Fop is 

another crucial factor governing codon 

usage model. Furthermore, Axis 1 and 

Axis 2 of RSCU were found to be the 

major axes having an effect on 

CAZyme codon usage (Supplementary 

File 12). The PHX set for each strain 

were thoroughly studied and a 

substantial amount (55-63%) of 

CAZymes were found to be potentially 

highly expressed signifying their 

essentiality in the frankial lifestyle. 

This result was further validated by 

analysis of the microarray data of F. 

alni ACN14a (Supplementary File 13). 

Analysis of the amino acid usage 

pattern for CAZymes revealed a 

significant  posit ive correlat ion 

(p<0.001) among EC, CAI, and 

Aromaticity indicating their higher 

usage of aromatic amino acids 

(Supplementary File 14). This result 

supports a previous study (Sarkar et al. 

2018) where the CAZyme-enriched 

highly expressed protein set for 

Frankia were found to utilize more 

biosynthetic energy due to enhanced 

exploitation of costly aromatic amino 

acids. A heatmap was generated on the 

basis of aromatic amino acid 

utilization. The heatmap clearly 

exposed the enrichment of aromatic 

amino acid by frankial CAZymes (Fig 

4.19). These aromatic amino acids are 
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mainly present at the active sites of 

CAZymes and contribute to their 

s t r o ng  b in d in g  c a p a c i t y  t o 

carbohydrates moieties (Sarkar et al. 

2018).  

4.6.3 Phylogenomics and comparative 

CAZyme analysis  

Previously, Frankia was grouped into 

four clusters (Ghodhbane-Gtari et al. 

2010). All the four clusters were 

completely recovered from the MLSA 

phylogeny supporting the ANI matrix 

(Fig 4.20, 4.21). In all cases, Frankia 

strains were found to group in 4 

different clusters according to their 

host plant range. Since CAZymes are 

also  crucia l in plant -microbe 

interact ions, we carried out a 

comparative CAZyme profiling for 

Frankia. Interestingly, the blast matrix 

(Supplementary file 15) and core-

CAZyme dendogram (Fig 4.22) based 

on the CAZY set of Frankia recovered 

all four Frankia clusters indicating an 

imperative role of CAZYmes in 

Frank ia l lifestyle.  To further 

investigate whether any distinct 

evolutionary aspect persists over 

CAZymes we accomplished a 

Fig4.19: Aromatic amino acid enrichment among CAZyme set of selected Frankia. Color 

code has been indicated at the bottom of the figure. 
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Fig4.20: MLSA phylogeny of selected Frankia strains using NJ method and 1000 bootstrap 

value. 

Fig 4.21: Average nucleotide identity (ANI) score matrix for considered Frankia strains. 
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comprehensive evolutionary analysis. 

4.6.4 Evolutionary analysis  

A comparative evolutionary analysis 

among PHX, PLX and CAZymes for 

the selected Frankia strains was 

performed. Results clearly exposed that 

CAZyme genes were less evolving 

than the PLX set (p<0.001). The PHX 

genes contained a considerable amount 

of the CAZyme genes in all of the 

strains suggesting persistence of 

purifying selection over them (Roy et 

al. 2015). 

However ,  co mpar iso n o f t he 

evolutionary rates of the CAZyme and 

PHX obtained appealing results (Table 

10). The dN/dS values for CAZymes 

were found to be lower (at p<0.001 

level) than those values for the other 

PHX genes among effect ively 

nodulating Frankia Cluster I, II and III. 

In contrast, no statistical difference was 

observed between the PHX and 

CAZyme sets for non-nodulating or 

ineffectively nodulating Frankia 

cluster IV. The strong purifying 

selection on CAZymes for plant-root-

colonizing strains may be due to their 

essentiality in plant host association as 

Fig 4.22: Core- cazyme based dendrogram among selected Frankia strains. 
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well as effective nodulation. Since the 

Cluster IV Frankia are incompetent of 

nodulating plant root or nodulate 

ineffectively (Tisa et al. 2016), their 

CAZyme set showed no difference in 

evolutionary rate when compared to 

the other PHX genes. Furthermore, 

carbohydrates are not only vital in 

nodulation process. They play a critical 

role in N2 fixation and assimilation 

process too (Gibson 1966). Thus, the 

impact of CAZyme set is more on 

nodulating, nitrogen fixing and N2 

assimilating Frankia strains rather than 

ineffectively nodulating or non-

nodulating strains. 

4.7 Domain based phylogenetic tree 

generation 

4.7.1 Pan- and Core- domain set 

A total of 4776 domain families were 

found to be accommodated in the pan 

domain (the total domains present in all 

of the organisms) category, while 342 

were recognized as the core domain 

family (shared domains amongst all of 

the strains). Interconnected biological 

network of these domains were further 

studied and a well-built biological 

interface with PPI enrichment P value 

1.0e-16 was obtained (false discovery 

rate < 1.00 was considered only) (Fig. 

4.23). This result suggested a more 

significant interaction than expected (P 

value = 0). These domains were found 

to be associated in several biosynthetic 

and metabolic processes along with 

ribosome biogenesis, DNA repair, 

DNA recombination, translation and 

gene expression (Supplementary File 

16). 

4.7.2 Topology of the Domain based 

tree 

The domain-based phylogenetic tree 

has been represented as Fig 4.24. 

Genera with more than one genome 

( F r a n k i a ,  B i f i d o b a c t e r i u m , 

Corynebacterium, Streptomyces, 

A r throbac ter,  Mycobac ter ium, 

Rhodococcus, Rothia, Nocardiopsis) 

displayed a steady clustering (Fig 

4.44). We divided the whole tree in six 

different clades (C-I to C-VI) for the 

ease of discussion. The major 

exceptions we got in our domain based 

tree (when compared to the MLSA 

phylogeny (Sen et al. 2014) have been 

indicated by asterisk (*). Two thermal 

act inobacter ia (Acidimicrobium 

f erroxidens  and Acidothermus 

cellulolyticus) were grouped together 

in (C-I) (Fig 4.24). Further analysis 

revealed 1070 common domains 

b e t w e e n  t h e s e  t w o  s t r a i n s 

(Supplementary File 17a). Biological 

network analysis of those domains 
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revealed a PPI enrichment p-value of< 

1.0e-16, indicating that, those domains 

were biologically connected and their 

interaction was significantly higher 

t h a n  t h e  e x p e c t e d  v a l u e 

(Supplementary File 17b). Cluster II (C

-II) was diverse and divided into two 

distinct sub-groups (C-IIa and C-IIb). 

In C-IIa, Mobiluncus curtisii and 

Arcanobacterium haemolyticum of 

Acidimicrobiales grouped together in 

one branch, Tropheryma whipplei 

(member of Micrococcales) grouped 

together with strains of Rothia in the 

next branch of C-IIa. Members of 

Propionibacterium also grouped with 

C-IIa. The Bifidobacterium strains 

were clustered jointly in C-IIb. 

Gardnerella vaginalis, clustered along 

with Bifidobacterium in our tree. This 

pattern was also found in case of 

MLSA tree (Sen et al. 2014). The 

subsequent cluster (C-III) was also 

separated into C-IIIa and C-IIIb parts. 

C-IIIa was comprised mainly of 

Micrococcales group. However, an 

extremophilic soil actinobacteria 

Kineococcus radiotolerans, was placed 

near aforementioned Micrococcales 

group in C-IIIa in our tree. Though, K. 

radiotolerans is able to tolerate 

elevated amount of radiation, they are 

fundamentally soil bacteria. A total of 

1294 domains were found to be shared 

a mo ng  K.  ra d io to l e ra n s ,  J . 

deni t ri f icans and  S .  keddiei i 

Fig 4.23 Biological interaction among selected core domains 
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(Supplementary File 18a). These 

domains were mainly associated with 

metabolism and cellular signaling. 

Biological network analysis with these 

common domains displayed significant 

more interaction than expected with a 

PPI enrichment p-value of<1.0e-16 

(Supplementary File 18b). Thus, the 

strange clustering pattern of K. 

radiotolerans may be due to their 

shared protein domains associated with 

habitat adaptability in soil. The next 

branch cons ist ed o f o ther  3 

Micrococcales – Kocuria rhizophila, 

Brachybacterium faecium and 

Micrococcus luteus. Kytococcus 

sedentarius, was positioned near M. 

luteus and shared 1229 domains which 

were mainly associated with ribosome 

formation (Supplementary File 19a). 

They were also biologically tightly 

connected with PPI enrichment p-value 

of 4.28e-11 (Supplementary File 19b). 

The subclade C-IIIb was cluster of 

Corynebacteriales with all of the 

Corynebacterium strains grouped 

together. Besides the Corynebacterium, 

C-IIIb also contained Tsukamurella 

paurometabola,Segniliparus rotundus, 

and Gordonia polyisoprenivorans of 

Corynebacteriales group. The next 

cluster (C-IV) was a small assembly 

composed of other Coriobacteriales 

including Olsenella uli, Atopobium 

parvulum, Cryptobacterium curtum 

and Slackia heliotrinireducens. 

Clade V (C-V) was a big group which 

was subdivided into two sub-clusters 

(C-Va and C-Vb) and was highly 

branched. The first sub-cluster C-Va 

composed of Micromonosporales 

including Micromonospora aurantiaca, 

A c t i n o p l a n e s  m i s s o u r i e n s i s , 

S a l i n i s p o r a  t r o p i c a  a n d 

Verrucosispora maris. Unexpectedly, 

Kribbella flavida was positioned with 

Micromonosporales in domain based 

tree whereas, it was found to be with 

other Propionibacteriales in MLSA tree 

(Sen et al. 2014). Further investigation 

revealed 1539 domains were shared 

a m o n g  K .  f l a v i d a  a n d 

Micromonosporales (Supplementary 

File 20a, 20b). Those domains were 

most ly a ll ied with secondary 

metabolites biosynthesis, ribosome 

formation, bacterial secretion system, 

homologous recombination, protein 

export and several metabolic pathways. 

Thus these domains may help K. 

flavida to maintain a proper lifestyle 

only in soil. Biological network 

analysis revealed taut interaction 

among those domains with PPI 

enrichment p-value of :< 1.0e-16 

( S u p p l e m e n t a r y  F i l e  2 0 b ) . 
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Nocardiopsis dassonvillei, N. alba, 

T h e r m o m o n o s p o r a  c u r v a t a , 

T h e r m o b i f i d a  f u s c a  a n d 

T h e r m o b i s p o r a  b i s p o r a  o f 

Streptosporangiales were placed 

together in another branch of subclade 

C-Va. Stackebrandita nassauensis, was 

placed near S. erythraea in the 

following branch which was an 

exception from Sen et al. (2014). These 

wo strainsare soil habitatand was found 

to share 2104 domains among them 

(Supplementary File 21a). Network 

analys is revealed cons iderable 

connection with PPI enrichment p-

value of< 1.0e-16, (Supplementary File 

21b). Moreover, these domains were 

associated with secondary metabolite 

production, ant ibiotic resistance, 

carbohydrat e and amino  ac id 

metabolism which are vital aspects for 

soil habitat. Thus, again this domain 

based tree depicts its clustering pattern 

according to the habitat of bacteria 

rather than their taxonomical facet. The 

rest of the clustering pattern was allied 

according to our expectations. C-Vb 

showed a miscellaneous grouping. For 

example, Corynebacteriales clustered 

with the extremophilic stone dwellers 

G e o d e r m a t o p h i l u s  o b s c u r e , 

Blastococcus saxobsidens and 

Modestobacter multiseptatus in one 

br anch.  I n t he next  branch, 

I n t ras por ang ium ca lvu m  a nd 

Nocardioides dokdonensis were 

together sharing 1581 domains 

(Supplementary File 22a, 22b). Two 

aquatic actinobacteria, Nakamurella 

multiparti te  and Microlunatus 

phosphovorus, were near each other. 

The last branch was composed of all 

plant-associated Frankia. The last 

Clade VI (C-VI) was constituted with 

Rubrobacter xylanophilus (thermal) 

and  Conexibacter woesei (soil 

inhabiting). They were also found 

together in MLSA tree (Sen et al. 

2014). A total of 1283 domains were 

common between them connected 

strongly with PPI enrichment p-value 

of < 1.0e-16 (Supplementary File 23a, 

23b).  

Consequently, the domain-based 

phylogeny grouped actinobacteria 

strains primarily according to their 

habitat. Taxonomically, this tree 

revealed several similarities with that 

of the previously generated MLSA tree 

(Sen et al. 2014) supporting the 

splitting of old Frankiales into 

Frankiales (containing all Frankia 

s t r a in s ) ,  G e o d e r ma t o p h i l a l e s 

(Geodermatophilus, Blastococcus, 

Modestobacter), Nakamurellales 

(Nakamurella), and Acidothermales 
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(Acidothemus). However, there were 

some exceptions where taxonomically 

unrelated strains grouped together due 

to the large number of biologically 

connected shared domains. Those 

c o m m o n  d o m a i n s  a m o n g 

taxonomically unrelated strains 

revea led except iona l ly st rong 

b io lo g ica l  int e r ac t io n a mo ng 

themselves suggesting their roles in 

metabolism, signal transduction and 

niche adaptation.  

4.8 Evaluating the biological 

network of PAS domain  

4.8.1 Moderately expressed PAS genes 

are codon biased 

GC3 vs. ENc plots displayed that most 

of the PAS genes were gathered at the 

lower right end of the plot alongside 

the ribosomal protein genes (with some 

exceptions). A negative correlation 

between GC3 and ENc was witnessed 

( i. e .  E Nc va lue  d ro ps  wit h 

corresponding upsurge in GC3 value) 

(Supplementary file 24). Thus the GC3 

vs. ENc plot clearly specifies a 

significantly strong codon bias which 

may be owing to selection of 

translational efficiency. This result also 

proposes that codon usage bias for PAS 

genes as well as the majority of the 

genes were affected impartially of the 

overall base composition. However, 

correspondence analysis on codon 

usage indicates no significant variation 

between the total protein coding genes 

and PAS genes (Supplementary file 

25). The distribution frequency of the 

CAI values for PAS genes revealed a 

49% of the PAS genes having a CAI 

value between 0.6 and 0.7 and around 

48% of the PAS genes having a CAI 

value of 0.8 or above (rest 3% were 

between 0.55-0.59). These results may 

propose that PAS genes are moderately 

expressed (Supplementary file 26 plots 

t he  CAI  va lues  o f se lec t ed 

actinobacteria representing their niche 

diversity). Both the GC% and GC3% 

values of the PAS genes were not 

statistically dissimilar from the rest of 

the genome. For all of the studied 

bacteria, alanine encrypted by GCC 

was the most preferred amino acid and 

codon, respectively in both PAS genes 

(Supplementary file 27) as well as total 

protein coding genes. 

4.8.2 Detection of some PAS genes as 

HGT 

Both Nc/GC3 plot and CoA analysis 

revealed most of the PAS genes placed 

with or near the ribosomal genes. 

However, a few were out-grouped and 

were placed far from the main cluster. 

Those genes were diguanylate cyclase 
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(Frankia sp. EUN1f, Frankia sp. 

Eul1c), putative two-component hybrid 

sensor and regulator (F. alni ACN14a), 

PAS domain S-box proteins (Frankia 

sp. CN3, Frankia sp. BMG5.12), PAS 

fold-4 domain protein, Histidine 

kinase/PAS fold, PAS sensor protein 

(Frankia sp. EUN1f), hypothetical 

proteins (S. coelicolor, S. scabiei, S. 

griseus) and magnesium or manganese-

dependent protein phosphatase (S. 

avermitilis MA-4680) (Supplementary 

file 28). The codon usage pattern of 

those genes was also different from the 

rest PAS genes. Correspondence 

analysis of these out-grouped genes 

were significantly different from other 

PAS gens (Mann–Whitney U test, 

p≤0.001, Z-score =4.97709). Previous 

studies suggest that, these differentially 

characterized genes can be assumed to 

be horizontally transferred gens. 

Hence, we may propose that, PAS 

genes with atypical characters may be 

considered as horizontally transferred. 

4.8.3 Importance of PAS genes being 

present on lagging strand 

The numbers of PAS genes present on 

leading and lagging strands of each 

strain under study have been given in 

Supplementary file 29.A statistically 

higher amount (p<0.001, two tailed 

test) of PAS genes were found to be 

present on lagging strand of genomes 

than on leading strand regardless of the 

species (Supplementary file 29). 

Bacteria generally have their vital 

genes situated on the leading strand of 

DNA to dodge the head-on collisions 

that would otherwise happen between 

r ep l ic a t io n a nd  t r anscr ip t io n 

mechanisms (Paul et al. 2013). When 

compared to the co-direct ional 

collision occurring including DNA 

polymerase and RNA polymerase on 

leading strand, head-on replication 

transcription encounters have been 

found to be more mutagenic. Hence, 

potentially highly expressed house-

keeping genes are mostly concerted on 

the leading strand of DNA (Banerjee et 

al. 2004). Genes on the lagging strand 

face more non-synonymous mutations 

than genes present on the leading 

strand (Paul et al. 2013). This feature 

allows an organism to take benefit 

from the higher rate of mutation by 

adapting towards precise niche. One 

hypothesis anticipated that some 

bacteria with more genes on the 

lagging strand endorse quicker 

evo lut ion through or ientat ion-

dependent confronts between DNA 

replication and transcription (Paul et al. 

2013). The head-on orientation can be 

encouraged by a positive selection 
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mechanism and is obvious from the 

better rate of convergent evolution in 

genes on the lagging strand. Thus, the 

genes on the lagging strand play 

important roles in adaptive evolution. 

A simple switch in orientation can 

accelerate the evolution of genes in a 

directed way (Paul et al. 2013). PAS 

genes are mainly present on the lagging 

strand and may play crucial role in 

bacterial adaptation through the higher 

rate of non-synonymous mutation. 

Fijalkowska et al. (1998) suggested 

that, lagging strand replication is more 

precise than leading strand replication, 

which may be another motive why the 

majority of these vital PAS genes are 

located on the lagging strand instead of 

on the leading strand. However, further 

research is required to decrypt the 

prominence of genes existing on 

lagging strands. Majority (76 %) of the 

PAS genes whose functions could be 

dogged and credited to a well-defined 

COG category were found to be related 

to signal transduction (COG category- 

T), whereas, others were poorly 

characterized [R (10 %), S (14 %)] 

(Supplementary file 29). 

4.8.4 Tertiary (3-D) modeling of PAS 

domains 

Homology modeling of the PAS 

domains exposed their structurally 

preserved nature (Shah et al. 2013). In 

its central region, there were 5 

antiparallel beta strands linked to each 

other through loops (Supplementary 

file 30). Three to four alpha helices 

were there in the exterior part of the 

core region, which may confirm that 

information will specifically transfer to 

the PAS core region (Scheu et al. 

2010). Ramachandan plots obtained 

from POCHECK server (Laskowski et 

al. 1993) endorsed the tertiary 

structures. In the majority of the cases, 

more than 90 % of the amino acids 

were found in the allowable region. 

4.8.5 Structure based phylogeny  

Comparison among PAS structure-

based tree (Fig 4.25), PAS domain 

amino acid sequence based tree (Fig 

4.26) and 16S rRNA sequence (Fig 

4.27) tree revealed few major 

topological differences. Analysis of the 

PAS-domain-structure-based tree 

presented that members of each clade 

had a favored association with some co

-domains. For instance, all clade-I 

members had their PAS domain allied 

with the PAC domain (C terminal 

motif of PAS). In clade-II, PAS 

domains interrelated with GAF (cGMP

-specific phosphodiesterases) and 

SpoII E (Stage II sporulation protein E 

domain). While clade-III PAS domains 
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Fig 4.25: A single tree based on the PAS domain structure. Sinorhizobium meliloti was used as 

outgroup. Co-domain association based clusters are clearly shown. 
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Fig 4.26: PAS domain amino acid sequence based tree 

Fig 4.27: 16S rRNA gene sequence based tree 
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were connected with various co-

domains like GAF, SpoII E and 

HATPase_C (Histidine kinase-like 

ATPase domain). In clade-IV, GGDEF 

domains were found to be associated 

with PAS domains. Members of clade-

V were from different orders and their 

PAS domains were allied with GGDEF 

and EAL (Glutamate Alanine Leucine 

domain). This tendency sustained in 

clade-VI where PAS domains were 

cooperat ed wit h t he  His KA, 

HATPase_C and Response_reg. For M. 

tuberculosis CCDC5079 PAS domain 

showed exclusive associations with the 

SpoIIE, HATPase_c_2, and STAS_2. 

Thus, bunching pattern of this 

phylogeny seems to be totally reliant 

upon the functional communication of 

PAS domain with its co-domains. 

Overall, this phylogeny was found to 

be based on a domain-domain 

association, regardless of the genus. 

This supports our hypothesis that, 3-D 

structure of PAS domain may control 

the biological network and/or vice-

versa. Jonathan and Crosson (2011) 

reported analogous results and 

suggested that the structure of the PAS 

domain gathered according to their 

cellular localization property and 

ligand binding property. However, a 

deeper view of their structure-based 

phylogenetic tree exposed that PAS 

domains networked with similar co-

domains clustered jointly. 

4.8.6 Localization of PAS domains of 

actinobacteria  

The PAS proteins of considered 

actinobacteria were mostly positioned 

in the cytoplasm of the cell 

(Supplementary file 31). Roughly 

80.71 % were cytoplasmic, 17.8 % 

were membrane bound and 1.50 % was 

extra-cytoplasmic. Proteins with 

t r ans me mbra ne  r e g io ns  w ere 

membrane bound. The number of extra

-cytoplasmic PAS proteins was 

negligible. Thus, in compare to results 

of Jonathan and Crosson (2011), we 

found no significant differences in the 

cellular localization pattern of PAS 

protein in studied actinobacteria. 

4.8.7 Domain-domain interactions 

maintaining the biological network  

A key feature of proteins is their inter-

domain interactions. The PAS domain 

usually works in a collaborative way 

with the co-domains of the definite 

protein sequence (Taylor and Zhulin 

1999). An inspection of PAS domain 

connections with its co-domains 

stipulated insight on the impact of 

environmental effects separating the 

microbes into four biotopic clusters. A 
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common arrangement of association 

was revealed in the extremophilic 

ac t ino ba c t e r ia  ( co ns is t ing  o f 

Geodermatophilus, Blastococcus, 

Modestobacter, Cryptosporangium and 

Saxeibacter genera) where PAS 

domains were connected with various 

co -domains regulat ing diverse 

functions. For instance, PAS-MA 

(Methyl accepting chemotaxis domain) 

interaction may help in bacterial 

motility, PAS-GAF-GGDEF, HisKa- 

PAS-GGDEF-EAL and PAS-GGDEF-

EAL may control the microbial signal 

transduction (Aravind and Ponting 

1997), PAS-GAF-PP2C_SIG (protein 

phosphatase 2C domain) remain 

associated with formation of endospore 

and PAS-GAF-PHY (Phytochrome 

related domain) is responsible for the 

bacterial phytochrome related activity. 

Previous researches (Bibikov et al. 

2000; Kataoka et al. 1997; David et al. 

1988; Stock et al. 1989, Aravind and 

Ponting 1997) have shown that PAS 

domains linked with these co-domains 

can regulate bacterial motility, 

phytochrome-related activity and other 

signaling cascade mechanisms. Certain 

strains of Frankia form a N2-fixing 

symbiotic relationship with woody 

actinorhizal plants (Normand et al. 

2012). For these Frankia strains, 

majorities (97 %) of PAS domains 

were found to be allied with either 

HisKA, HATPase_C (47 %) or with 

GGDEF, EAL (50 %) and the rest 3 % 

were associated with SpoIIE, 

R e s p o ns e _ r e g ,  P AC  e t c .  I n 

Sinorhizobium meliloti RM FixL gene, 

PAS was associated with HisKA and 

HATPase_ C. PAS-HisKA-HATPase_ 

C association may induce nifA and 

nifK genes which in turn can trigger 

the N2-fixing cascade under hypoxic 

situation (Gilles and Gonzalez2004). In 

Rhizobium etli too, PAS-GGDEF-EAL 

association helps in Rhizobium-legume 

symbiosis (Gao et al. 2014). Thus, the 

connection of PAS with HisKA, 

HATPase_C or GGDEF and EAL may 

help in Frankia symbiosis too. 

Transcriptomic data analysis of 

Frankia alni ACN14a (GSE18190) 

(Alloisio et al. 2010) also exposed that, 

the expression level of proteins 

containing PAS-GGDEF-EAL and 

PAS-HisKA-HATPase_C were raised 

under symbiotic conditions when 

compared to free living conditions 

(Supplementary file 32). Those 

proteins were mostly in cytoplasmic 

and present on lagging strand (the 

reason of being so has already been 

discussed above). Thus, we may 

propose that the PAS domain 
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associated with these co-domains may 

assist the bacteria in maintaining a 

proper symbiotic association and in the 

N2 fixation process. Further proof on 

this notion requires experimental 

evidence beyond in-silico results. 

Among the free living Frankia strains, 

PAS domains were found to be 

networked with GAF, SpoIIE, 

Response_reg, GGDEF and EAL. In 

free living microbes, both GGDEF and 

EAL dynamically contribute in the 

secondary messenger pathway and act 

as equivalent response regulator with 

sensory PAS domain (Simm et al. 

2004; Taylor and Zhulin 1998). The 

other co-domains may be acting in 

analogous way as found with other soil 

bacteria by upholding the cell signaling 

cascade for important actions like 

signal transduction, chromophore 

formation, motility, sporulation etc. 

(Taylor and Zhulin 1999).  

Thus, we hypothesize that Frankia, 

which can exist in both symbiotic and 

free-living state, utilize PAS-GGDEF-

EAL relationship in an alike manner 

which is very interesting and to be 

further explored later.  For both 

pathogenic and non-pathogenic 

Mycobacterium  and ant ibio t ic 

producing Streptomyces strains, PAS 

domains were mainly networked with 

GGDEF, GAF, SpoIIE. In non-

pathogenic Mycobacterium and soil 

living Streptomyces, the role of the 

PAS domain was quite identical to free 

living Frankia., PAS domains in the 

potentially pathogenic Mycobacterium 

strains have been recognized as 

potential drug target for the treating 

tuberculosis (Cui et al. 2009; Rickman 

et al. 2004). PAS has been anticipated 

to play a crucial role in stress 

r egu la t io n in ho s t - asso c ia t ed 

Mycobacterium too (Jaiswal et al. 

2010; Rickman et al. 2004). Thus the 

importance of tertiary structure of PAS 

domains in maintaining  biological 

network is revealed. 

However, all proposed mechanisms for 

PAS domains in actinobacteria are still 

very theoretical and need advance 

research. 

4.9 Novel drug targets identification 

from tuberculosis strain 

4.9.1 Identification of pathogenic and 

host metabolic pathways 

The genomic study of different 

metabolic pathways present in 

Mycobacterium tuberculosis RGTB423

(MtR) was carried out for the 

identification of potential therapeutic 

drug targets. A disciplinary workflow 

was followed involving several 
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bioinformatics tools, databases and 

drug target prioritization parameters 

with the aim of obtaining proteins 

which could further serve as receptors 

for in silico drug designing process. 

Metabolic pathways are known to be 

vital for maintenance of homeostasis of 

an organism. Furthermore, targeting a 

protein involved in a pathway present 

in both MtR and human may lead to 

some obvious side effects in the host. 

Hence, we aimed to determine 

pathogen specific metabolic pathways 

in MtR which are totally absent in 

human. The metabolic pathways of 

human and MtR were found to be 302 

& 117 respectively. Eighty three 

pathways were obtained as common 

pathways present in both human and 

MtR. Detailed pathway studies bring 

out that a total no. of 34 pathways were 

present only in the pathogen and absent 

in host. The essential proteins involved 

in those pathways were determined to 

ensure that the proteins we are working 

on are all vital for survival of the 

organism and are also involved in 

pathogen-specific metabolic pathways. 

To further ensure that, we are targeting 

only the non-host essential proteins of 

MtR, a BLASTp analysis was done 

with the UEMP (against H. sapeins). 

This ultimately gave us 145 MtR 

proteins which are unique in the 

mentioned pathogen. These few steps 

also lowered down the number of 

workable proteins. 

4.9.2 Screening of non-host essential 

proteins 

To reduce the time required for drug 

testing and development, the addition 

of gene essentiality information and 

drug prioritization parameters offers 

great advantage in the careful selection 

of candidates for drug discovery 

pipelines.  The “knockout -rate” 

prediction states that essential genes 

should be more evolut ionarily 

conserved than are nonessential genes 

(Jordan et al. 2002). This is because 

negative purifying selection acting on 

essential genes is expected to be more 

stringent than that for nonessential 

genes, which are more functionally 

dispensable and redundant. Complying 

with this idea, Wilson et al. (1977) 

proposed that essential genes should 

evolve more slowly than nonessential 

genes. The matter of the fact is since 

we have all the essential non-host 

proteins we are ready with our 

workable set of proteins.The total no. 

of essential proteins found in MtR was 

598, among which 145 proteins were 

found to be essential as well as unique 
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to MtR (i.e. these essential proteins 

were unique for MtR). 

4.9.3 Qualitative characterization 

4.9.3.1Molecular weight  

We have performed some qualitative 

analysis (i.e. molecular weight 

d e t e r m i n a t i o n ,  s u b - c e l l u l a r 

localization, interactome study etc.) on 

the previously described set of proteins 

to further refine our final list of drug 

targets. We found 143 proteins out of 

145 which fall within the MW range of 

100kDa. A wide range of MW was 

obtained for example, KEGG ID -

MRGA423-03515 had weight of 

96.31KDa and the protein having 

KEGG ID-MRGA423-16805, whose 

weight was 6.35 KDa had the lowest 

weight (Supplementary file 33). 

Proteins with MW<100kDa were 

selected since, they act as better drug 

targets because of their more solubility 

and easier purification rate (Duffield et 

al. 2010).  

4.9.3.2 Subcellular localization 

analysis 

Subcellular localization is another 

important factor while searching for 

drug targets. Cytoplasmic proteins are 

reported to be excellent drug targets 

while, membrane proteins act as 

vaccine targets (Barh et al. 2011). 

Hence, we searched for the localization 

of the aforementioned MtR protein set 

and selected only cytoplasmic proteins 

for our further analysis. Subcellular 

localization analysis of a protein 

reveals whether the protein is suitable 

as a drug or a vaccine target. Out of the 

143 proteins, 108 were predicted to be 

cytoplasmic protein and are used for 

further studies (Supplementary file 33).  

4.9.3.3 Interactome analysis 

The interactome study reveals the 

interaction between proteins and gives 

a confidence score after the analysis of 

various parameters. The 108 proteins 

of interest were checked for interaction 

a mo ng  t he m.  T he  co mb ine d 

association score for many such 

proteins were found to be 0.99. Such 

observation clearly indicates that the 

target proteins were interactive ones 

(Supplementary file 34). Protein–

protein functional interactions mediate 

many essent ia l processes fo r 

maintaining the stability of the 

biological systems. Thus, these 

interactions plays crucial role in the 

evolutionary processes of different 

organisms. In functional study analysis, 

the most useful networks are those that 

integrate all types of interactions: 

stable physical associations, transient 

b ind ing ,  s u bs t r a t e  c ha in ing , 
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information relay etc. These functional 

associations also give an idea about the 

chokepoint of the organism (Hasan et 

al. 2006). Our interactome study 

revealed that chosen MtR proteins are 

highly interacting with considerable 

confidence score and they were ranked 

according to their druggability score. 

4.9.3.4 Druggability analysis 

Out of 108 proteins, 20 had drug bank 

entries with drug bank hits ranging 

from 1-10. Two proteins (KEGG ID-

MRGA423-08870 and MRGA423-

08330) have highest drug bank hits of 

10 and thus may be assumed as most 

druggable (Supplementary file 35).  

4.9.3.5 Rank ing the putat ive 

therapeutic targets  

Drug Target Score (DTS) was 

calculated by the equation described in 

materials and methods section which 

helps to rank up the highly druggable 

targets. According to the result 6,7-

dimethyl-8-ribityllumazine synthase 

having KEGG ID-MRGA423-08870 

showed the highest score followed by 

DNA-binding response regulator TrcR 

having KEGG ID-MRGA423_06450 

and two component sensor Y 

transduction protein with KEGG ID 

MRGA423_03080.  

4.10. Validation of the identified 

drug targets  

4.10.1. Receptor Protein Structure  

It is the normal convention that, if all 

of the proteins in the crystal are aligned 

in an identical way it forms a perfect 

crystal as all of the proteins will scatter 

X-rays the same way and the 

diffraction pattern will show the fine 

details of crystal. On the other hand, if 

the proteins in the crystal are all 

asymmetrical or jagged, due to local 

flexibility or motion, the diffraction 

pattern will not contain clear 

information. Resolution is a direct 

measure of the details that will be seen 

when the electron density map is 

calculated. High-resolution structures, 

with resolution values of 1 Å or so, are 

highly ordered and it is easy to see 

every atom in the electron density map. 

Lower resolution structures, with 

resolution of 3 Å or higher, show only 

the basic shape of the protein chain. As 

a general rule of thumb, we have more 

confidence in the location of atoms in 

structures with resolution values that 

are small, called "high-resolution 

structures" (Murshudov et al. 1997). 

Structures were also screened on the 

basis of their origin proteins from 

Mycobacterium tuberculosis were only 

considered here. 
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Among 108 predicted target proteins 

46 showed 100% alignment when 

BLASTp was performed against PDB 

Database and all of them were found to 

have valid by X-Ray cristallographie 

structure. However, when we checked 

the resolution for each of PDB 

structure we found only 21 proteins 

qualify the >2Å resolution. Among 

these 21 proteins, 3 proteins were of 

non Mycobacterium origin and were 

not considered further .These leaves us 

with 18 workable proteins receptors. 

4.10.2. Structural Refinement 

Structural refinement was carried out 

on a knowledge based potential of 

mean force and stereochemical 

correction. There was significant 

energy variation found against many 

p r o b a b le  r e c e p t o r  p r o t e in s . 

Incidentally,  ribose-5-phosphate 

i s o m e r a s e  B  ( K E G G  I D : 

MRGA423_15375) has the highest 

energy variation of -63451.3187 kcal/

mol with a moderate global distance 

test high accuracy score while, 3-

dehydroquinate dehydratase has the 

lowest energy variations of -2424.6461 

kcal/mol. Since we didn‟t consider any 

reference structure, the initial and final 

structures were used for these 

calculations. Refinement of the 

structures via KoBaMIN and using 

embedded ENCAD and KB01 potential 

force polished the structures that were 

to be used further. There were 

significant energy changes in few of 

the proteins and their confidence score 

were taken into consideration while 

selecting them (Table 11). 

4.10.3. Ligand selection 

Dr. Duke‟s Phytochemical and 

Ethnobo tanica l Databases has 

chemicals reported for Aloe vera and 

Withania somniferabut not against 

Oplopanax horridus. The database has 

163 chemicals reported for W. 

somnifera and 313 chemicals for Aloe 

vera. Among 163 chemicals of W. 

somnifera 20 chemicals have various 

activities reported against it and for 

313 chemicals of Aloe vera 73 

chemicals have reported activities 

against it. When our desired activity 

was searched 7 chemicals of W. 

somnifera and 12 of A. vera were 

found suitable. From the literature 

survey 6 of the O. horridus chemicals 

were chosen as suitable ligand. Further 

the reported drugs against our protein 

targets which had repeated DrugBank 

hits were also considered. This apart, 

the general prescribed drug against 

tuberculosis namely Ethambutol and 

Streptomycin were also used as 

standard ligands to verify the activities 
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of our phytochemicals. Based on all 

this the final list (Table 12) of ligands 

was completed. 

4.10.4. Molecular Docking 

AutoDock was employed to detect 

significant interaction among the target 

proteins and the selected ligands 

present in the plants. The ligands 

selected for this docking experiment 

were of three different types -the 

chemicals present in plant sample, the 

Drug Bank compounds which had 

maximum hits with our target proteins 

and the commonly prescribed drugs. 

The combination displaying the best 

binding affinity with RMSD (Root 

Mean Square Deviation) of zero was 

co ns ider ed fo r  o ur  ana lys is . 

Aloeemodin of Aloe vera showed good 

docking score (Table 13, Fig 4.28). 

Cardinol and nerolidol of Oplopanax 

horridus also had good activity with 

some proteins. Cycloartemol and 

Stigmasterol of Withania somniferas 

howed good activity (Fig 4.28). 

The ligands and the corresponding 

proteins having significant binding 

affinity are tabulated (Table 13, Fig 

4.28). Apart from good binding affinity 

with these phytochemicals, few 

interesting facts came up from the 

docking results. All the phytochemicals 

showed better interaction with ribose-5

-phosphate isomerase B which have a 

PDB ID of 1USL. Among all the 

phytochemicals, cefoperazone showed 

the highest interaction in average with 

all t he proteins fo llowed by 

a lo eemodin and st ig maste ro l. 

Cefoperazone has drugbank entry of 

DB01329, it‟s an approved drug 

t ho ugh no t  r epo r t ed aga ins t 

Tuberculosis (Fig 4.28). Before going 

any further it is important to chalk out 

the general groups of ligand tested 

here. There are clearly three groups, 

a mo n g  t h e m f i r s t  a r e  t h e 

phytochemicals present among the 

considered plants, second group 

contains the ligand that has entry in 

drugbank and third group contains the 

drugs generally prescribed against 

tuberculosis. It is also seen that when 

the average interactions of all the three 

groups were calculated phytochemicals 

(present in selected plants) had better 

interact ion than the Drugbank 

chemicals as well as prescribed 

medicine. When we considered activity 

on the basis of plants it is seen that 

there is not much to pick between them 

although Aloe Vera has slightly better 

interactions. Aloe emodin of Aloe vera 

showed excellent interactions with all 

the protein, one such interaction is with 
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Streptomycin and Glycerol had low 

value of logP.  Nerolidol which had the 

best individual interaction of -9.5 and a 

good overall interaction had low 

solubility with a logD value of 4.32. 

But Aloe emodin which had the best 

average interact ion among our 

phytochemicals lies in the ideal logD 

range. Moreover ligands like 

S t r e p t o myc in ,  C e fme a t a z o le , 

Cefoperazone, Glycerol, Glyoxalate, 

Stigmasterol failed all the vital 

Lipinski‟s criteria (Lipinski 2004) and 

Veber rule (Veber et al. 2002) 

Fig 4.29: Molecular Docking structures: Interaction between 2-isopropylmalate synthase 

protein having PDB ID 3HPS and aloe-emodin present in Aloe vera. On the right is the 

protein with its molecular surface and coloured entity circled is the ligand (aloeemodin) at 

its binding site. The top left corner shows the better molecular interaction view of the ligand 

with the nearby amino acid atoms. The first three alphabets are three letter amino acid codes 

and the numerical gives the position of amino acids in the protein molecule. 
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parameters. 

4.10.5. Druglikeness  

Several druglikeness parameters were 

explored. To begin with the Lipinski‟s 

criteria (https://en.wikipedia.org/wiki/

Lipinski's_rule_of_five), Streptomycin 

which is one of our ligands had more 

than 5 hydrogen donor moiety and 

Streptomycin, Cefoperazone and 

Cefmeatazole more than 10 hydrogen 

acceptor groups. According to the 

revised Lipinski‟s rules (Ghose et al. 

1999; Lipinski 2004; Veber et al. 

2002 ) molecular weight of the ligands 

should lie between 180-500 daltons. 

F r o m o u r  e x p e r i me n t a l  s e t 

Streptomycin and Cefoperazone are 

overweight  and Glycero l and 

Glyoxalate were found slight ly 

underweight (Table 14). It has also 

been stated that octanol-water partition 

coefficient of log P should be between 

−0.4 to +5.6. Streptomycin, Glycerol 

and Stigmasterol were found to lie 

outside the range (Table 14). Following 

Fig 4.30: Molecular Docking structures: Interaction between ribose-5-phosphate isomerase B protein 

having PDB ID 1USL and (E)-nerolidol present in Oplopanax horridus. On the right is the protein 

with its molecular surface and coloured entity circled is the ligand {(E)-nerolidol} at its binding site. 

The top left corner shows the better molecular interaction view of the ligand with the nearby amino 

acid atoms. The first three alphabets are three letter amino acid codes and the numerical gives the 

position of amino acids in the protein molecule. 
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the Veber rule, the polar surface area of 

Streptomycin, Cefmeatazole and 

Cefoperazone has higher Polar surface 

area and Cefoperazone has excess 

rotatable bonds. Neo druglikeness 

parameters like refractiveness revealed 

Streptomycin, Cefoperazone and 

Stigmasterol have higher refractivity 

while Glycerol and Glyoxalate have 

refractivity lower than ideal range. 

S i m i l a r l y , S t r e p t o m y c i n  a n d 

Stigmasterol had excess number of 

atoms (Table 14). From the solubility 

analysis, apart from the log P values, 

the log S values of Stigmasterol, 

Glyoxalate, Glycerol lies far from the -

5 mol/l mark and thus, were not 

favorable. Log D values at a pH 7.4 

(pH of blood plasma) were calculated 

and eventually Aloe-emodin and t-

Cadinol were found to lie in the ideal 

range. 

4.10.6. Toxicology, carcinogenicity 

and dosage recommendation 

Acute toxicity analysis, dispalying the 

minimum toxic range of a chemical 

based on fathead minnow data (Ankley 

and Villeneuve 2006) was executed. 

Furthermore, maximum recommended 

daily dose for human was carried out 

using machine learning approach. 

Carcinogenicity analysis on rodents 

multiple species analysis displayed 

ethambutol, glycerol, glyoxalateto be 

active. However, analysis for being 

oncogenic based on only rat model 

revealed glycerol and glyoxalate as 

active. Beta-sitosterol and eugenol 

were found to be cancer causing when 

they were tested on mouse model. 

Mutagenicity analys is revealed 

Ethambutol and Glycerol as active 

mutagen (Table 15). Toxicology 

analysis revealed that, Glycerol 

possessed active carcinogenicity 

according to all the three models 

considered here. Glyoxalate had active 

carcinogenicity according to rat model 

and rodents multiple species/sites 

simultaneously. Ethambutol is also 

found to be carcinogenic. Moreover, 

Aloe-Emodin was also found to 

possess mutagenicity property. 

H o w e ve r ,  C e fme a t a z o le  a nd 

Cefoperazone do not have much data to 

do the above analysis. Dosage analysis 

was available for all the chemicals. It 

mainly implies that ligands which work 

in low dose are strong chemicals and 

phytochemical considered here showed 

good result in this analysis  (Table 15) 

implicating their effectiveness in 

treating TB too. 
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Actinobacteria is one of the most 

diverse groups of microbial community 

virtually thriving in all habitats. 

Depending upon their niche they have 

been classified in seven distinct groups

- plant associated, animal associated, 

soil inhabitant, thermophilic, 

extremophilic (other than 

thermophiles), aquatic and arthropod 

associated. Advanced Next Generation 

sequencing (NGS) technology has 

enriched our database with the whole 

genome sequences of various members 

of Actinobacteria. However, the data 

generated by NGS are big-data and are 

beyond to manual analysis. 

Bioinformatics, a subject combining 

both biology and information 

technology has opened a doorway to 

deal with these big-data with more 

proficiency and less consumed time. 

Furthermore, identification and 

analysis of different metabolic pathway 

related genes and corresponding 

proteins have been possible by the 

virtue of Bioinformatics. In this study, 

we took an approach to analyze a 

number of actinobacterial genome 

sequences through in-silico technique 

to identify their codon and amino acid 

usage signatures which may help them 

to adapt in their respective niche. 

While analyzing the metabolic 

pathways of selected Actinobacteria, 

we considered eight different pathways 

and they are- (1) Carbohydrate 

metabolism pathway (CM), (2) Amino 

acid metabolism (AM), (3) Energy 

metabolism (EM), (4) Lipid 

metabolism (LM), (5) Nucleotide 

metabolism (NM), (6) Co-factor and 

vitamin metabolism (CVM), (7) 

Terpenoids and polyketides 

metabolism (TPM) and (8) Xenobiotics 

biodegradation and metabolism 

(XBM). These metabolic pathways 

related genes were found to be mostly 

potentially highly expressed. 

Comprehensive analyses of those genes 

revealed the persistence of 

compositional constrain, natural 

selection as well as translation 

Conclusion 

 

"Nothing in Biology Makes Sense Except in the Light of Evolution" 
-Christian Theodosius Dobzhansky 
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efficiency on their codon usage 

prototype. 

The energy cost analysis of 

differentially expressed proteins among 

selected Actinobacteria pointed out an 

interesting pattern. We found that, the 

actinobacteria exhibited strange energy 

cost profiling when compared to some 

other bacterial groups. It was found 

that, their potentially highly expressed 

proteins (PHXPs) were biosynthetically 

costlier than the lowly (PLXP) and 

medially expressed (PMXP) proteins 

except for humans and animal 

associated Actinobacteria. This may 

have a direct relation to their niche 

specificity.  This finding also supports 

the energy cost hypothesis where it was 

stated that energy cost theory is 

absolutely not permanent and this may 

change with the metabolic pathways, 

nutritional availability, translational 

efficiency as well as environmental 

condition. 

Next we did a comprehensive 

comparative genomics and proteomics 

analysis considering selected strains 

from some of the major genera of 

Actinobacteria. The persistence of 

compositional constrain was very much 

evident from this analysis. It was also 

revealed that, in spite of differential 

aromatic (costly bulky chain amino 

acids like phenylalanine, tyrosine and 

tryptophan) amino acid usage among 

PHXPs, PMXPs and PLXPs their 

overall usage could not triumph over 

the total aliphatic amino acid usage. 

Thus, Actinobacteria ultimately 

maintain an energy economic state in 

all the niches they thrive. Comparison 

among the results obtained from Blast 

matrix, MLSA phylogeny, ANI matrix 

and pan-core pool analysis showed 

very similar clustering pattern among 

selected strains of each genus. This 

further validates the accuracy of the 

approaches we undertook for this study. 

Systematic detection of secretory 

proteins among selected 

Mycobacterium and methodical 

assessment of their functions and 

attributes led to the exposure of various 

appealing features of extracellular 

protein secretion. Abridged 

biosynthetic cost of secretory proteins 

in comparison to the non-secretory 

counter-parts implicated that the 

members of Mycobacterium strictly 

obey the cost-minimization strategy 

during secretory element synthesis. The 

tendency of reducing the biosynthetic 

energy cost of secretory proteins 

seemed rational from the perception of 

„microbial economy‟ as protein 

secretion is alleged to be an irreversible 
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process and the secretory proteins 

which are once transported will not be 

re-cycled further by the cellular 

chaperons. Functional profiling of 

those proteins exposed their association 

in various vital activities like 

carbohydrates and amino acids 

transport, cell membranes biogenesis 

and cellular signaling. Elevated 

quantity of potentially virulent 

secretory components among the 

pathogenic Mycobacterium strains in 

contrast to the non-pathogenic 

members supported the pathogenic and 

virulent mode of lifestyle. A definite 

trend evident from the evolutionary 

investigation was that the secretory 

proteins evolved faster rather than the 

non-secretory elements in the 

pathogenic strain of the 

Mycobacterium. However, such 

contrasting evolutionary pattern was 

not apparent among the non-pathogenic 

strains. Faster evolution of the 

secretory proteins might assist the 

pathogenic members of Mycobacterium 

to expand the variety of vulnerable 

hosts and resourcefully escape host 

immune responses. 

A similar analysis on the secretomes 

was also done on extremophilic 

Geodermatophilaceae family. This 

unusual family of actinobacteria live 

mostly in unfavourable biotopes like 

desert, stones, Antarctic regolith and 

sea water. Some of them have also been 

isolated from lake sediments and 

rhizospheric soils. Geodermatophilus, 

Blastococcus, Modestobacter and 

newly proposed Klenkia are the genus 

under the aforementioned order. The 

genomic, proteomic and evolutionary 

pattern of all the available 

Geodermatophilaceae strains were 

investigated. The study exposed the 

effect of compositional constrains, 

translational efficiency and natural 

selection over the considered stains. 

Evolutionary analyses have recognized 

the perseverance of purifying selection 

on PHX genes.Higher rate of evolution 

among the functionally crucial signal 

peptide part directed the significance of 

cellular cross talk and niche 

adaptability among considered 

genomes. Comparative genomic study 

revealed the resemblance of 

Geodermatophilus sp. Leaf369 with 

other Klenkia strains. ANI values also 

hold up those findings. Thus, G. sp. 

Leaf369 may be re-classified as K. sp. 

Leaf369. 

Following the secretome study we 

focused on the CAZyme set of plant 

host associated Frankia. Frankia is 

popular for their symbiotic alliance 



   CONCLUSION  151 

 

with actinorhizal plants. They live in 

the root nodules and obtain nutrition 

from plant hosts. CAZymes help in 

breaking the complex plant 

polysaccharides into simpler ones and 

help microbes to utilize them. 

Exploration of frankial CAZyme 

revealed the predominance of GH and 

GT category CAZymes among selected 

strains may be for improved host plant-

polysaccharide degradation. A 

comprehensive bioinformatics analysis 

on frankial CAZyme set revealed 

compositional constrains along with 

translational efficiency and natural 

selection were the major attributes for 

their codon usage pattern. Most of the 

CAZyme genes were potentially highly 

expressed in all considered strains of 

Frankia. Moreover, amino acid usage 

analysis exposed elevated utilization of 

aromatic amino acids in CAZyme 

proteins enhancing their protein 

biosynthetic energy cost. Further, 

phylogenetic investigation pointed out 

that, type of host plant polysaccharides 

may have an effect on Frankia 

CAZymes as well as their life style. A 

detailed evolutionary analysis indicated 

a very strong purifying selection on 

CAZyme set indicating their vital role 

in nodule formation, plant host 

association, nitrogen fixation and 

assimilation. Thus, the crucial role of 

CAZymes in plant host alliance is 

clearly evident.  

Our next approach was to generate a 

phylogenetic tree based on the presence 

and absence of protein domains. 

Protein domains are essential parts of 

proteins, having their own structure and 

functionality. They are vital in terms of 

protein functionality, niche adaptation 

and evolution. A comparison of the 

newly built domain-based tree with 

previously published MLSA tree 

established noteworthy similarities 

between them (with a few exceptions). 

Some actinobacteria clustered with 

taxonomically un-related or distantly 

related strains which were sharing same 

biological habitat. They also tend to 

share a number of protein domains 

which were biologically connected 

upholding some crucial metabolic and 

biological processes ultimately aiding 

to their niche adaptive ability. 

Among the core protein domains 

(domains present in all considered 

strains) Per-Arnt-Sim (PAS) domain 

was one. We studied the significance of 

PAS domain among selected 

actinobacterial strains. Those were 

found to be important in signal 

transduction of actinobacteria. Majority 

of PAS genes were found to be present 
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on lagging strand indicating their 

involvement in adaptive evolution. 

Most interestingly, the diversity in 

functionality of PAS domain was found 

to be related with its own structure and 

associated co-domains. Hence, we may 

hypothesize that; PAS along with their 

co-domains may regulate the biological 

network or vice-versa. 

Our next approach was towards 

identification of novel drug targets 

from one Indian Mycobacterium 

tuberculosis strain. A comprehensive 

comparative metabolic pathway 

analysis was done between selected M. 

tuberculosis strain and human to detect 

microbe-specific pathways. A number 

of new drug targets were identified and 

validated through docking study. While 

performing the molecular docking 

analysis some interesting trends were 

found. In most cases the 

phytochemicals were found to win over 

the prescribed medicines when the new 

drug targets were considered.  

An ideal lead molecule should be the 

compound that have a good binding 

affinity with target proteins and also 

shows minimal or no toxicity. The 

“Lipinski‟s rule of five” and “Veber 

rule” of drug selection are 

internationally accepted. The 

interesting fact revealed from the entire 

study was that, most of the prescribed 

medicine were either not considerably 

effective to the novel drug targets or 

did not pass the ADME test. 

Cefoperazone, the best compound we 

got from molecular docking result also 

failed to overcome the toxicology and 

ADMET barrier. Aloe-emodin of Aloe 

vera, E-nerolidol of Oplopanax 

horridus and Stigmasterol of Withania 

somnifera were found to be outshined 

others considering all the 

aforementioned criteria. Hence, 

measures are needed to be taken to 

discover new drugs from the plant 

derieved phytochemicals against the 

emerging MDR and TDR TB strains.  
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Software used in  the present study 

A2 

Name Executable Description 

AutoDock Vina Windows/Linux Suite of automated docking tools 

Bioedit Windows Biological sequence alignment editor 

BLAST Windows/Linux Algorithm for local similarity between sequences 

CMG-biotools Linux Stand alone package for comparative microbial 
genomics 

CodonR Windows Script for calculation of tRNA Adaptation Index 
(tAI) 

CodonW (v1.4.4) Windows Program for codon and amino acid usage 

DAMBE (v5.0) Windows Software package for sequence analysis 

Cytoscpae Windows Software for plotting biological network 

MEGA (v6.06) Windows Tool for  sequence alignment and phylogeny 

Open Babel Windows/Linux Tool for inter-conversion of interactive molecular 
structure formats 

PAML (v4.9) Linux Phylogenetic analysis using maximum likelihood 

Pymol (v1.8.2.3) Windows Molecular visualization software written in python 

R-Package (v3.3.1) Windows/Linux Functional language for statistical analysis 

SPSS Windows Software package used for statistical analysis 

tRNAscan-SE Linux Stand-alone package for information of anticodons 

NTsys Windows Software for binary data based phylogeny 
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Databases and web-based servers used in present study 

A3 

Name Web Address Description 

CAI 
Calculator2 

www.userpages.umbc.edu/~wug1/
codon/cai/cais.php 

Calculation of codon adaptation 
index 

 CAZy  www.cazy.org Carbohydrate-Active enZymes 
Database 

CELLO (v 2.5) 
  

www.cello.life.nctu.edu.tw Prediction of subcellular 
localization 

Clustal Omega www.ebi.ac.uk/Tools/msa/clustalo Sequence alignment 

Codon Usage 
Database 

 www.kazusa.or.jp/codon Database containing information 
regarding codon usage of several 

organisms 

 DEG  www.tubic.tju.edu.cn/deg Database of Essential Genes 

Dr Duke’s 
Phytochemical 

and 
Ethnobotanical 

Database 

 www.phytochem.nal.usda.gov Information about the 
phytochemicals in medicinal 
plants and their bioactivities. 

DrugBank  www.drugbank.ca Database of drug information 

ExPASy 
(Compute pI/

Mw) 

www.web.expasy.org/compute_pi Calculation of molecular weight 

JGI IMG www.img.jgi.doe.gov Integrated Microbial Genomes 

KEGG  www.genome.jp/kegg Kyoto Encyclopedia of Genes and 
Genomes 

MetaCyc  www.metacyc.org Metabolic Pathway Database 

NCBI www.ncbi.nlm.nih.gov National Center for Biotechnology 
Information 

RCSB PDB www.rcsb.org/pdb RCSB Protein Data Bank 

SignalP  (v4.1) www.cbs.dtu.dk/services/SignalP Prediction of signal peptides 

STRING 
(v10.0) 

  

www.string-db.org Protein interaction network 
analysis 

TMHMM  
(v2.0) 

  

www.cbs.dtu.dk/services/TMHMM Prediction of transmembrane 
helices 
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Scripts utilized in the present study 

Name Description 

Cogcount.pl Perl script used for counting the frequencies of COG 
subcategories 

Concat.pl Perl script employed for concatenation of Fasta 
sequences 

Genebank.pl Perl script for retrieving gene sequences from 
Genbank in Fasta format. 

KaKsmod.pl Perl script for determining of pairwise Ka/Ks  value 
by running codeml program 

Ortho.pl Perl script for parsing blast results for ortholog 
detection 

Removeblk.pl Perl script for  removing blank spaces in genome 
information 

3Dplot.R R-script for generation of Three dimensional (3D) 

plots 

In-house developed scripts: 

Scripts developed by others: 

Name Description 

Freqaa.pl  Perl script used for determination of amino-acid 

compositions  

Specific_gene.pl Perl script retrieving pan-genome and core-genome 

Codon_pairing_AA.pl Perl script employed for calculation of successive 

synonymous codon pairs 

Roseplot.R R-script for rose plot construction 

pancoreplot_createconfig  Perl script for generation of Pan-Core genome plot  

A4 
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Supplementary File 1 List of organisms chosen for the detailed characrerization of metabolic 

pathway related genes and corresponding proteins. 

Supplementary File 2 List of organisms investigated for the comparative genomics approach. 

Supplementary File 3 Statistical analysis of protein biosynthetic energy cost among differentially 

expressed proteins of different niche associated actinobacteria 

Supplementary File 4 Table enlisting the differentially expressed proteins among actinobacteria 

inhabited in diverse condition 

Supplementary File 5 Comparison among Actinobacteria and cyanobacteria regarding the CAI 

value Amino acid metabolism related genees and signalling component 

genes. 

Supplementary File 6 Statistical analysis of protein biosynthetic energy cost among differentially 

expressed proteins of Cyanobacteria, Firmicutes, Proteobacteria and Yeast 

Supplementary File 7 Predicted secretomes in pathogenic and non-pathogenic Mycobacterium 

Supplementary File 8 Amino acid usage pattern of secretomes and non-secretomes in pathogenic 

and non-pathogenic members of Mycobacterium 

Supplementary File 9 Secretome-based BLAST matrix of Mycobacterium 

Supplementary File 10 Correlation matrix heatmap among (a) codon usage  and (b) amino acid 

usage indices of Blastococcus,  Modestobacter and  Geodermatophilus 

Supplementary File 11 Cluster of Orthog (COG) anlysis of Frankia strains considered for CAZyme 

study 

Supplementary File 12 Spearman Rank Correlation among codon usage indices of (a) selected 

Frankia genomes and (b) their respective CAZymes 

Supplementary File 13 Validation of CAI resules of frankial CAZYmes through transcriptome data 

of Frankia alni ACN14a 

Supplementary File 14 Spearman Rank Correlation among amino acid usage indices of (a) selected 

Frankia genomes and (b) their respective CAZymes 

Supplementary File 15 An all against all protein comparison of  (a) selected Frankia proteomes and 

(b) their respective CAZymes 

Supplementary File 16 Binary data set prepared for domain based phylogeny construction 

Supplementary File 17 File enlisting (a) shared domains among Acidothermus cellulolyticus and 

Acidimicrobium ferroxidens and (b) their biological network  

Supplementary Files 

List of Supplementary materials. 

(provided in the compact disc attached with the thesis) 
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Supplementary File 18 File enlisting (a) shared domains among Kineococcus radiotolerans, 

Jonesia denitrificans and Sanguibacter keddieii and (b) their biological 

network  

Supplementary File 19 File enlisting (a) shared domains among Kytococcus sedentarius and 

Micrococcus luteus and (b) their biological network  

Supplementary File 20 File enlisting (a) shared domains among Kribbella flavida and 

Micromonosporales and (b) their biological network  

Supplementary File 21 File enlisting (a) shared domains among Stackebrandtia nassauensis and 

Saccharopolyspora erythraea and (b) their biological network  

Supplementary File 22 File enlisting (a) shared domains among Intrasporangium calvum and 

Nocardioides dokdonensis and (b) their biological network  

Supplementary File 23 File enlisting (a) shared domains among Conexibacter woesei and 

Rubrobacter xylanophilus and (b) their biological network  
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Supplementary File 28 PAS genes predicted to be Horizentally Transferred Genes by statistical 

Mann Whittney U test (two-tailed) 
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Supplementary File 30 Three dimensional stuctures of PAS domains 
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Supplementary File 33 Physio-chemical properties of  predicted drug target proteins 

Supplementary File 34 STRING Interaction Map of predicted drug target proteins 

Supplementary File 35 Ranking of the predicted drug targets 

Supplementary Figures 

Supplementary Figure 1  Heatmap showing the effect of compositional constrain on the metabolic 

pathway related genes. 

Supplementary Figure 2  Heatmap showing correlation coefficients between CAI and Enc. 
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Supplementary Figure 3  Heatmap showing correlation coefficients between GC3 and Enc.  

Supplementary Figure 4  Heatmap showing correlation coefficients between CAI and Fop.  

Supplementary Figure 5  Heatmap showing correlation coefficients between CAI and tAI.  

Supplementary Figure 6  Heatmap showing correlation coefficients between tAI and Fop. 

Supplementary Figure 7  Comparative genomics and proteomics among selected Amycolatopsis 

strains 

Supplementary Figure 8  Comparative genomics and proteomics among selected Bifidobacterium 

strains 

Supplementary Figure 9  Comparative genomics and proteomics among selected Corynebacterium  

strains 

Supplementary Figure 10  Comparative genomics and proteomics among selected Frankia strains 

Supplementary Figure 11  Comparative genomics and proteomics among selected Nocardia strains 

Supplementary Figure 12  Comparative genomics and proteomics among selected Rhodococcus 

strains 

Supplementary Figure 13 Comparative genomics and proteomics among selected Tropheryma 
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Supplementary Figure 14  Comparative genomics and proteomics among selected Streptomyces 

strains 

Supplementary Figure 15  Comparative genomics and proteomics among selected 

Propionibacterium strains 

Supplementary Figure 16  Comparative genomics and proteomics among selected Mycobacterium 

strains 

Supplementary Figure 17  Comparative genomics and proteomics among selected  

Geodermatophilaceae strains 

Supplementary Figure 18  Comparative genomics and proteomics among selected Geodermatophilus  

strains 

Supplementary Figure 19  Comparative genomics and proteomics among selected Modestobacter 

strains 
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Abstract Various strains of the genus Bifidobacterium

are crucial members of the human, animal and insect gut,

associated with beneficial probiotic activities. An extensive

analysis on codon and amino acid usage of the GC rich

genus Bifidobacterium has been executed in the present

study. Multivariate statistical analysis revealed a coupled

effect of GC compositional constraint and natural selection

for translational efficiency to be operative in producing the

observed codon usage variations. Gene expression level

was inferred to be the most crucial factor governing the

codon usage patterns. Amino acid usage was found to be

influenced significantly by hydrophobic and aromatic

character of the encoded proteins. Gene expressivity and

protein energetic cost also had considerable impact on the

differential mode of amino acid usage. The genus was

found to strictly obey the cost-minimization hypothesis as

was reflected from the amino acid usage patterns of the

potential highly expressed gene products. Evolutionary

analysis revealed that the highly expressed genes were

candidates to extreme evolutionary selection pressure and

indicated a high degree of conservation at the proteomic

level. Interestingly, the complimentary strands of replica-

tion appeared to evolve under similar evolutionary

constraints which might be addressed as a consequence of

absence of replicational selection and lack of strand-

specific asymmetry among the members of the genus.

Thus, the present endeavor confers considerable know-how

pertaining to the codon and amino acid usage intricacies in

Bifidobacterium and might prove handy for further scien-

tific investigations associated with the concerned domain.

Keywords Bifidobacterium � Codon usage � Amino acid

usage � Correspondence analysis � Evolutionary rate

Introduction

Gastrointestinal tract of human beings, animals and insects

harbor a wide range of microbial population, a substantial

proportion of which is comprised of ‘‘friendly’’ probiotic

bacteria. Probiotics are defined as live microorganisms

which when administered in adequate amount, into the host

system, bestow a health benefit on the host (Medina et al.

2007).

One of the most important and numerically dominant

genera of probiotic bacteria residing within the human gut

is the GC rich, Gram-positive anaerobic Bifidobacterium

that belongs to the phylum Actinobacteria (Mitsuoka

1990). Several bifidobacterial species have been reported to

render crucial beneficiary effects on the physiological

‘‘well being’’ of a wide range of hosts which include

mammals, birds and insects (Ventura et al. 2007). Bifi-

dobacterium produces organic acids like lactic acids, acetic

acids and some bioactive metabolites as end products of

fermentation. These metabolites render strong bactericidal

effects, thus, inhibiting the pathogenic microbes to thrive

and vibe in the host intestinal niche (Ishibashi et al. 1997;

Lau and Liong 2014; Wei et al. 2012). Several species of
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the genus Bifidobacterium ameliorate the intestinal envi-

ronment by an appropriate degradation of the putrefactive

products of various metabolic pathways (Ishibashi et al.

1997) and by efficient utilization of non-digestible

oligosaccharides (Wei et al. 2012). Various strains are also

believed to confer immunomodulatory effects in bolstering

the host intestinal defense against pathogenic microbes by

regulating the production of specific and nonspecific anti-

bodies, by their antitumor effects and by offering resistance

against a broad range of bacterial toxins (Yamazaki et al.

1991). However, subtle mechanisms pertaining to im-

munomodulation, as of now, appear to remain obscure.

The genus Bifidobacterium has been of enormous in-

terest, in general, and has been of immense purpose in the

food and pharmaceutical sectors, in particular, for the

known beneficial effects. Bifidobacterium longum

NCC2705 was the first strain of the genus that was com-

pletely sequenced in the year 2002 (Schell et al. 2002) and

a proper genomic analysis led to the revelation of various

adaptive strategies of this organism in the human gut. The

strain was found to catabolize variety of oligosaccharides

thus, helping human host in proper digestion. Presence of

eukaryotic-type serine protease inhibitor (serpin) protein

was inferred to account for the immunostimulatory ac-

tivities of B. longum NCC2705. Immediately after this,

complete genome sequences of several other strains like

Bifidobacterium longum longum DJO10A (Lee et al. 2008),

Bifidobacterium longum longum JDM301 (Wei et al. 2010)

and Bifidobacterium longum infantis ATCC 15697 (Sela

et al. 2008) were available leading to vigorous research on

probiotic tactics of the genus. Bifidobacterium animalis

lactis BB-12 has been a distinguished commercial probi-

otic strain that is marketed throughout the globe (Gilad

et al. 2011). Bifidobacterium bifidum S17 is another

beneficial strain that has been found to exhibit strong ad-

hesive tendencies with the host intestinal epithelial lining

and render anti-inflammatory effects against colitis

(Preising et al. 2010). Thus, majority of the strains have

established themselves as prominent probiotics and have

been exciting candidates for extensive biological research

and scientific inquiries.

Advancement of genome sequencing technologies has

revolutionarized biological research. Plethora of informa-

tion regarding genome profile can now be mined with the

availability of fully-sequenced genomes. Study of codon

usage patterns of several genes and genomes is a popular

technique to characterize and analyze genomic trends from

a bioinformatics-based perspective. Determination of rates

of synonymous and non-synonymous nucleotide diver-

gence in prokaryotic and eukaryotic models has been an

effective tool to explore possible patterns in molecular

evolution. Differential evolutionary trends like purifying

selection constraint on the highly expressed essential genes

in Escherichia coli and Salmonella typhimurium (Berg and

Martelius 1995) and positive selection on cell surface

proteins and transposases in E. coli and Shigella flexneri

(Petersen et al. 2007) have been reported long back.

Codon usage patterns and preferences vary significantly

within and between organisms (Grantham et al. 1981;

Sharp et al. 1988; Zhou and Li 2009). The phenomenon of

differential codon usage was proposed by Grantham et al.

(1981) in the ‘‘genome hypothesis’’ theory and it was also

stated that codon biases are usually species specific. Var-

iations in codon usage have been attributed to various de-

terminants such as compositional constraints (Hou and

Yang 2003; Karlin and Mrazek 1996), selection pressure

for translational efficiency (Romero et al. 2003), gene ex-

pression level (Duret and Mouchiroud 1999; Romero et al.

2003; Sharp and Li 1986), abundance of transfer RNA

(tRNA) (Duret 2000; Ohkubo et al. 1987), replicational-

transcriptional selection (Das et al. 2005; Guo and Yu

2007; Guo and Yuan 2009; McInerney 1998; Romero et al.

2000), codon–anticodon interactions (Shi et al. 2001),

protein secondary structure (Gu et al. 2004), gene length

(Moriyama and Powell 1998), hydropathy of proteins

(Romero et al. 2000), stability of mRNA folding (Kahali

et al. 2007), etc. Compositional constraints and natural

selection for translation are reported to be the major factors

that crucially govern the codon usage patterns of various

prokaryotic as well as eukaryotic genomes (Gu et al. 2004;

Romero et al. 2003; Sharp et al. 1993). Our group previ-

ously reported such an instance in GC rich Actinobacteria,

Frankia, where both GC compositional constraint and

natural selection for translation influenced the codon usage

trends (Sen et al. 2008). However, some extremely AT/GC

rich unicellular organisms have been found to display

codon usage signatures solely influenced by base compo-

sitional bias (Andersson and Sharp 1996; Ohama et al.

1990). Cases have also been reported where translational

selection factor has been found to govern the codon usage

in highly expressed genes of an organism. Such occur-

rences have been interpreted to be outcomes of preferential

usage of specific sets codons, which are recognized by the

most abundant isoacceptor tRNAs (Ikemura 1981, 1982).

Organisms like E. coli (Ikemura 1981), Drosophila me-

lanogaster (Moriyama and Powell 1997) and Caenorhab-

ditis elegans (Duret 2000) show trends where codon usage

patterns of highly expressed genes are dictated by the

abundance of tRNAs. Usage of preferred codons, with

corresponding abundant tRNA population, have been in-

ferred to be accountable for three to six fold differences in

rates of translation (Robinson et al. 1984) and ten-fold

differences in translational efficacy (Precup and Parker

1987). Similarly, amino acid usage variations in microbial

genomes have also been observed to be governed by sev-

eral factors like hydrophobicity, aromaticity and expression

960 World J Microbiol Biotechnol (2015) 31:959–981
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level of the respective gene products (Das et al. 2006;

Lobry and Gautier 1994). Thus, several crucial factors have

been found to be accountable for discrepancies in codon

and amino acid usage behaviour.

Biased usage of single codons is not the sole factor that

significantly dictates translational efficiency. Recently, it

has been suggested that predisposition in the arrangement

patterns of successive synonymous codon pairs consider-

ably administer translational accuracy (Buchan et al. 2006;

Fedorov et al. 2002; Gutman and Hatfield 1989; Irwin et al.

1995). Pairs of synonymous codons that appear in suc-

cessive fashion, regardless of the number of codons that

code for different amino acids (non-synonymous codons)

occurring between them, are termed as successive syn-

onymous codon pairs (Cannarozzi et al. 2010). It has been

reported in prokaryotic and eukaryotic forms of life that the

usage of synonymous codon pairs do not occur by chance

and such an usage clearly has a motive to optimize the

speed and fidelity of protein synthesis (Cannarozzi et al.

2010; Fredrick and Ibba 2010; Guo et al. 2012; Plotkin and

Kudla 2011; Zhang et al. 2013). Biased usage of identical

pairs of codons has been well attributed to maximize

translational efficacy in bacterial, archaeal and eukaryotic

forms of life (Cannarozzi et al. 2010; Guo et al. 2012;

Zhang et al. 2013). Non-identical codons pairs that are

accepted by isoaccepting tRNAs (non-identical co-tRNA

codon pairs) have also been observed to be mostly over-

represented while codon pairs read by non-isoaccepting

tRNAs (tRNAs without isoacceptors) appear to be fre-

quently underrepresented. Thus, preferential usage of

synonymous codon pairs and ‘codon autocorrelation’ (also

termed as ‘codon reuse’) provide newer insight to properly

elucidate translational mechanisms.

Availability of completely sequenced bifidobacterial

genomes has made it feasible to explore the complexities of

speciation employing several phylogeny-based approaches

(Milani et al. 2013; Ventura et al. 2004; Lugli et al. 2014)

and unravel the intricacies of adaptation using comparative

genomics based attempts (Bottacini et al. 2010, 2012,

2014; Lukjancenko et al. 2012; Lugli et al. 2014; Milani

et al. 2014). However, a thorough understanding of the

factors underlying the complex codon and amino acid

usage behaviour in the genus Bifidobacterium is yet to be

accomplished. The present work has been a comprehensive

study to explore the potential factors that influence the

fashion of codon and amino acid usage in this interesting

genus.

Proper codon and amino usage analysis promises to

unravel an extensive body of information towards the de-

signing of an accurate codon optimization methodology

and construction of synthetic genes and corresponding gene

products, with higher translational efficacy. Our attempt

has been intended to address and explore the shifts in

mutation-selection balance and unravel the enigma of

codon and amino acid usage patterning in Bifidobacterium.

Materials and methods

Retrieval of coding sequences

Complete coding sequences of B. animalis lactis BB-12

genome and twenty three other strains of Bifidobacterium

(listed in Table 1) were retrieved from the Integrated Mi-

crobial Genomes (IMG) database (http://img.jgi.doe.gov/

cgi-bin/w/main.cgi) (Markowitz et al. 2006). Coding se-

quences having length greater than or equal to 300 bp with

Table 1 Overall codon usage data of B. animalis lactis BB-12

AA Codon N RSCU AA Codon N RSCU

Phe UUU 1478 0.15 Ser UCU 1478 0.26

UUC 18,420 1.85 UCC 9110 1.59

Leu UUA 439 0.05 UCA 2445 0.43

UUG 6377 0.76 UCG 11,497 2.01

CUU 6380 0.52 AGU 1944 0.34

CUC 19,480 2.31 AGC 7792 1.36

CUA 897 0.11 Cys UGU 1176 0.36

CUG 19,096 2.26 UGC 5387 1.64

Tyr UAU 5356 0.70 Pro CCU 2239 0.33

UAC 10,055 1.30 CCC 6481 0.95

His CAU 7382 0.99 CCA 3221 0.47

CAC 7523 1.01 CCG 15,453 2.26

Gln CAA 3912 0.37 Arg CGU 7844 1.24

CAG 17,336 1.63 CGC 18,196 2.87

Ile AUU 7265 0.71 CGA 2919 0.46

AUC 21,263 2.07 CGG 5063 0.80

AUA 2230 0.22 AGA 1534 0.24

Asn AAU 6393 0.64 AGG 2415 0.38

AAC 13,665 1.36 Thr ACU 2018 0.24

Lys AAA 4807 0.47 ACC 15,580 1.84

AAG 15,864 1.53 ACA 3548 0.42

Val GUU 3108 0.27 ACG 12,781 1.51

GUC 13,246 1.17 Ala GCU 3800 0.25

GUA 2313 0.20 GCC 26,109 1.71

GUG 26,589 2.35 GCA 10,012 0.65

Asp GAU 13,045 0.71 GCG 21,326 1.39

GAC 23,821 1.29 Gly GGU 7659 0.68

Glu GAA 12,723 0.73 GGC 26,407 2.35

GAG 22,073 1.27 GGA 5299 0.47

GGG 5499 0.49

Amino acids preferentially coded by GC rich codons are marked in

bold

RSCU cumulative RSCU values by summation of RSCU of all genes,

N number of codons, AA amino acids
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proper initiation and termination codons were only con-

sidered for further analysis in order to minimize sampling

errors (Wright 1990).

Calculation of codon and amino acid usage indices

Relative synonymous codon usage (RSCU) and several

other codon usage parameters like GC3 (frequency of

codons ending with Guanine [G] or Cytosine [C] in the

third synonymous position of the codon, excluding Met,

Trp, and termination codons), GC (frequency of Gua-

nine ? Cytosine), effective number of codons (Nc), fre-

quency of optimal codons (Fop), A3 s, G3 s, C3 s and T3 s

(the composition of the nucleotide bases Adenine [A],

Guanine [G], Thymine [T] and Cytosine [C] at the third

synonymous position of the codons) were calculated using

the CodonW (Ver. 1.4.2) program (http://www.molbiol.ox.

ac.uk/cu) (Peden 1999). Relative amino acid usage

(RAAU) and other amino acid usage indices like grand

average of hydropathicity (GRAVY) and aromaticity were

also estimated using the same CodonW program. Energetic

costs of protein sequences (in terms of high energy phos-

phate bonds) of the concerned bifidobacterial strains were

calculated using the DAMBE software (Xia 2013). The

software employs the calculation scheme introduced by

Akashi and Gojobori (2002).

Effective number of codons (Nc) is an accurate measure

as how a small subset of codons is used by a gene and has

been suggested as a direct estimate of synonymous codon

usage in genes and genomes (Wright 1990).

Nc is computed as:

Nc ¼ 2þ Sþ 29

S2 þ ½1� S�2

 !

where S signifies frequency of GC3 s.

Frequency of optimal codons (Fop) represents the frac-

tion of synonymous codons that are aptly accepted by the

most abundant isoacceptor tRNAs and thus, used optimally

(Ikemura 1985).

Relative synonymous codon usage is a simple measure

of the heterogeneity in the usage pattern of synonymous

codons (Sharp and Li 1986). RSCU values represent the

number of times a particular set of codon is observed with

respect to the number of times it would have been expected

in case of an uniform synonymous codon usage.

RSCU is formulated as:

RSCU

¼ Frequency of codon

Expected frequency of codon ðif codon usage was uniformÞ

RSCU value greater than one indicates that the observed

frequency of synonymous codons is more compared to the

expected frequency and lower than one indicates the op-

posite (dos Reis et al. 2003).

Estimation of codon adaptation index (CAI)

Codon adaptation index (CAI) is another crucial parameter

in determining the codon usage variations among genomes.

CAI is defined as the relative adaptivity of codon usage of a

gene in comparison to the codon usage of highly expressed

genes. CAI is calculated in reference to a relative set of genes

(Sharp and Li 1987) which are assumed to be highly ex-

pressed (generally ribosomal proteins). CAI values range

from 0 to 1. Higher values indicate higher bias and illustrate

similar codon usage patterns to that of the reference set. CAI

Calculator 2 server (http://userpages.umbc.edu/*wug1/

codon/cai/cais.php) (Wu et al. 2005) was employed to cal-

culate CAI in all the twenty four strains. The top 10 % of the

genes with highest CAI values were considered as the po-

tential highly expressed (PHX) genes and the 10 % of genes

with lowest CAI values were taken as the potential lowly

expressed (PLX) genes (Sen et al. 2008).

Multivariate statistical analysis of codon and amino

acid usage

The variations in codon and amino acid usage patterns in a

genome can be studied extensively employing multivariate

statistical techniques. Correspondence analysis (CoA) is

one such type of multivariate statistical tool that has always

been effective in analyzing the trends of variable codon

usage patterns (Greenacre 1984). CoA on the basis of

RSCU and RAAU were performed using CodonW pro-

gram. Correspondence analysis is a congregated technique

that highlights the major tendencies in the variation of data

and places them along the continuous axes according to the

variations observed. Data plotted in a multidimensional

hyperspace of 59 orthogonal axes (excluding Met, Trp and

stop codons) reveal the most prominent axes of separation

of the genes on the basis of codon and amino acid usage

variations.

Calculation of synonymous codon usage order

(SCUO)

Synonymous codon usage order has been defined as an

estimate depicting the quantitative relationship between

synonymous codon usage bias and GC composition of an

organism (Wan et al. 2004). SCUO values for the men-

tioned bifidobacterial strains were calculated using

CodonO program (http://sysbio.cvm.msstate.edu/CodonO/)

(Angellotti et al. 2007) and were compared with the overall

GC composition (GC) and the GC variations in different

codon positions, i.e., GC1, GC2 and GC3.
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Successive synonymous codon order analysis

Calculation scheme followed by Cannarozzi et al. (2010)

and Guo et al. (2012) was employed for the estimation of

successive synonymous codon pairs in the concerned bifi-

dobacterial strains. The nine amino acids (Ala, Arg, Gly,

Iso, Leu, Pro, Ser, Thr and Val) with at least two tRNAs

were taken into consideration. The frequencies of con-

secutive sets of synonymous codon pairs for these amino

acids were estimated using a BioPerl script. The expected

frequencies were obtained as products of the frequencies of

individual codons of each pair. Z-score that reflected the

deviation of observed frequency from the expected fre-

quency, with respect to standard deviation, was computed

for a particular consecutive synonymous codon pair using

the following equation:

Zscore ¼ Observed frequency� Expected frequency

Standard Deviation

The occurrence of a successive synonymous codon pair

was considered to be favoured, if the difference of the

observed frequency from the expected one was found to

be C3 standard deviation (assuming binomial distribution)

and disfavoured, if the mentioned difference was found to

be B-3 standard deviation (assuming binomial distribu-

tion) (Guo et al. 2012). A particular successive synony-

mous codon pair was considered to be occurring neutrally

when the difference of the observed frequency from the

expected one was found ranging between -3 and ?3

standard deviation.

Generation of heatmaps, roseplots and barplots

Heatmap is a graphical display of data that uses colour

codes to represent individual values of the concerned data,

thus, highlighting the variations in the dataset. Heatmaps

based on the relative frequencies of codons and amino

acids were plotted using CMG Biotools-package (http://

www.cbs.dtu.dk/staff/dave/CMGtools/) (Vesth et al. 2013).

Roseplots reflect the frequency of concerned data in a

circular scale. Roseplots on the basis of codon and amino

acid usages and barplots pertaining to the codon position

and frequencies of the nucleotides were also generated

using same CMG Biotools package. Heatmaps, roseplots

and barplots, thus generated, provided an explanatory vi-

sual display of the codon and amino acid usage patterns

helping in the analysis of the various trends in the genus.

16S rRNA based phylogeny and grouping

of the bifidobacterial genomes

Neighbor-joining phylogenetic tree (based on the Nu-

cleotide: Maximum Composite Likelihood method) was

generated from the 16S ribosomal RNA (rRNA) sequences

of the bifidobacterial genomes using Mega6.0 software

(Tamura et al. 2013). Kimura two parameter (K2P) model

was employed to generate a distance matrix based on the

relative distances of the various clades that resulted from

the phylogenetic tree and the corresponding K2P distances

were found to be statistically significant.

Filtering the translationally optimal codons

Codons that are significantly more often used in genes with

higher expression level than the ones with lower levels of

expression are frequently described as the optimal codons.

Translationally optimal codons are defined as the sets of

optimal codons that accurately match the most abundant

iso-acceptor tRNAs, thus reflecting a significant correlation

between the tRNA cellular level and the tRNA gene copy

number. The program ‘‘tRNAscan-SE’’ (http://gtrnadb.

ucsc.edu/) (Lowe and Eddy 1997) was used to generate the

tRNA anticodon information, anticodon table, copy num-

ber of tRNAs and subsequently filter the translationally

optimal codons.

Computation of tRNA adaptation index (tAI)

tRNA adaptation index (tAI) is a simple estimate of tRNA

usage by the coding sequences of a genome. tAI represents

the level of adaptation between a coding sequence and the

corresponding tRNA pool of the cell by measuring the

availability of tRNAs for every codon of a coding sequence

(dos Reis et al. 2004). The tAI parameter directly repre-

sents the levels of co-adaptation between a particular codon

and the corresponding tRNA pool and thus, produces

higher correlations with protein abundance over the other

measures of codon bias (Tuller et al. 2011).

The tAI value of a gene (tAIg) based on all its codons is

computed as:

tAIg ¼
Ylg
k¼1

wikg

 !1=lg

where lg represents the length of the gene in codons and

wikg represents relative adaptiveness value of the codon

defined by the kth triplet in the gene.

The tAI values for the bifidobacterial genomes were

computed using the codonR scripts downloaded from

http://people.cryst.bbk.ac.uk/*fdosr01/tAI/.

Identification of orthologous gene pairs

and analyzing the evolutionary selection constraints

The clades (groups) generated from the phylogenetic tree

were treated separately and the outgroup member in every
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clade was considered as the reference strain against which

the orthologous genes were screened in the other strains of

that particular clade. Orthologous sequences were identi-

fied using Reciprocal Best Blast Hit approach keeping an

identity level of C50 %, an E-value of 1e-10 and at least

50 % region of alignment, using the local BLASTP pro-

gram (http://www.ncbi.nlm.nlm.nih.gov/BLAST/down

load.shtml).

The ratio (x) of rate of non-synonymous substitutions

per non-synonymous site (Ka) to rate of synonymous

substitutions per synonymous site (Ks) has been an ex-

cellent estimator of the evolutionary selection constraint on

a protein-coding gene. x[ 1 signifies positive (diversify-

ing) Darwinian selection whereas x\ 1 symbolizes puri-

fying (refining) selection. At neutral evolutionary stage,

x = 1, i.e., the rate of synonymous and non-synonymous

substitutions are equal. The evolutionary rates of the

orthologous protein coding genes were calculated using

Codeml program in the PAML software package (ver. 4.5)

(http://abacus.gene.ucl.ac.uk/software/paml.html) with

runmode = -2 and CodonFreq = 1. A BioPerl script,

developed by us, was also used along with the Codeml

package that translated the cDNAs into proteins and

aligned them accordingly. The protein alignments were

then projected back into cDNA coordinates that were used

by the PAML package to perform the evolutionary rate

analysis employing maximum likelihood method. Pairs of

sequences with x and Ks values, evocative of saturation,

were not considered for further analysis.

Evolutionary selection pressure among the PHX and

PLX genes was also estimated to decipher the varying

tendencies of evolution among these genes. Evolutionary

rates of the genes transcribed from the complimentary

strands of replication (leading and lagging strands) were

also assessed separately for all the genomes under analysis.

Statistical analysis

Correlation analysis (Spearman’s rank correlation) and

statistical test of significance were performed (at levels of

significance P\ 0.01 and P\ 0.05) using SPSS software

package (version 15.0).

Results

Overall codon usage patterns

Members of the genus Bifidobacterium display a GC rich

genomic architecture (Bottacini et al. 2010; Milani et al.

2014). Genomic GC composition of B. animalis lactis BB-

12 has been reported to be around 60.48 % (Schell et al.

2002). RSCU analysis (Table 1) of B. animalis lactis BB-

12 revealed that the genome of the bacterium was biased

towards the usage of GC rich codons. It was well evident

from Table 1 that thirteen amino acids were coded by GC

rich codons (marked in bold in Table 1). Furthermore,

twenty out of twenty five codons, with high RSCU values

(RSCU[ 1), were found to be GC rich and nineteen

among them were found to end with Guanine or Cytosine

at the third synonymous codon position. Similar trend was

evident for all other strains under study.

Factors influencing codon usage patterns

Codon usage heatmap (Fig. 1a) confirmed the inclination

of the bifidobacterial genomes towards the usage of GC

rich codons like GCC, GGC, CTG, GAC, ACC, GTG and

CGC as was reflected by yellow colour intensity for these

codons in the heatmap (Fig. 1a). The intensity of colour in

the heatmap gradually changed from red to yellow with

increase in frequency of a particular codon. Codon usage

roseplot of B. animalis lactis BB-12 has been depicted in

Fig. 2a. Roseplots based on codon usage for the strains B.

longum longum JDM301, B. breve UCC2003, B. bifidum

S17 and B. longum NCC2705 have been provided in On-

line Resource 1 (ESM1). Roseplot analysis in each case

supported our previous observation that the genomes were

extremely biased towards the usage of GC rich codons.

Roseplots for the rest of the strains did not display any

deviant trend (data not shown).

It was also well apparent from the amino acid usage

heatmap of the bifidobacterial genomes (Fig. 1b) that the

amino acids like Alanine (Ala), Glycine (Gly), Leucine

(Leu), Valine (Val), Aspartic acid (Asp) and Arginine

(Arg) (represented by green colour intensity) were em-

ployed in higher frequencies. The intensity of colour

gradually changed from red to green in the concerned

heatmap with increase in frequency of a particular amino

acid. Amino acid usage based roseplots for the genomes B.

animalis lactis BB-12 (Fig. 2b), B. longum longum

JDM301, B. breve UCC2003, B. bifidum S17, B. longum

NCC2705 (Online Resource 2 [ESM1]) and the rest of the

genomes (data not shown) further emphasized the fact that

the GC richness of the genus drove the amino acids to be

coded preferentially by their GC rich codons over their AT

rich counterparts.

Bar plot investigations for B. animalis lactis BB-12

(Fig. 2c), B. longum longum JDM301, B. breve UCC2003,

B. bifidum S17, B. longum NCC2705 (Online Resource 3

[ESM1]) and the rest of the strains divulged that all of them

favored using Guanine or Cytosine in the third synonymous

codon position with a distinct preference towards Cytosine

at the wobble position.

SCUO was estimated to compare synonymous codon

usage bias with the variation of GC at the different codon
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positions in each of the strains. SCUO values were plotted

against corresponding GC (overall GC composition), GC1,

GC2 and GC3 values. SCUO plots with the various GC

positional variations for B. animalis lactis BB-12 have

been shown in Fig. 3. Plots for the rest of the genomes

were not shown and displayed similar trends. SCUO plots

revealed a high non-linear trend (with positive slope) for

GC3 in comparison to GC, GC1 and GC2 parameters in all

cases. Correlation analysis of SCUO with GC and GC3

parameters has been provided in Online Resource 8

(ESM1). Significant positive correlations of SCUO with

genomic GC content (r = 0.26, P\ 0.01 in case of B.

animalis lactis BB-12) and GC3 parameter (r = 0.57,

P\ 0.01 in case of B. animalis lactis BB-12) consistently

in all strains signified a notable influence of GC compo-

sitional constraint acting on the genomes.

Correspondence analysis of RSCU data for B. animalis

lactis BB-12 revealed that the Axes 1 and 2 contributed to

14.3 % and 5.5 % of total inertia respectively in the

59-dimensional hyperspace (Table 2). Thus, Axis 1 was

found to be the principle axis reflecting the variation of

genes followed by Axis 2. Same was the mode of codon

usage behaviour in all other strains with considerable dif-

ferences in inertia values between Axis 1 and Axis 2

(Table 2). Correlation analysis among the various codon

usage indices for strains B. animalis lactis BB-12, B.

longum longum JDM301, B. breve UCC2003, B. bifidum

S17, and B. longum NCC2705 have been provided in

Table 3 and for the rest of the strains in Online Resource 9

(ESM1). Axis 1 of RSCU was found to correlate strongly

with overall GC content (r = 0.56, P\ 0.01 in case of B.

animalis lactis BB-12) and GC3 index (r = 0.91, P\ 0.01

in case of B. animalis lactis BB-12) for all the concerned

genomes (Table 3 and Online Resource 9 [ESM1]). Such

high positive correlations with GC and GC3 further re-

flected the indubitable effect of GC compositional

Fig. 1 a Codon usage based two dimensional cluster heatmap.

Heatmap based on the usage (frequency) of codons for all the

bifidobacterial genomes. Colour intensity changes from bright red to

yellow with increase in frequency of a particular codon. b Amino acid

usage based two dimensional cluster heatmap. Heatmap based on the

usage of amino acids by all the bifidobacterial genomes. Colour

intensity changes from bright red to green with increase in frequency

of a particular amino acid. (Color figure online)
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constraint on the codon usage patterns of the bifidobacterial

strains.

Wright suggested that GC3 versus Nc plots can be

effectively employed to investigate the factors underlying

variations in codon usage patterns among genes and

genomes (Wright 1990). According to Wright (1990), if

the codon usage of a genome is solely governed by GC

compositional constraint, then all the genes concerned

would fall on the continuous Nc plot curve. GC3 versus

Nc plots were generated for all the twenty four strains.

The plot for B. animalis lactis BB-12 has been shown in

Fig. 4a. Corresponding GC3 versus Nc plots for strains B.

longum longum JDM301, B. breve UCC2003, B. bifidum

S17 and B. longum NCC2705 have been displayed in

Online Resource 4 (ESM1). Plots for the rest of the

strains were not shown and are available on request. In-

terestingly, in all cases it was revealed that only few

genes were falling on or above the continuous Nc plot.

Majority of the genes were found to lie well below the

curve signifying that apart from the influence of compo-

sitional constraint, there might be other crucial factors

that govern the codon usage patterns. A clear trend was

also evident from the plots that the ribosomal proteins,

expected to show high levels of expression during cell

division and growth, clustered at the extreme bottom of

the plots. The potential highly expressed (PHX) genes,

representing very low Nc values, were found to huddle

even below the cluster of ribosomal proteins. It has been

proposed by Comeron and Aguade (1998) that genes

showing low values of Nc (\40) are under the influence

of a strong codon bias, that can merely be explained as an

outcome of pure compositional constraint.

RSCU data for all the strains were subjected to multi-

variate statistical analysis (correspondence analysis) with a

Fig. 1 continued

966 World J Microbiol Biotechnol (2015) 31:959–981

123



motive to address the sources of such complex codon usage

tendencies. Scatter plots, on the basis of RSCU values, for

B. animalis lactis BB-12 (Fig. 4b) and B. longum longum

JDM301, B. breve UCC2003, B. bifidum S17 and B.

longum NCC2705 (Online Resource 5 [ESM1]) distinctly

reflected a unique pattern of separation of the genes. The

ribosomal protein coding genes and the PHX genes, rep-

resenting the highest CAI values, flocked together at one

extreme of Axis 1 (x-axis), whereas, the PLX genes, re-

flecting the lowest CAI values, were positioned in the op-

posite extreme of the same axis. Trends were also similar

in rest of the strains. Such tendencies of differential clus-

tering of the PHX and PLX genes pointed towards a mighty

role of translational selection to be acting on the genes with

high expressivity.

A distinct trend was also noticeable on thorough ana-

lysis of the anticodon information and tRNA copy number

that majority (more than ninety percent) of the optimal

triplets, in all strains, were aptly recognized by the most

abundant isoacceptor tRNAs and could be inferred to be

translationally optimal (frequencies of optimal and trans-

lationally optimal codons have been listed in Table 2).

tRNA Adaptation Index (tAI) values were calculated for

the coding sequences in all strains with an objective to

further probe the role of translational selection on the bi-

fidobacterial genomes. Significant positive correlations of

Fig. 2 Roseplot and Barplot analyses. a Codon usage roseplot for B.

animalis lactis BB-12 represent the frequencies of all 64 codons on a

radial scale. Sharp red peaks represent codons used in higher

frequencies. The frequency scale is represented at the right side of the

rose plot; b Amino acid usage roseplot for B. animalis lactis BB-12

represent the frequencies of all the twenty amino acids in a radial

scale. Sharp blue peaks represent amino acids used in higher

frequencies. The frequency scale is represented at the right side of

the rose plot; c Barplot for B. animalis lactis BB-12 where x-axis

represents the position of a specific nucleotide and y-axis represents

the relative frequency of the nucleotides. The colour codes for the

respective nucleotides have been provided in the upper panel of the

figure: A dark green; T light green; G yellow; C orange. (Color figure

online)
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tAI with CAI (r = 0.50, P\ 0.01 for B. animalis lactis

BB-12) and Fop values (r = 0.36, P\ 0.01 for B. animalis

lactis BB-12) among all strains, as were evident from

Table 3 and Online Resource 9 (ESM1), indeed reinforced

the role of natural selection for efficient translation.

Axis 1 of RSCU was found to display high positive cor-

relation with CAI in case of B. animalis lactis BB-12

(r = 0.94,P\ 0.01),B. bifidumS17 (r = 0.95,P\ 0.01),B.

asteroides PRL2011 (r = 0.96, P\ 0.01), B. animalis

animalis ATCC 25527 (r = 0.93, P\0.01) and some other

bifidobacterial genomes (Table 3 and Online Resource 9

[ESM1]). Strong positive correlation indicated that the genes

with high CAI values including the PHX genes and the ribo-

somal protein coding genes would fall on the extreme end of

the positive quadrant of Axis 1 (x-axis) which in fact was

reflected from the respective RSCU scatter plots. However,

strong negative correlation between Axis 1 and CAI were

evident in case of B. longum NCC2705 (r = -0.98,

P\ 0.01), B. longum longum JDM301 (r = -0.97,

P\ 0.01), B. breve UCC2003 (r = -0.96, P\ 0.01), B.

animalis lactis AD011 (r = -0.93, P\ 0.01) and few other

bifidobacterial strains. Negative correlation indicated that the

genes with high CAI values would cluster on the extreme end

of the negative quadrant of Axis 1 (x-axis). Similar fact was

noticeable from the RSCU scatter plots of the mentioned

genomes. Substantial correlations of CAI with Axis 1 estab-

lished gene expression level to be the most convincing factor

in devising the mode of codon usage in Bifidobacterium.

Axis 1 of RSCU was also found to correlate strongly

with Fop for all the strains, as was perceptible from

Table 3 and Online Resource 9 (ESM1). Such high

correlations hinted towards the variation of the genes based

on their preference in usage of optimal codons. It could

also be concluded from the substantial positive correlations

of CAI with Fop (Table 3 and Online Resource 9 [ESM1])

in all the strains that the genes with high levels of ex-

pression preferentially used a particular subset of optimal

codons to enhance the translational knack.

The putative highly expressed genes were mainly found

to be large and small subunit ribosomal protein coding

genes, ABC transporter substrate-binding protein coding

genes, carbohydrate ABC transporter ATP-binding protein

encoding genes, translation elongation factors, kinases,

reductases, mutases, and some dehydrogenases associated

significantly with the fitness of the organisms. Some of the

PHX genes were also observed to code for the cytosolic

proteins. However, majority of the PLX genes were found

to code for hypothetical proteins. Functional investigation

and domain analysis of these hypothetical proteins revealed

that majority of them were CRISPR-associated proteins.

Some of the PLX genes coded for cold shock associated

proteins. The complete list of PHX and PLX genes for the

strain B. animalis lactis BB-12 and their related functions

has been provided in ESM2. Strong significant positive

correlations of CAI with GC content of all the concerned

genomes (Table 3 and Online Resource 9 [ESM1]) re-

flected a distinct pattern that the PHX genes also preferred

to be GC rich. Separate RSCU analysis of the PHX and

PLX genes also confirmed the trend of GC preference in

genes with presumed higher expression levels, whereas, the

PLX genes were found to employ the AT rich codons in

higher frequency (data not shown).

Fig. 3 SCUO plots with GC

composition and GC positional

variations. SCUO plots with

various GC positions (GC1,

GC2 and GC3) and overall GC

composition (GC) for B.

animalis lactis BB-12 provide a

visualization of correlation

between synonymous codon

usage bias (estimated by SCUO)

and various GC parameters.

a SCUO versus GC3 plot;

b SCUO versus GC plot;

c SCUO versus GC1 plot;

d SCUO versus GC2 plot
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Length of coding sequences was found to bear sub-

stantial significant correlations with the Axis 1 of RSCU,

unanimously for all the strains involved (Table 3 and On-

line Resource 9 [ESM1]). It could be inferred, undoubt-

edly, that length of coding sequences played a contributory

part in influencing the codon usage variations. Further-

more, significant positive correlations of the length of

coding sequences with the level of gene expression for B.

animalis lactis BB-12 (r = 0.27, P\ 0.01) and the rest of

the strains specified a general tendency of the potential

highly expressed genes to be longer in stretch.

Our approach of exploring translational efficiency now

shifted from the aspect of single codon usage to the per-

spective of successive synonymous codon pair utilization

among the genus Bifidobacterium. Extensive analysis of

successive synonymous codon order in all the bifidobac-

terial strains revealed a distinct tendency of the genus to

employ identical pairs of codons (e.g. GCC–GCC codon

pair for Alanine, CGC–CGC codon pair for Arginine, etc.)

more than expected. Furthermore, non-identical co-tRNA

codon pairs (e.g., GCC–GCT codon pair for Alanine, CGT-

CGA codon pair for Arginine, etc.) were also found to

occur significantly more than the expected frequencies.

Such trends clearly reflected the fact that the bias in suc-

cessive synonymous codon order has not only been driven

by reuse of the same codon but also considerably influ-

enced by the marked existence of non-identical co-tRNA

codon pairs. However, the case was different with the non-

isoaccepting consecutive codon pairs which were observed

to be mostly underrepresented. Frequencies of favoured,

neutral and disfavoured codon pairs both for the isoac-

cepting and non-isoaccepting tRNA types for the nine

amino acids (with at least two tRNAs), in the strain B.

animalis lactis BB-12, have been enlisted in Online Re-

source 10 [ESM1]. Trends were similar in other concerned

strains also (data and calculations pertaining to frequencies

of successive synonymous codon pairs not shown and

available on request). Similar instances of such codon

pairing bias i.e., favouring the usage of identical codon

pairs and non-identical co-tRNA codon pairs and disal-

lowing the practice of codon pairs for non-isoaccepting

tRNAs, have already been reported in prokaryotic (Guo

et al. 2012) and eukaryotic (Cannarozzi et al. 2010) data-

sets. Such codon pair biases have been strongly correlated

with the improvement of translational precision. Thus, the

genus Bifidobacterium has been found to judiciously em-

ploy the strategy of biased usage of successive synonymous

codon pairs to significantly hone translational finesse.

Replicational-transcriptional selection governs genomic

trends in microbial genomes that witness strand asymmetry

(Das et al. 2006; Lafay et al. 1999; McInerney 1998; Guo

and Yu 2007; Guo and Yuan 2009; Wei and Guo 2010).

Replicational selection is assumed to be accountable for the

presence of a higher number of genes transcribed from the

leading strand of replication than the lagging one in bac-

terial genomes where a distinct strand-specific asymmetry

is observed (Das et al. 2005; Lopez and Philippe 2001).

The frequencies of genes on the leading and lagging

strands were calculated to estimate the effect of replica-

tional selection on the bifidobacterial genomes and have

been listed in Online Resource 11 (ESM1). Protein coding

genes were found to be shared almost equally (ap-

proximately 50 % of genes in each of the strands in case of

B. animalis lactis BB-12) among the complimentary

strands of replication in most of the strains. Some strains

like B. longum longum F8, B. breve ACS-071-V-Sch8b and

B. asteroides PRL2011 even displayed a higher percentage

of genes to be present on the lagging strand (Online Re-

source 11 [ESM1]). Such results clearly indicated the ab-

sence of replication associated mutational pressure on the

genomes. In order to further validate our hypothesis, RSCU

analysis of the leading and lagging strand associated genes

were carried out for all the strains. It was noticeable from

the RSCU scatter plots of B. animalis lactis BB-12

(Fig. 4c) and B. longum longum JDM301, B. breve

UCC2003, B. bifidum S17 and B. longum NCC2705 (On-

line resource 6 [ESM1]) and the rest of the strains that the

genes representing the complimentary strands of replica-

tion clustered together, i.e., there was no segregation be-

tween them. Thus, it was clear from the plots that there was

no differential strand-specific codon usage pattern which

re-established the absence of replicational selection.

Transcriptional selection is assumed to be responsible for a

higher share of PHX genes and/or essential genes in the

leading strand of replication in microbial genomes with

characteristic strand asymmetry (Das et al. 2006; Rocha

and Danchin 2003). Frequencies of PHX genes present on

the leading and lagging strands of replication in all the

bifidobacterial members were calculated to explore the

probable role of transcriptional selection pressure on them.

The detailed numerical statistics has been provided in

Online Resource 11 (ESM1). A differential trend was ob-

served among the various members of the genus. Strains

representing the species B. animalis, B. dentium, B. ado-

lescentis and some strains of the B. longum species (B.

longum infantis 157F-NC and B. longum JDM301) had a

higher share of PHX genes on the leading strand of repli-

cation. However, most of the strains representing species B.

longum, B. breve and B. bifidum displayed higher fre-

quencies of highly expressed genes to be transcribed from

the lagging strand. Thus, no definite conclusion could be

drawn regarding the effect of transcription associated mu-

tational pressure on the bifidobacterial genomes. Recently,

it was suggested that microbial genomes can afford to keep

a higher proportion of protein coding genes and even the

highly expressed genes in the lagging strand to attain
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proper mutation-selection balance (Chen and Zhang 2013).

The hypothesis of mutation-selection balance tended to

support our observations that the lagging strands in some

bifidobacterial strains were enriched with the potential

highly expressed genes.

Exploring the sources of amino acid usage

heterogeneity

Correspondence analysis of RAAU data was executed for

all the bifidobacterial strains to explore the possible sources

of variations at the proteomic level. Correlation analysis

between RAAU and several amino acid usage indices were

carried out and have been provided in Table 4 and Online

Resource 12 (ESM1). The first two axes (Axis 1 and Axis 2

of RAAU) explained substantial proportion of the total

amino acid usage variations in all strains. Both the axes

were found to exhibit strong correlations with hydro-

pathicity index (GRAVY) [positive GRAVY (hydropho-

bic), negative GRAVY (hydrophilic)] of an encoded

protein for every concerned strain. Furthermore, Axis 1 and

Axis 2 of RAAU were also found to correlate significantly

Fig. 4 a GC3 versus Nc plot for B. animalis lactis BB-12. GC3

values have been plotted on x-axis and Nc values on y-axis. Gray

coloured circles represent overall genes. Ribosomal proteins are

denoted by green coloured triangles. Orange coloured diamonds

indicate potential highly expressed (PHX) genes; b RSCU scatter plot

for B. animalis lactis BB-12. Gray coloured circles represent overall

genes. Ribosomal proteins are denoted by green coloured triangles.

Orange coloured diamonds indicate potential highly expressed (PHX)

genes. Potential lowly expressed (PLX) genes are represented by blue

coloured squares; c RSCU scatter plot for the leading and lagging

strand-specific genes of B. animalis lactis BB-12. Yellow coloured

triangles depict the genes transcribed from the leading strand

whereas, light blue coloured diamonds signify the genes transcribed

from the lagging strand; d RAAU scatter plot for B. animalis lactis

BB-12. Gray coloured circles represent overall genes. Lime coloured

triangles indicate the genes that code for highly hydrophobic and

aromatic proteins whereas, brown coloured diamonds signify those

genes which code for proteins with low hydrophobicity and

aromaticity. Both the groups have been denoted by respective circles.

(Color figure online)
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with aromaticity of the encoded proteins. RAAU scatter

plots of B. animalis lactis BB-12 (Fig. 4d), B. longum

longum JDM301, B. breve UCC2003, B. bifidum S17 and

B. longum NCC2705 (Online Resource 7 [ESM1]) dis-

tinctly revealed that the protein coding sequences separated

into two discrete groups. One group comprised of

sequences coding for protein products with high values of

hydrophobicity (high GRAVY) and high aromaticity

(indicated by lime coloured triangles marked within circle

in the Fig. 4d and Online Resource 7 [ESM1]) and the

other group comprised of sequences that were found to

code for proteins with low values of hydrophobicity (low

Table 4 Bivariate correlation

analysis (Spearman’s Rank

correlation co-efficient values)

among the various amino usage

parameters

Organism Axis 1 Axis 2 GRAVY Aromo CAI PEC GC

B. animalis lactis BB-12

Axis 1 1.00 0.02 0.39** 0.13** -0.50** 0.38** 0.08**

Axis 2 1.00 -0.67** -0.48** -0.09** -0.31** 0.19**

GRAVY 1.00 0.17** -0.03 0.18** 0.02

Aromo 1.00 -0.01 0.80** -0.29**

CAI 1.00 -0.14** 0.45**

PEC 1.00 0.41**

GC 1.00

B. longum longum JDM301

Axis 1 1.00 0.05* 0.84** 0.27** -0.12** 0.16** -0.13**

Axis 2 1.00 -0.09** 0.01 0.43** -0.22** -0.20**

GRAVY 1.00 0.08** -0.07** 0.11** -0.03

Aromo 1.00 -0.01 0.79** -0.26**

CAI 1.00 -0.07** 0.53**

PEC 1.00 -0.30**

GC 1.00

B. breve UCC2003

Axis 1 1.00 -0.09 0.71** 0.27** 0.13** 0.11** -0.14**

Axis 2 1.00 -0.49** -0.18** 0.45** -0.38** -0.01

GRAVY 1.00 0.08** -0.08** 0.10** -0.04

Aromo 1.00 -0.02 0.81** -0.24**

CAI 1.00 -0.08** 0.54**

PEC 1.00 -0.29**

GC 1.00

B. bifidum S17

Axis 1 1.00 0.01 -0.12** 0.04 0.48** -0.25** 0.23**

Axis 2 1.00 -0.80** -0.13** 0.17** -0.04 -0.05*

GRAVY 1.00 0.03 -0.03 0.07** 0.09**

Aromo 1.00 0.01 0.76** -0.32**

CAI 1.00 -0.07** 0.26**

PEC 1.00 -0.42**

GC 1.00

B. longum NCC2705

Axis 1 1.00 -0.03 0.15** -0.01 -0.53** 0.27** -0.01

Axis 2 1.00 0.80** 0.29** -0.10** 0.16** -0.15**

GRAVY 1.00 0.06** -0.05 0.08** 0.01

Aromo 1.00 0.01 0.77** -0.23**

CAI 1.00 0.58** -0.08**

PEC 1.00 -0.33**

GC 1.00

Aromo aromaticity of encoded proteins; PEC protein energetic costs of encoded proteins

** Statistically significant at P\ 0.01; * statistically significant at P\ 0.05
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GRAVY) and aromatic character (indicated by brown

coloured diamonds marked within circle in Fig. 4d and

Online Resource 7 [ESM1]). The group representing the

highly hydrophobic and aromatic proteins included ABC

transporter proteins, integral membrane proteins, major

facilitator superfamily (MFS) proteins, amino acid per-

meases and some hypothetical proteins. Some of the hy-

pothetical proteins displaying high GRAVY values were

found to be glycosyl transferases and ABC transporters.

Such a trend was consistently found in all the strains. On

the contrary, the cluster of sequences with hydrophilic

nature (as indicated by the low values of hydrophobicity)

and low aromaticity included large and small subunit ri-

bosomal proteins, ATP-dependent RNA helicases and

some hypothetical proteins. The hypothetical proteins

representing the hydrophilic set included DNA-binding

proteins and cell division associated proteins. The complete

set of high and low GRAVY protein coding genes and their

corresponding functions, for the strain B. animalis lactis

BB-12, has been illustrated in ESM2.

The major axes of variation (Axis 1 and Axis 2) of RAAU

were found to correlate significantly with CAI, the estimator

of gene expression level (Table 4 and Online Resource 12

[ESM1]). Thus, gene expressivity not only governed the

codon usage patterns, as observed earlier in this study, but

also accounted considerably for the heterogeneity in amino

acid usage of the genus. Protein energetic cost of the encoded

proteins also contributed crucially for the differences in

amino acid usage patterns, as could be inferred from the

significant correlations with the two major axes of variation

(Table 4 and Online Resource 12 [ESM1]).

Protein energetic cost displayed high positive correla-

tions with the aromaticity index (Table 4 and Online Re-

source 12 [ESM1]) which was in accordance with the fact

that the aromatic amino acids tend to be more expensive in

terms of biosynthetic expense (Smith and Chapman 2010).

Significant negative correlations of protein energetic cost

with CAI, invariably in all bifidobacterial members under

scrutiny, reflected that the potential highly expressed genes

favored using biosynthetically inexpensive amino acids

and avoided usage of expensive ones. Such an observation

of curtailing the biosynthetic cost of amino acids among

the PHX gene products was further supported by the fact

that their protein energetic costs were found to be sig-

nificantly much reduced than the PLX gene products,

throughout the genus (Online Resource 13 [ESM1]).

Estimating the influence of evolutionary constraints

on codon and amino acid usage signatures

in Bifidobacterium

Phylogenetic tree based on the conserved 16S rRNA se-

quences of the concerned bifidobacterial strains was

generated to perform an evolutionary analysis. Five dis-

crete clades were generated from the molecular phylogeny

based tree (Fig. 5). Outgroup member in each separate

clade was estimated by an intra-clade phylogeny approach

(Fig. 5) that has already been explained earlier.

Clade I Members of Clade I were various strains of the

B. longum species clubbing together in the phylogenetic

tree. An intra-clade phylogeny indicated B. longum infantis

JCM 1217 as the outgroup member in this particular clade.

Clade II Interestingly, few other strains of B. longum

species like B. longum infantis ATCC 15697 and B.

longum longum JDM301 were found to lie in the second

clade. B. longum longum JDM301 was found to be the

outgroup member.

Clade III Strains of the B. breve species constituted the

third clade of the phylogenetic tree. B. breve UCC2003 was

considered as the outgroup member.

Clade IV Clade IV was a strange and exciting group of

mixed strains representing various species like B. adoles-

centis, B. dentium, B. asteroides and B. bifidum. B. bifidum

PRL2010 was selected as the outgroup member based on

the intra-clade phylogeny analysis.

Clade V Clade V reflected a pure cluster of various

strains representing the species B. animalis. Intra-clade

phylogeny revealed B. animalis animalis ATCC 25527 as

the outgroup member.

Results were pertinent with previous findings of Lee

and O’Sullivan (2010) where 16S rRNA phylogeny of

nine complete bifidobacterial genomes produced four

different groups. The first group included strains repre-

senting the B. longum species. Second group was a

mixed population of various species like B. adolescentis

ATCC 15703 and B. dentium Bd1. The third group was

constituted of strains from B. animalis species. Strains of

the B. breve species formed the fourth group. In our

case, the B. longum species could be subdivided into two

groups (Clade I and II). The two clades were considered

as discrete as the K2P distance between them was found

to be statistically significant. Recently, Lugli et al.

(2014) opted for 16S rRNA and 23S rRNA based phy-

logenetic trees comprising of forty eight strains repre-

senting various species of Bifidobacterium which have

been very comprehensive and accurate. Groupings of the

various bifidobacterial species that resulted from the16S

rRNA based phylogenetic tree produced by our group

were found to be in accordance with the phylogenetic

trees constructed by Lugli et al. (2014) and such re-

semblance signified the reliability of our methodology.

The 16S rRNA based phylogenetic tree served as the

platform for further evolutionary investigations.

We performed an extensive analysis of the evolutionary

constraints that act on the bifidobacterial genomes and tried

to explore whether evolutionary selection pressure was
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influencing the codon and amino acid usage variations in

Bifidobacterium. The evolutionary rates x (Ka/Ks) of pro-

tein coding genes were calculated for all members of every

clade (identified from 16S rRNA phylogenetic approach)

with respect to their orthologous protein coding genes

present in the outgroup member of that particular clade.

We also made an attempt to investigate possible differ-

ences in rates of evolution between the PHX and PLX

genes in each concerned strain.

Ka/Ks ratio displayed strong negative correlations with

CAI and Fop indices for all the strains under scrutiny

(Table 5). Strong negative correlations pointed to the fact

that the genes with probable high levels of expression

(PHX genes) tend to be under an intense purifying selec-

tion pressure. High levels of negative correlation between

Ka/Ks ratio and Fop (Table 5) suggested the imperative

role of strong evolutionary constraint on the genes dis-

playing higher affinity towards the usage of optimal

codons. Furthermore, significant correlations of Ka/Ks ratio

with the major axes of separation of both RSCU and

RAAU data signified the level of conservation at the

genomic as well as the amino acid level in the PHX genes

(data not shown and available on request).

The evolutionary rates of the PHX and PLX genes, in all

cases, were assessed separately and were found to be sig-

nificantly much lower in case of PHX than the PLX genes

(Table 5). The differences of evolutionary rates between

the PHX and PLX genes were found to be highly statisti-

cally significant (at P\ 0.01). This finding supported our

earlier observation of high negative correlations between

Ka/Ks ratio and respective CAI values. Thus, the potential

highly expressed genes appeared to diverge less, being

subject to a stronger evolutionary impact than potential

lowly expressed ones.

Analysis of evolutionary impact was also extended to

the leading and lagging strands of replication with an in-

tention to check probable differences in evolutionary

strategies between them, if any. Excitingly, in our case,

there was no significant difference in evolutionary rates

between the leading and lagging strands of replication

throughout all strains of Bifidobacterium (Table 5). Ma-

jority of bacterial genomes, that display strand asymmetry,

Fig. 5 16S rRNA based phylogenetic tree. 16S rRNA based phylo-

genetic tree, constructed using Neighbor-joining method (Mega6.0),

separated the strains, reflecting various species of Bifidobacterium,

into five distinct clades (Clade I–V). The intra-clade phylogeny for

each clade (where applicable, i.e., Clades I, IV and V) has been

provided in right panel of the figure
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tend to experience a stronger evolutionary selection pres-

sure on the leading strand in contrast to the lagging one as

the leading strand is enriched with essential genes in such

cases (Szczepanik et al. 2001). However, the genus Bifi-

dobacterium exhibited a trend where the leading and lag-

ging strands appeared to evolve under similar evolutionary

constrains which might be an upshot of the absence of

replicational selection and lack of strand specific

asymmetry.

Discussion

Differential patterning of codon usage has been attributed

to the interactions between overlapping genomic codes,

each introducing its own bias. Methodical inspection of

RSCU data and the various meaningful correlations be-

tween the codon usage parameters pointed towards a sig-

nificant effect of GC compositional constraint on the codon

usage signatures of Bifidobacterium. Codon and amino

Table 5 Comparative statistics of evolutionary rates for different strains of Bifidobacterium

Outgroup Strains CAI

versus

Ka/Ks (r)

Fop versus Ka/

Ks (r)

Ka/Ks of

PHX

genes

S Ka/Ks of

PLX

genes

Ka/Ks

(Leading

Strand)

S Ka/Ks

(lagging

strand)

Clade I

B. longum infantis JCM

1217

B. longum infantis 157F-

NC

-0.51** -0.37** 0.12 B 0.48 0.18 9 0.23

B. longum longum KACC

91563

-0.61** -0.55** 0.11 B 0.64 0.26 9 0.21

B. longum longum F8 -0.49** -0.44** 0.14 B 0.39 0.22 9 0.21

B. longum NCC2705 -0.49** -0.45** 0.09 B 0.48 0.20 9 0.22

B. longum DJO10A -0.48** -0.47** 0.14 B 0.36 0.24 9 0.19

Clade II

B. longum longum JDM301 B. longum infantis ATCC

15697

-0.63** -0.50** 0.06 B 0.44 0.19 9 0.17

Clade III

B. breve UCC2003 B. breve ACS-071-V-

Sch8b

-0.55** -0.50** 0.06 B 0.74 0.27 9 0.26

Clade IV

B. bifidum PRL2010 B. adolescentis ATCC

15703

-0.27** -0.32** NA NA NA NA

B. dentium Bd1 -0.27** -0.26** NA NA NA NA

B. bifidum S17 -0.48** -0.30** 0.05 B 0.60 0.29 9 0.27

B. asteroides PRL2011 -0.28** -0.20** NA NA NA NA

Clade V

B. animalis animalis ATCC

25527

B. animalis lactis AD011 -0.53** -0.40** 0.06 B 0.28 0.15 9 0.13

B. animalis lactis BB-12 -0.56** -0.39** 0.04 B 0.33 0.13 9 0.13

B. animalis lactis Bl-04 -0.48** -0.36** 0.09 B 0.32 0.17 9 0.15

B. animalis lactis CNCM

I-2494

-0.55** -0.37** 0.04 B 0.37 0.13 9 0.12

B. animalis lactis DSM

10140

-0.50** -0.36** 0.09 B 0.33 0.17 9 0.16

B. animalis lactis V9 -0.49** -0.36** 0.08 B 0.31 0.17 9 0.15

B. animalis lactis B420 -0.48** -0.33** 0.07 B 0.28 0.15 9 0.13

B. animalis lactis BLC1 -0.49** -0.35** 0.07 B 0.29 0.16 9 0.14

(r) Spearman’s Rank correlation co-efficient; NA not applicable—Ka/Ks ratio for the PHX and PLX genes of the strains representing Clade IV

(except B. bifidum S17) were not considered for analysis as the values were evocative of saturation and very few orthologs were found.

Consequently, statistical test of significance could not be performed

** Statistically significant at P\ 0.01, S statistical significance; 9 not significant at P\ 0.05; B indicates that the Ka/Ks of PHX genes are

significantly less than that of PLX genes at P\ 0.01
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usage based heatmaps, roseplots and barplots emphasized

the tendency of the amino acids to be coded preferentially

by their GC rich codon counterparts. GC richness of the

genus was distinctly reflected in the codon usage varia-

tions. However, GC compositional bias alone did not ac-

count for the observed variations. A deep impact of natural

selection for efficient translation was perceptible on the

potential highly expressed genes and the ribosomal protein

coding genes. Substantial role of translational selection was

also well evident from the fact that codon usage in Bifi-

dobacterium was driven by tRNA population, aimed at

enhancing translational adeptness. Cases of codon usage

being influenced by cellular tRNA level were reported

earlier in organisms like E. coli (Ikemura 1981), C. elegans

(Duret 2000), D. melanogaster (Moriyama and Powell

1997), etc. Thus, a combined effect of compositional

constraint and selection for translational efficacy were

found to govern the codon usage fashion of the genus.

Apart from the definite role of compositional constraint

and natural selection, there were other determinants cru-

cially associated with the preferential usage of codons.

Gene expression level played the most vital role in shaping

the codon usage patterns in Bifidobacterium. Codon usage

profiles being dictated by gene expression level were ear-

lier observed in various organisms like C. elegans (Duret

and Mouchiroud 1999), Corynebacterium glutamicum (Liu

et al. 2010), Thermobifida fusca YX (Nayak 2009), etc.

Genes displaying high expressional levels were inferred to

be GC rich and biosynthetically cost-minimized (in terms

of protein energetic cost). Additionally, significant inverse

correlations were observed between the GC richness and

protein energetic costs in all members of Bifidobacterium

(Table 4 and Online Resource 12 [ESM1]). The fact that

GC rich codons code for biosynthetically cheaper amino

acids was suggested by Seligmann (2003) and it might be a

probable strategy underlying the GC richness in PHX genes

of the bifidobacterial strains. The groups of microbes

probably prefer to be economic while synthesizing the

proteins associated with vital biological responsibilities

and expressed in higher levels. GC preference of PHX

genes might not only be a simple reflection of GC richness

of the genus but also a manifestation of strategies to em-

ploy biosynthetically cheaper (inexpensive) amino acids.

Thus, the genus was found to stringently maintain the cost-

minimization strategy in the essential sets of highly ex-

pressed genes which is a characteristic trademark of a

prokaryotic proteomes (Akashi and Gojobori 2002; Heizer

et al. 2006).

The genes with high expressivity, employing transla-

tionally optimal sets of codons, had a clear proclivity to

employ Cytosine over Guanine at the wobble position.

Higher correlations of CAI and Fop values with C3 over

G3 parameter (evident from Table 3 and Online Resource

9 [ESM1]) indicated the above mentioned fact. Earlier, it

was proposed by Rocha (2004) that GC content do not alter

the constitution of the most prevalent anticodons and the

first anticodon position of twofold-degenerated amino acids

prefer usage of Guanine over Adenine and Uracil over

Cytosine. Consequently, microbial genomes would prefer

to employ Cytosine and Adenine at the wobble position to

perfectly match the most suitable and abundant isoac-

cepting tRNAs. We also correlated tAI values with corre-

sponding C3 and G3 parameters to further explore the

applicability of the hypothesis in case of bifidobacterial

genomes. tAI values were found to exhibit stronger posi-

tive correlations with C3 than the G3 parameter. Thus, a

bias among the translationally optimal sets of codons to use

Cytosine at the wobble position provided an insight into the

efficient strategy of the genus to achieve acme of transla-

tional sophistication.

Length of coding sequences also significantly influenced

codon usage in Bifidobacterium. The potential highly ex-

pressed genes were found to prefer longer stretch of coding

sequences. Similar instances were also reported in E. coli

(Eyre-Walker 1996), Pseudomonas aeruginosa (Gupta and

Ghosh 2001) and Streptococcus pneumonia (Hou and Yang

2002) where such positive correlations of gene expression

level and coding sequence length were attributed to the

underlying constraints for avoiding misincorporation and

missense errors during translation and maximize transla-

tional accuracy in prokaryotic genomes. However,

eukaryotic organisms like D. melanogaster (Miyasaka

2002) and C. elegans (Marais and Duret 2001) demon-

strated contrary results where length of coding sequences

exhibited significant negative correlations with the level of

gene expression. In this pretext, Moriyama and Powell

(1998) suggested that longer proteins tend to be costly in

terms of biosynthetic energy and shorter proteins with

similar functions are preferred in such a case. In the large

eukaryotic genomes, selection constraints act to reduce the

length of proteins that are highly expressed as there is al-

ways space for such selection to execute. Thus, there has

been no definite rule pertaining to the relationship of gene

length and codon usage bias in prokaryotic and eukaryotic

genomes, which are continuously exposed to varying se-

lective constraints and this specific area remains open for

further investigations.

Amino acid usage variations appeared to be reflections

of the interplay of several crucial factors. Hydrophobic

character of the encoded proteins was revealed to be the

most crucial determinant accounting for such variations.

Considerable impact of aromaticity of the gene products

was also well pronounced on the differential mode of

amino acid usage. Apart from the major contributions of

hydrophobicity and aromaticity, it was the expression level

of the gene products that influenced the amino acid usage
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behaviour of the genus considerably. Evolutionary inves-

tigations certified that the potential highly expressed genes

were candidates evolving under severe forces of purifying

selection and were conserved at the amino acid level than

the rest of the gene products. This seemed logical as ma-

jority of the PHX genes generally tend to be essential ones

with crucial biological functions thus, exerting consider-

able impact on the physiological robustness of the organ-

isms. Consequently, non-silent mutations would be

disallowed among them. There were previous reports in

E. coli, S. typhimurium (Berg and Martelius 1995), and

Chlamydomonas (Popescu et al. 2006) where genes with

high expression levels were subject to strong forces of

selection and accordingly diverged less. Ochman (2003)

suggested that strong evolutionary constraints on highly

expressed genes were upshots of purifying selection and

varying mutational rates in microbial genomes to foster the

translation of highly expressed genes. In this pretext,

Akashi (2001, 2003) hypothesized that the genes with high

levels of expression tend to be under enhanced forces of

selection constraint in order to optimize the pace and

precision of protein synthesis.

Conclusion

Systematic scrutiny of codon usage data revealed that a

coupled effect of GC compositional constraint and natural

selection for translation has been instrumental in governing

the codon usage behaviour in Bifidobacterium. Gene level

expression was found to be the most decisive factor in gov-

erning the differential patterns of codon usage. Coding se-

quence length also contributed significantly towards codon

usage variations and the highly expressed genes were ob-

served to prefer longer stretch of coding sequences. Mode of

amino acid usage in Bifidobacterium was found to be

severely influenced by the hydrophobic character of the en-

coded proteins. Several other factors like aromaticity and

expression level of the gene products were also found re-

sponsible for the variations in amino acid usage. All mem-

bers of the genus were found to efficiently reduce the protein

energetic costs of the highly expressed gene products thus,

strictly following the policy of cost-minimization among

them. The potential highly expressed genes were found

evolve under severe constraints of evolutionary selection,

conserving them at the amino acid level. The present analysis

is the first report on codon and amino acid usage investiga-

tions in Bifidobacterium and might prove fruitful for further

scientific progress regarding proficient codon optimization

and heterologous gene expression in the genus.
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Abstract Functional domains are semi-autonomous
parts of proteins. The Per-Arnt-Sim (PAS) domain func-
tions as signal-sensor in two-component systems of
several bacteria. This domain exhibits large sequence
diversity and is linked to other co-domains to modulate
their function. In the present study, we analyzed the
PAS domains found in the proteomes of several
actinobacteria representing a variety of niches. PAS-
domain containing proteins were identified with the
HMMER program and characterized via an in silico
approach. In general, the PAS proteins were found to
be in the COG T (signal transduction) category imply-
ing their role was indeed in signal transduction. Most
of the PAS proteins were found to be structurally con-
served and moderately expressed. However, they
showed a strong bias towards the lagging strand which
may be a result of their involvement in adaptive evo-
lution. A structure based phylogenetic analysis showed
that PAS domains with similar interacting co-domains

grouped together in a cluster irrespective of the bacte-
rial genus from which they were identified. Thus, we
may say that the association of PAS with its co-
domains is based upon the PAS domain structure and
not on the sequence.
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1 Introduction

Protein domains are the conserved segments of a protein se-
quence that have their own compact tertiary structure, and are
able to evolve and function independently from the remaining
part of that protein (Shah et al. 2013). A functional protein may
contain several functional domains with their own specific func-
tions, and conversely a particular domain may be present in
different types of proteins (Dunham et al. 2003). Conserved
functional domains are present in virtually all life-forms ranging
from prokaryotes to mammals (Ponting and Aravind 1997; Tian
et al. 1997). Some of the protein functional domains play a
pivotal role in sensing the environmental as well as nutritional
signals to provide bacteria a strong adaptive system (Huang
et al. 1993). An analysis of domains in genomes could provide
clues on their function within these organisms.

Bacteria often use a two-component (histidine kinase sen-
sor protein and response regulator protein) system for sensing
environmental signals and respond to them accordingly
(Taylor and Zhulin 1999). There are thousands of domains
actively participating in various interactive pathways main-
taining the sensory and thermodynamic signaling homeostasis
(Kay 1997). One example is the PAS (Per-Arnt-Sim) domain,
which is mainly present in bacterial two-component systems
and acts as a signal sensor for intracellular signaling (Hefti
et al. 2004; Ponting and Aravind 1997). The PAC (PAS-asso-
ciated C-terminal motif) motif is approximately 40 amino
acids long and proposed to contribute to the PAS domain fold
(Taylor and Zhulin 1999). The PAS domain is named after the
three main proteins that it contains : Per—period circadian
protein, Arnt—aryl hydrocarbon receptor nuclear translocator
protein, Sim—single-minded protein (Ponting and Aravind
1997). It was first identified by comparative sequence analysis
of Drosophila, and found later in a large number of mammals
(Ponting and Aravind 1997). With few exceptions, PAS do-
mains are generally 100–120 amino acids long, but have ex-
tremely divergent amino acid sequences (Huang et al. 1993).
In fact, they share as little as 20 % sequence identity (Ponting
and Aravind 1997). Genome size plays a role in the frequency
of proteins containing PAS domains (Shah et al. 2013). In
bacteria, PAS domains are linked with other effector domains
like HisKA (Histidine kinase domain), MA (Methyl accepting
chemotaxis domain), GGDEF (Diguanylate cyclase),
Response_reg (response regulator) etc., and have been found
to modulate their functions (Narikawa et al. 2004). The PAS
domain appears to be an important component of bacterial
systems playing a role in different events including signal
transduction, chromophore formation, motility, sporulation,
and nitrogen fixation (Taylor and Zhulin 1999).

Frankiales is an actinobacterial order that was defined on the
basis of 16S analysis (Normand et al. 1996), and considered to
have emerged from a group of soil and rhizospheric bacteria
with high G+C percentage that contains ecologically diverse

species (Thakur et al. 2013). Based on a genome-wide analysis,
we recently proposed to split Frankiales into four coherent or-
ders: Frankiales, Geodermatophilales, Acidothermales and
Nakamurellales (Sen et al. 2014) and to position it at the root
of the aerobic actinomycetes radiation. In the present study, we
considered members of these orders along with members of
Mycobacteriales (both pathogenic and nonpathogenic) and an-
tibiotic producing Streptomycetales. These selected
actinobacteria represent almost all known biotopes, for in-
stances, plant-associated symbionts Frankiales, animal-host as-
sociated Mycobacteriales, soil-inhabiting Streptomycetales,
aquatic Nakamurellales, Acidothermales and extremophilic
Geodermatophilales. The availability of these genome se-
quences in public databases has given us the opportunity to
identify the PAS domain containing proteins. Our key intention
is to characterize the PAS domains in selected actinobacteria and
to reveal their role in maintaining the biological regulatory net-
work for the homeostasis of the organisms.

2 Materials and methods

2.1 Background of the strains chosen for analysis

We chose selected actinobacteria belonging to the Frankiales,
Geodermatophilales, Nakamurellales, Acidothermales,
Mycobacteriales and Streptomycetales.

Frankia strains are generally classified in 4 clusters:
Cluster I- Frankia which are infective on Alnus, Myrica, and
Casuarina; Cluster II- Frankia from Rosaceae, Coriariaceae,
Datiscaceae and Rhamnaceae; Cluster III- a group of promis-
cuous strains which are infective on Elaeagnaceae,
Rhamnaceae, Morella and Gymnostoma and Cluster IV- atyp-
ical Frankia strains that are either unable to infect their host
plant or will infect but are non-N2 fixers.

The Geodermatophilaceae family consists of three genera:
Geodermatophilus, Blastococcus and Modestobacter
(Normand 2006). They are mainly stone-dwelling bacteria
that are also found in sea, soil, and desert (Chouaia et al.
2012 ; Normand 2006 ) . Geodermatoph i l u s and
Modestobacter can grow under high solar radiation (Gtari
et al. 2012) and are more tolerant to desiccation, UV and
gamma radiation than Blastococcus saxobsidens (Normand
et al. 2012). Acidothermus cellulolyticus has high cellulolytic
activity (Barabote et al. 2009) while Cryptosporangium pro-
duces motile sporangiospores (Tamura et al. 1998). The
Nakamurellaceae family consists of genera Nakamurella and
Saxeibacter which are aquatic, non-motile, bacteria (Gao and
Gupta 2012; Tice et al. 2010).

Members of the genus Mycobacterium consist of both path-
ogenic and nonpathogenic strains. M. tuberculosis CCDC5079
(Zhang et al. 2011),M. leprae Br4923 (Monot et al. 2009) and
M. intracellularae (Iwamoto et al. 2003) were deliberately
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selected as representatives of pathogens, while M. gilvum
(Badejo et al. 2013) and M. vanbaalenii (Prasanna and Mehra
2013) are representatives of a nonpathogenic life style.

Regarding the Streptomyces genus, we have chosen 7
strains. Streptomyces avermitilis (Ikeda et al. 2003),
S. bingchenggensis (Wang et al. 2010), S. cattleya, S.
coelicolor (Bentley et al. 2002) and S. griseus (Ohnishi et al.
2008) represent antibiotic producers that are mainly present as
saprophytes in soil (Thakur et al. 2013). S. scabiei is a known
plant pathogen that causes a scab disease in economically
important roots and tubers (Bignell et al. 2010) while
S. somaliensis is a human pathogen that causes
actinomycetoma, affecting deep bone and conjunctive tissues
(Kirby et al. 2012).

2.2 Retrieval of genomes

Thirty actinobacterial genomes were used in this study. Both
genome and proteome sequences of the selected organisms
were retrieved from IMG database (http://img.jgi.doe.gov/).
Supplementary table (ESM 1) lists the studied strains with
their total number of genes, the number of PAS proteins iden-
tified and their biotope. Information about the COG category
(Tatusov et al. 2000) and strand variation property was also
obtained from IMG database.

2.3 Identification of PAS domains

PAS domains show relatively little sequence similarity even
within closely related species (Taylor and Zhulin 1999).
Therefore, the BlastP program was not suitable for identifying
PAS domains. For this study, the HMMER 3.1b1 program
(Eddy 1998), that utilizes the hidden Markov model was used.
In the Pfam database there are different links associated with
PAS domains each for different numbers of PAS folds. Hence,
we used the Raw Stockholm alignment format of PAS
(PF00989), PAS_2 (PF08446), PAS_3(PF08447),
PAS_4(PF08448), PAS_8(PF13188), PAS_9(PF13426),
PAS_11(PF14598), PAS_5(PF07310), PAS_6(PF08348),
PAS_7(PF12860), and PAS_10(PF13596) as our database in
initial HMMER search. The Simple Modular Architectural
Research Tool (SMART) (Schultz et al. 1998), Conserved
Domain Database (CDD) maintained by NCBI (Marchler-
Bauer et al. 2011) and Pfam server were also used to confirm
the findings fromHMMER analysis. PAS proteins, identified by
all these algorithms were used for further analysis. We found a
single PAS containing protein in M. tuberculosis (IMG Gene
ID- 651084145, locus tag- Rv1364c, annotation- hypothetical
protein, Pfam domains present- PAS_4, SpoIIE, HATPase_c_2,
STAS_2) via HMMER search, which was used as a reference
sequence to select the PAS proteins from the other studied gen-
era used in phylogenetic analysis.

2.4 General characterization of PAS genes

For the selected genomes, the Effective number of codons
(ENc) (Wright 1990), GC3 (Guanine at 3rd position of the
codons +Cytosine at 3rd position of the codons) values,
Codon Usage and Codon Adaptation Index (CAI) values were
determined as previously described (Sen et al. 2008).
Correspondence analysis (COA) on Codon Usage and CAI
values were also determined via the CodonW (http://
codonw.sourceforge.net/) and CAI calculator 2 (Wu et al.
2005) programs, respectively. ENc measures synonymous co-
don usage for a gene within a particular genome by evaluating
the usage of a small subset of codons in the target gene and in
the genome and will thus reveal codon usage bias (Wright
1990). Bacteria with a balanced AT/GC genome generally
show a considerable amount of heterogeneity in their codon
usage, which is associated with their gene expression level
(i.e. highly expressed genes contain a higher frequency of
translationally optimal codons) (Ikemura 1985). Because of
the high GC (total guanine and cytosine content) content of
the selected organisms, ENc values and their corresponding
GC3 (guanine at 3rd position+ cytosine at 3rd position) values
were correlated and plotted to determine the mutational pres-
sure on the PAS genes (Wright 1990).

COA on codon usage was determined by the CodonW
program (Banerjee et al. 2004) and it was used to identify
the major trends responsible for the variation of the data.

CAI measures the directional synonymous codon usage
bias (Sharp and Li 1987) and uses a reference set of highly
expressed genes from a species (ribosomal genes in our
study). CAI Calculator 2 (Wu et al. 2005) was used for this
calculation. CAI values provide information on the effective-
ness of selection pressure for the codon usage pattern. CAI
values of the PAS genes were plotted against the CAI values
of total protein coding genes and ribosomal protein genes
using GC3 as X axis and CAI as Y axis.

We were interested in determining any difference among
the PAS proteins regarding their cellular localization. CELLO
server (Yu et al. 2004) was used to retrieve the information
about the localization of PAS proteins in the cell.

2.5 Phylogenetic tree construction

The single PAS containing protein of M. tuberculosis
(mentioned in section 2) was used as a reference se-
quence for selecting PAS proteins from other genera un-
der study to do the phylogenetic analysis. Using the
BlastP algorithm, the best hit PAS protein sequences
were selected for sequence based and structure based
phylogenetic study. Protein sequences were aligned with
CLUSTAL OMEGA (McWilliam et al. 2013; Sievers
et al. 2011) which uses a multiple sequence alignment
program based on seeded guide trees and HMM profile-
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transferred genes (Tsirigos and Rigoutsos 2005). Thus, the men-
tioned differences indicate that these genes may be horizontally
transferred genes.

3.3 Importance of PAS genes being present on lagging
strand

The numbers of PAS genes present on the leading and on the
laggingstrandsofeachstrainunder investigationhavebeengiven
in supplementary excel sheet ESM 7.A statistically higher num-
ber (p<0.001, two tailed test) of PAS genes were found on the
lagging strand of genomes than on the leading strand irrespective
of the species (ESM 7). Bacteria generally have their important
genes located on the leading strand ofDNA to avoid the head-on
collisions that would otherwise occur between replication and
transcription mechanisms (Paul et al. 2013). When compared to
the co-directional collision occurring between DNA polymerase
andRNApolymeraseon leadingstrand,head-on replication tran-
scriptionconflictshavebeen found tobemoremutagenic.Hence,
highly expressed house-keeping genes are mostly concentrated
on the leading strandofDNA(Banerjeeet al. 2004).Geneson the
lagging strandexperiencemorenon-synonymousmutations than
genes on the leading strand (Paul et al. 2013). This trait allows an
organism to take advantage of this higher rate of mutation by
adapting towards specific niche. One hypothesis proposed is that
some bacteria with more genes on the lagging strand promote
faster evolution through orientation-dependent encounters be-
tween DNA replication and transcription (Paul et al. 2013). The
head-on orientation can be promoted by a positive selection
mechanism and is apparent from the higher rate of convergent
evolution in genes on the lagging strand. Thus, the genes on the
lagging strandplay significant roles in adaptive evolution.A sim-
ple switch in orientation can facilitate the evolution of genes in a
targetedway (Paul et al. 2013). PAS genes aremainly present on
the lagging strand andmay play a key role in bacterial adaptation
through the higher rate of non-synonymous mutation.
Fijalkowska et al. (1998) suggested that, lagging strand replica-
tion is more accurate than leading strand replication, which may
be another reasonwhy themajority of these important PASgenes
are located on the lagging strand instead of on the leading strand.
However, more research is needed to decipher the importance of
genes present on lagging strands.

Majority (76 %) of the PAS genes whose functions could
be determined and ascribed to a well-defined COG category
were found to be associated with signal transduction (COG
category- T), whereas, others were poorly characterized [COG
category- R (10 %), S (14 %)] (ESM 7).

3.4 3D modeling of PAS domains

Homology modeling of the PAS domains revealed their struc-
turally conserved nature (Shah et al. 2013). In its core region,
there were five antiparallel beta strands connected to each

other by loops (ESM 8). Three to four alpha helices were
present in the outer part of the core region, which may ensure
that information will specifically transferred to the PAS core
part (Scheu et al. 2010). The Ramachandan plots obtained
from POCHECK server (Laskowski et al. 1993) validated
the structures. In the majority of the cases, more than 90 %
of the amino acids were found in the allowed region.

3.5 Structure based phylogeny indicates
a structure-functional association

Comparison of PAS structure-based tree (Fig. 1) with the PAS
domain amino acid sequence based tree (Fig. 2.) and 16S
rRNA sequence (Fig. 3) tree showed some major topological
differences. Analysis of the PAS-domain-structure-based tree
showed that members of each clade had a preferential associ-
ation with some co-domains. For instance, all of the clade-I
members had their PAS domain associated with the PAC do-
main (C terminal motif of PAS). In clade-II, PAS domain
interacted with GAF (cGMP-specific phosphodiesterases),
SpoII E (Stage II sporulation protein E domain). While PAS
domains of the members of clade-III were associated with a
number of co-domains like GAF, SpoII E and HATPase_C
(Histidine kinase-like ATPase domain). In clade-IV, PAS do-
mains were associated with GGDEF domain. Although mem-
bers of clade-V came from different orders, all of their PAS
domains were associated with GGDEF and EAL (Glutamate
Alanine Leucine domain) domains. This trend continued in
clade-VI where the PAS domain interacted with the HisKA,
HATPase_C and Response_reg domains. ForM. tuberculosis
CCDC5079 PAS domain showed unique associations with the
SpoIIE, HATPase_c_2, and STAS_2 which were not present
in any of the other clades.

Thus, the clustering pattern of this tree seems to be totally
dependent upon the functional interaction of PAS domainwith
its co-domains. Overall, this phylogeny based on a domain-
domain association of the selected genes, regardless of the
genus, supported our hypothesis that the 3-D structure of
PAS domain may modulate the biological network and/or
vice-versa. Jonathan and Crosson (2011) also reported similar
results and proposed that the structure of the PAS domain
grouped according to their ligand binding property and cellu-
lar localization property. However, a closer view of their
structure-based phylogenetic tree also revealed that PAS do-
main structures with similar co-domains clustered together.

3.6 PAS domains of actinobacteria are mainly located
in cytoplasmic region

The PAS proteins of actinobacteria were mainly located
in the cytoplasm of the cell (ESM 9). Approximately
80.71 % were on cytoplasm, 17.8 % were membrane
bound and 1.50 % was on extra-cytoplasmic part.
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Proteins containing the transmembrane regions were
found to be membrane bound. The number of PAS pro-
teins found in the extracytoplasmic region of the cell
was negligible. Thus, in contrast to results of Jonathan
and Crosson (2011), we found no significantly differ-
ences in the cellular localization pattern of PAS protein
for these actinobacterial strains.

3.7 Domain-domain interactions maintaining
the biological network in Actinobacteria

Akey characteristic of proteins is their inter-domain interactions.
The PAS domain generally works in an interactive way with the
co-domains of the specific protein sequence (Taylor and Zhulin
1999). For various genes and organisms, both the number and

Fig. 1 A single tree based on the
PAS domain structure.
Sinorhizobium meliloti was used
as outgroup. Co-domain
association based clusters are
clearly shown
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typesof theco-domainsdiffered.AnexaminationofPASdomain
interactionswith its co-domainsprovided insighton the influence
of environmental effects partitioning the microbes into four
biotopic clusters.

A common pattern of association was revealed in the
extremophilic actinobacteria cluster (consisting of
Geodermatophilus, Blastococcus, Modestobacter,
Cryptosporangium and Saxeibacter genera) where PAS do-
mains were found to be associated with a number of co-
domains regulating diverse functions. For example, PAS-MA
(Methyl accepting chemotaxis domain) association may help
in bacterial motility, associations such as PAS-GAF-GGDEF,
HisKa-PAS-GGDEF-EAL and PAS-GGDEF-EAL may regu-
late the microbial signal transduction (Aravind and Ponting
1997), PAS-GAF-PP2C_SIG (protein phosphatase 2C domain)
may remain associated with endospore formation and PAS-
GAF-PHY (Phytochrome related domain) may be responsible
for the bacterial phytochrome related activity. Previous re-
searches (Bibikov et al. 2000; Kataoka et al. 1997; David
et al. 1988; Stock et al. 1989, Aravind and Ponting 1997) have
shown that PAS domains associated with these co-domains can

regulate bacterial motility, phytochrome-related activity and oth-
er signaling cascade mechanisms.

Certain strains of Frankia form a nitrogen-fixing symbiotic
association with woody actinorhizal plants (Normand et al.
2012). For these Frankia strains, the majorities (97 %) of PAS
domains were found to be associated with either HisKA,
HATPase_C (47 %) or with GGDEF, EAL (50 %) and the rest
3 % were associated with SpoIIE, Response_reg, PAC etc. In
Sinorhizobium meliloti RMFixL gene, PAS-HisKA-
HATPase_C association was proved to induce nifA and nifK
geneswhichinturncanactivate thenitrogen-fixingcascadeunder
hypoxicconditions(GonzalezandGonzalez2004). InRhizobium
etli too, PAS-GGDEF-EAL association aids the Rhizobium-le-
gume symbiosis (Gao et al. 2014). Thus, the association of PAS
withHisKA,HATPase_CorwithGGDEFandEALmayhelp in
Frankia symbiosis too. Transcriptomic data analysis of Frankia
alni ACN14a (GSE18190) (Alloisio et al. 2010) also revealed
that, the expression level of proteins bearing PAS-GGDEF-EAL
andPAS-HisKA-HATPase_Cis elevatedunder symbioticcondi-
tions compared to free living conditions (ESM 10). These gene
productswerelocatedmostlyincytoplasmicpartof thecellandon

Fig. 2 PAS domain amino acid
sequence based tree
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the lagging strand (the reason of being so has already been
discussed above). Thus, we postulate that the PAS domain asso-
ciated with these co-domains may aid the bacteria in symbiotic
association and in the nitrogen fixation process. Further proof of
this idea requiresexperimental evidencebeyondourbioinformat-
ics results.

Among the free living Frankia strains, PAS domains were
found to be associated with GAF, SpoIIE, Response_reg,
GGDEF and EAL co-domains. In many free living microbes,
both GGDEF and EAL actively participate in the secondary
messenger pathway and act as cognate response regulator with
sensory PAS domain (Simm et al. 2004; Taylor and Zhulin
1998). The other co-domains may be acting in a similar man-
ner as found as with other soil bacteria by maintaining the cell
signaling cascade for some important events like signal trans-
duction, chromophore formation, motility, sporulation etc.
(Taylor and Zhulin 1999). Thus, we theorize that Frankia,
which exists in both symbiotic and free-living states, uses
PAS-GGDEF-EAL association in a similar manner which is
quite interesting and will be further explored later.

For both pathogenic and non-pathogenicMycobacterium and
antibiotic producing Streptomyces strains, PAS domains were
mainly associated with GGDEF, GAF, SpoIIE co-domains. In
non-pathogenic Mycobacterium and soil living Streptomyces,
the role of the PAS domain appears to be quite similar to the role
found with free living Frankia. However, PAS domains in the
pathogenic Mycobacterial strains have been identified as poten-
tial drug target sites for the treatment of tuberculosis (Cui et al.
2009; Rickman et al. 2004). PAS has been proposed to play an
important role in stress regulation in host-associated
Mycobacteria too (Jaiswal et al. 2010; Rickman et al. 2004).

However, all of the above proposed mechanisms for PAS
domains in the life styles of actinobacteria are still very hypo-
thetical and require further research to support these hypotheses.

4 Conclusion

PAS are versatile domains found virtually in every form of life.
Analysis of the selected actinobacterial genomes identified PAS

Fig. 3 16S rRNA gene sequence
based tree
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genes as belonging to COG Tcategory implying a role in signal
transduction. A majority of the PAS genes were located on the
lagging strand of genomes suggesting their involvement in adap-
tive evolution. PAS functional domains were in association with
co-domains (e.g. GAF, HisKA, GGDEF, EAL, PP2C_SIG etc.)
thatappear tohelpinecologicaladaptationviaregulationofsignal
transduction. From analysis of the structure-based phylogeny
PAS domains with similar interacting co-domains were found
grouped together. Thus, the structure of PASdomainsmay deter-
mine its associating co-domains as well as biological network or
vice-versa. PAS in collaborationwith their co-domains appear to
play a central role in specific niche adaption too.Our understand-
ing of the biological roles of these PAS domains play in niche
development is just beginning andwill increase in the future.
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Abstract The actinorhizal symbiosis is a mutualistic relation-
ship between an actinobacterium from the genus Frankia and
a wide variety of dicotyledonous plants representing 8 differ-
ent families of angiosperms. Molecular phylogenetic ap-
proaches have identified four major Frankia lineages that
have distinctive plant host ranges. Since the first published
three Frankia genomes, an effort was undertaken to provide
full genomic databases covering all four well established
Frankia lineages and to provide depth of the number of strains
covered. Here, we report on the updated status of these se-
quencing efforts. At present, there are 25 complete or draft
Frankia genomes that have been sequenced and annotated,
and several others are now in the pipeline being sequenced.

An overview of the Frankia genomes will be presented focus-
ing on their general genomic properties including size of the
pan- and core-gene pool, size relationship and genome plas-
ticity. Furthermore, a description of biosynthetic potential and
a discussion about genes (nitrogenase, hopanoid biosynthesis,
truncated hemoglobin, hydrogenase uptake gene clusters) in-
volved in the symbiosis will be discussed. The absence of
common nod genes within these Frankia genomes provides
clues about the host-microbe recognition process for the
actinorhizal symbiosis

Keywords Actinobacteria . Actinorhizal symbiosis .

Genomics . Nitrogen fixation . Plant-microbe interactions

1 Introduction

Among the plant-microbe associations, the actinorhizal sym-
biosis consists of the interaction between actinobacteria from
genus Frankia and over 200 species of dicotyledonous plants
representing 8 different families of angiosperms (Normand
et al. 2014; Chaia et al. 2010; Schwencke and Caru 2001).
This association results in the development of root nodule
structure on the host plant which contains the symbiotic bac-
teria. The nitrogen-fixing Frankia spp. are able to fix atmo-
spheric nitrogen in soils or in symbiosis (in planta). The sym-
biosis with Frankia allows actinorhizal host plants to colonize
harsh environments. These pioneer plants are found world-
wide under a wide range of ecological and environmental
conditions especially poor and marginal fertile soils
(Schwencke and Caru 2001; Benson and Dawson 2007).

Although the genus Frankia has not yet been described to
the species level, it has become an area of greater interest.
However regardless of the typing locus used, Frankia strains
have been classified into four main lineages based on
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phylogenetic analysis (Ghodbhane-Gtari et al. 2013, Nouioui
et al. 2011; Normand et al. 1996; Cournoyer and Lavire 1999,
Ghodhbane-Gtari et al. 2010). Members of lineage I are found
infective on host plants of the Betulaceae, Myricaceae, and
Casuarinaceae families (except Gymnostoma), while lineage
II represents strains that are infective on the subfamily
Dryadoideae (all actinorhizal Rosaceae), Coriariaceae,
Datiscaceae, and the genus Ceanothus (Rhamnaceae).
Members of lineage III are the most promiscuous and are in-
fective on Elaeagnaceae, Colletieae (all actinorhizal
Rhamnaceae except Ceanothus), Myricaceae, Gynmmostoma
(Casuarinaceae), and occasionally Alnus. The fourth Frankia
lineage consists of the Batypical^ strains which are unable to re-
infect actinorhizal host plants or form ineffective root nodule
structures that are unable to fix nitrogen.

Because of the lack of genetic tools, sequencing of first
three Frankia genomes offered new avenues to study the
actinorhizal symbiosis (Normand et al. 2007; Benson et al.
2011). Analysis of three Frankia genomes provided new in-
sight on the physiology and phylogeny of Frankia. The most
noticeable difference among the three sequenced Frankia ge-
nomes was in their sizes, which varied greatly: The narrow
host range Casuarina strain (Frankia sp. Strain CcI3) being
5.43 Mbp, the medium host range Alnus strain (Frankia alni
strain ACN14a) at 7.50 Mbp, and the broad host range
Elaeagnus strain (Frankia sp. Strain EAN1pec) at 9.04 Mbp
(7976 CDS). This Frankia genome size correlates with host
specificity and biogeography (Normand et al. 2007; Tisa et al.
2013).

The availability of these three Frankia genome databases
has opened up the use of Bomics^ approaches (Benson et al.
2011) including genome mining (Niemann and Tisa 2008;
Perrine-Walker et al. 2010; Ghinet et al. 2011; Ghodhbane-
Gtari et al. 2014a), comparative genomics (Normand et al.
2007; Mastronunzio et al. 2008; Sen et al. 2008; Bickhart
et al. 2009; Udwary et al. 2011, Sen et al. 2012; Furnholm
and Tisa 2014), transcriptomics (Alloisio et al. 2010; Popovici
et al. 2010; Lee et al. 2013) and proteomics (Alloisio et al.
2007; Bagnarol et al. 2007; Mastronunzio et al. 2009, 2010).

Since the sequencing of first three Frankia strains, ge-
nomes for representatives from each lineage have been
sequenced (Ghodbhane-Gtari et al. 2013, 2014b; Gtari et al.
2015; Hurst et al. 2014; Mansour et al. 2014; Nouioui et al.
2013; Oshone et al. 2016; Persson et al. 2011; Pujic et al.
2015; Sen et al. 2013; Swanson et al. 2015a, b; Tisa et al.
2015; Wall et al. 2013). Analysis of Frankia genomes has
revealed new potential in respect to metabolic diversity, natu-
ral product biosynthesis, and stress tolerance, which may aid
the cosmopolitan nature of the actinorhizal symbiosis. The
purpose of this report is to update the current status of se-
quencing and provide some insight on these new databases.
Overall general properties of the genomes are analyzed and
specific genes potentially involved in symbiosis are discussed.

2 Materials and methods

2.1 Retrieval of genome sequence

The genomic and proteomic sequences of 21 Frankia ge-
nomes were retrieved from Integrated Microbial Genomes
(IMG) platform developed by the Joint Genome Institute
(www.img.doe.gov) (Markowitz et al. 2006). Table 1 lists all
of the Frankia genomes used in this study.

2.2 Pan-core gene pool detection

The core genome of Frankiales was calculated by CMG
Biotools (Vesth et al. 2013) which used a 50/50 blast search
method to identify the set of genes present in all strains. The
concatenated core genomic tree was also constructed on a
CMG platform (Vesth et al. 2013) using the relative
Manhattan distance method and bootstrap value of 1000 rep-
resented as percentage in the tree.

2.3 Identification of putative horizontally transferred
(HGT) genes

The putative horizontally transferred genes were identified by
the Dark horse method (Podell and Gaasterland 2007). In the
Dark horse method, the HGTs were determined based on the
lineage probability index (LPI) score and is a combination of
database mining, sequence alignment and statistics. This method
also incorporates knowledge regarding lineage relationships.

Briefly, the queried protein sequences undergo a low strin-
gent BLAST search against the Dark horse database. Those
hits with similar annotation or similar taxonomic group are
eliminated. A candidate set of HGTs are prepared against each
query protein from the remaining BLASTalignments depend-
ing upon the query specific BLAST score and global align-
ment score. The database proteins with maximum bit score for
each candidate set is used to calculate the LPI score.
Organisms which are phylogenetically close to the query have
a higher LPI score, while those that are phylogenetically dis-
tant have lower LPI score.

2.4 Identification of insertion elements

For each Frankia strain, the complete genome in concatenated
Fasta was uploaded in IS finder server (http://issaga.biotoul.fr/)
to detect the IS elements. This server detects both complete and
partial IS elements by a global and local alignment of the
genome sequence. With the global alignment, >75 %
coverage was identified as putative complete ORFs and all
others were recognized as partial ORFs. The identified ORFs
were queried by a blast search of the IS database. An IS element
was identified as having the following thresholds: an identity
threshold >95 %, word size =7 letters, and e-value =1e-5
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Table 1 Properties of Frankia genomes

Strain Lineage No. of
Scaffolds

Size (bp) GC % No. of
genes

Host Plants1 Accession number Reference

ACN14a Ia 1 7,497,934 72.83 6795 B, M CT573213 Normand et al. 2007

QA3 Ia 1 7,590,853 72.59 6546 B, M CM001489.1 Sen et al. 2013

ACN1ag Ia 90 7,521,104 72.39 6312 B, M LJPA00000000 Swanson et al. 2015a

AvcI.1 Ia 77 7,741,902 72.41 6530 B, M LJFZ00000000 Swanson et al. 2015b

CpI1-S Ia 153 7,624,758 72.32 6448 B, M JYFN00000000 Oshone et al. 2015

CpI1-P Ia 143 7,619,552 72.14 6472 B, M LJJX00000000 Oshone et al. 2015

CcI3 Ic 1 5,433,628 70.08 4621 C, M CP000249.1 Normand et al. 2007

CcI6 Ic 138 5,565,969 67.61 4969 C, M AYTZ00000000 Mansour et al. 2014

Thr Ic 171 5,309,833 69.95 4870 C, M JENI00000000 Hurst IV et al. 2014

BMG5.23 Ic 167 5,267,418 69.79 4816 C, M JDWE00000000 Ghodhbane-Gtari et al.
2014b

Allo2 Ic 110 5,352,113 69.78 4847 C, M JPHT00000000

CeD Ic 120 5,004,595 69.99 4466 C, M JPGU00000000

BR Ic 180 5,227,240 69.99 4841 C, M

Cg70.9 Ic I.P.2 I.P. C, M

CeI523 Ic I.P. I.P. C, M

KB5 Ic I.P. I.P. C, M

CcI49 Ic I.P. I.P. C, M

CgIM4 Ic I.P. I.P. C, M

CgIS1 Ic I.P. I.P. C, M

CcI156 Ic I.P. I.P. C, M

Dg1 II 1 5,323,186 70.04 4.579 Ro, Rh, Co, D CP002801 Persson et al. 2011

BMG5.1 II 116 5,795,263 70.16 5303 Ro, Rh, Co, D JWIO00000000 Gtari et al. 2015

BMG5.30 II I.P. I.P. Ro, Rh, Co, D

EAN1pec III 1 8,982,042 71.15 7250 E, G, Rh, M CP000820.1 Normand et al. 2007

EUN1f III 2 9,322,173 70.82 7833 E, G, Rh, M ADGX00000000

BCU110501 III 207 7,891,711 72.39 6839 E, G, Rh, M ARDT00000000 Wall et al. 2013

BMG5.12 III 139 7,589,313 71.67 6342 E, G, Rh, M ARFH00000000 Nouioui et al. 2013

EI5c III 159 6,618,439 72.14 5521 E, G, Rh, M

R43 III 46 10,448,868 70.90 8.302 E, G, Rh, M3 LFCW00000000.1 Pujic et al. 2015

DSM 45899 (G2) III 83 9,537,992 70.89 7874 E, G, Rh, M

BMG5.11 III I.P. I.P. E, G, Rh, M

NRRL B-16,219 III I.P. I.P. E, G, Rh, M

CN3 IV 2 9,978,592 71.72 8412 Coriara nepalensis4 AGJN00000000 Ghodhbane-Gtari et al.
2013

DC12 IV 1 6,884,336 71.92 5858 Datisca cannabina4 LANG00000000 Tisa et al. 2015

EuI1c IV 1 8,815,781 72.31 7262 E, G, Rh, M CP002299.1

EUN1h IV I.P. I.P Elaeagnus umbellata

NRRL B19386 IV I.P. I.P. Morella californica

1 B, Betulaceae; Ca, Casuarinaceae; Co, Coriariaceae, D, Datiscaeae; E, Elaeagnaceae; G, Gymnostoma; M, Myricaceae; Rh, Rhamnaceae; Ro,
Rosaceae
2 IP, Sequencing currently in Progress
3 Isolated from Casuarina cunninghamiana, but unable to re-infect this host plant
4 Isolated from these host plants, but unable to re-infect any actinorhizal host plant
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(Varani et al. 2011). The Frankia IS elements were aligned by
use of the Mauve program (Darling et al. 2010).

2.5 Identification of biosynthetic gene clusters

The metabolic potential of the Frankia genomes were ana-
lyzed by the use of the antiSMASH program (Medema et al.
2011; Blin et al. 2013).

3 Result and discussion

3.1 Status of Frankia genomes and those underway

Since the sequencing of the first three Frankia genomes
(Normand et al. 2007), manymore Frankia isolates have been
sequenced or are in the queue. Table 1 lists all of the Frankia
genomes completed or in progress. These genomes are from
all four Frankia lineages and except for Dg1 represent cul-
tured Frankia isolates. Besides the genomes listed in Table 1,
genomes from another uncultured strain from a Datisca nod-
ule and an uncultured spore-positive strain were reported at
the 18th International Meeting on Frankia and Actinorhizal
plants. These two genomes will not be included in our
discussion.

At the moment, 25 Frankia genomes have been se-
quenced and annotated, while 12 more genomes are
currently at different stages of sequencing (Table 1).
Among the sequenced genomes, seven genomes have
been sequenced to completion providing a single scaf-
fold, while remaining 17 genomes have been sequenced
to a draft level ranging from 2 to 207 contigs or scaf-
folds. The completion of genome sequencing to a single
scaffold is very labor intensive and costly. Based on the
next-generation sequencing technology, the production
of permanent draft genome sequences is easier and
cheaper and these databases provide sufficient informa-
tion for analysis.

3.2 Determination of the pan and core gene pool

The Frankia pan and core genome was identified by a
BlastP search of the proteins content of the Frankia ge-
nomes. The pan genome consisted of 26,394 genes, while
the core genome contained 1421 genes. Majority of these
core genes were found to be associated with Cluster of
orthologous groups of proteins (COG) categories including
COG K (transcription), J (translation, ribosomal structure
and biogenesis), T (signal transduction), G (carbohydrate
transport and metabolism), C (energy production and con-
version) and E (amino acid transport and metabolism).
Thus, it is very clear that the core gene pools are mainly

the essential gene sets which play a pivotal role in main-
taining a proper and healthy lifestyle.

3.3 Size relationship and phylogenetics

Analysis of the first three Frankia genomes generated a hy-
pothesis that genome size was related to host specificity and
biogeography ranges (Normand et al. 2007). As we have in-
creased the number of Frankia genomes sequenced, we can
provide further support for this hypothesis (Tisa et al. 2013).
Since we have representatives of all four Frankia lineages
(Table 1), it appears generally that this hypothesis is holding
true.

A comparison of the genome size to its GC content showed
that these Frankia genomes formed three distinct clusters
(Fig. 1). One cluster consisted of lineage Ic and II and had
smaller size and lower GC content. Another cluster had larger
sized genomes with a higher GC content and consisted of
lineages III and IV. The last cluster was in-between the other
two with size and was comprised of members of lineages Ia,
III and IV. The GC content of this cluster appears to have the
highest and all of the members of lineage Ia were found within
this cluster.

A concatenated phylogenetic tree was generated from the
Frankia core genome (Fig. 2). Based on this unrooted phylo-
genetic tree, all of the Frankia lineages remained true.Frankia
strains for lineages Ia and Ic were separate but clustered closer
together.

3.4 Genome plasticity

Frankia genome plasticity was investigated by examining the
distribution and numbers of mobile genetic elements includ-
ing horizontal transferred genes (HGT) and insertion se-
quences (IS). The results are described below.

Fig. 1 Analysis of Frankia genome size and GC content. Frankia
genomes were clustered in three groups
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3.4.1 Identification and classification of IS elements
in frankia

Among the 21 Frankia genomes, a total of 2597 IS elements
were identified and found to represent 26 IS element families
(Supplementary Table S1). No IS elements were identified in
two Frankia genomes (EI5c and DSM 45899 [G2]). With our
expanded number of Frankia genomes, that correlation was
not confirmed (Table 2; Fig 3). Neither a proportional nor an
inverse relationship was not found between the genome sizes
and IS element percentages in Frankiales. However, genomes
of lineage Ic contained more IS elements than other lineages.

The transposable element, ISL3 was present in all of the
Frankia genomes containing IS elements confirming previous
results (Bickhart et al. 2009). Several other IS categories in-
cluding IS4 and IS5 were also found to be present in all of the
Frankia genomes containing IS elements, but the sub-
categories were different.

3.4.2 HGT number does not significantly correlated
with genome size or IS number

Although a positive correlation between the number of IS ele-
ments andHGTs has been shown in other systems (Mahillon and
Chandler 1998), we found no statistically significant correlation
between these two parameters (Fig 3, Table 2). To confirm these
finding, we examined two parameters of codon usage, GC%

(percentage of total amount of G + C present) and GC3% (per-
centage of G or C present at third position of codons), for the
total genome, HGTs and IS elements (Supplementary Table S2).
Inmost cases, significant differences (p< 0.0001)were found for
GC% and GC3% values between the total genome and HGTs
and also between HGTs and IS elements. However, there was no
significant difference between IS elements and the total genome,
except for strains Thr and EUN1f. These results indicate that
Frankia IS elements are not horizontally transferred confirming
an idea previously postulated (Bickhart et al. 2009). Thus, most
of Frankia IS elements were descended from common ancestors
that would have diverged about 100 million years ago with the
appearance of actinorhizal plant families (Magallon et al. 1999).

3.5 Genes involved in symbiosis

Several genes have been shown or suggested to be involved in
the actinorhizal symbiosis. Analysis of the Frankia genomes
revealed that these gene regions had unique features. None of
these symbiotic genes are clustered, but are spread through the
Frankia genomes (Normand et al. 2007). Some of the genes are
discussed below.

3.5.1 Nitrogen fixing genes

Nitrogen fixation or the conversion of atmospheric N2 to NH3

is catlyzed by the enzyme nitrogenase. In general, Frankia

Fig. 2 A concatenated phylogenetic tree of the core genome based onMannHattern Distance and bootstrap value 1000. The bootstrap values have been
represented as percentages. For each lineage, the host plants are given within the box. The core genome consisted of 1421 genes

Genomic approaches toward understanding the actinorhizal

https://www.researchgate.net/publication/282733781_Genome_Characteristics_of_Frankia_sp_Reflect_Host_Range_and_Host_Plant_Biogeography?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/271632927_Phylogenetic_Pattern_Diversity_and_Diversification_of_Eudicots?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/26887711_Insertion_sequence_content_reflects_genome_plasticity_in_strains_of_the_root_nodule_actinobacterium_Frankia?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/26887711_Insertion_sequence_content_reflects_genome_plasticity_in_strains_of_the_root_nodule_actinobacterium_Frankia?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==


strains from lineages I, II and III are able to fix nitrogen and
possess nitrogenase, while members of lineage IV are unable
to fix nitrogen. Nitrogenase is protein complex that is encoded
by the three structural genes: nifDK for the MoFe catalytic
protein complex and nifH for an FeS protein. Contents and
organization of nif genes varied significantly among N2-fixing
organisms. Twenty nif genes are co-located within one cluster
in Klebsiella pneumoniae (Arnold et al., 1988) or dispersed
into two clusters in Azotobacter vinelandii genome (Setubal
et al., 2009). Recently, Wang et al. (2013) demonstrated the
potential for engineering nitrogen fixation in a non-nitrogen
fixing organism with a minimum set of only nine nif genes
(nifB-H-D-K-E-N-X-hesA-nifV). Usally, only one nifH gene
is present, but multiple nifH genes are found in a few
diazotrophs (Michiels et al., 1994; Wang et al., 1988).

The Frankia genomes contain 11–12 nif genes that are
clustered together as an operon on 11.6–14 kb region
(Fig. 4). For Frankia genomes from lineage I and II, all of
the nif genes clustered together, while genomes from lineage
III are organized slightly different having a nifV located at
distance from the general nif cluster. Furthermore, nifZ was
present only in lineage III. The nif operon consists of one copy

of each nif gene. However for genomes from lineage II, two
copies of nifU are present. A second nifU-like is also present
in hup operon in lineage I, III and IV genomes. Six non-nif
genes (orf1, orf2, hesA orf3, orf4 and fdx) are also present and
located between nif genes. Interestingly, no nif genes were
found in Frankia genomes from lineage IV.

3.5.2 Hopanoid biosynthesis genes

Vesicles are specialized thick-walled structures that constitute the
sites of Frankia nitrogen fixation (Noridge and Benson 1986;
Tisa and Ensign 1987; Normand et al. 2014). Their formation is
regulated by ambient partial pressure of O2 and constitutes one
of mechanisms protecting nitrogenase from oxygen inactivation
(Murry et al. 1985). One of the major constituents of vesicles are
hopanoids, natural pentacyclic triterpenoid lipids, that form the
multilayered envelope surrounding the vesicle structure and act
as oxygen-barrier (Berry et al. 1991, 1993). The hopanoid forms
produced by Frankia are essentially bacteriohopanetetrol and
bacterio-hopanotetrol phenylacetate monoester derivatives.
Hopanoids are biosynthesized from isopentenyl pyrophosphate
(IPP) which is synthesized either through mevalonate pathway

Table 2 List of HGT and IS
elements of Frankia genomes Strain Lineage Genome

Size (bp)
No of IS elements
(complete + partial)

Partial IS
element
count

% IS1 No. of
HGT

%HGT2

ACN14a Ia 7,497,934 33 18 0.49 406 5.97

AvcI.1 Ia 7,741,902 38 16 0.58 44 0.67

ACN1ag Ia 7,521,104 120 60 1.90 38 0.60

CpI1-P Ia 7,619,552 130 61 2.01 36 0.56

CpI1-S Ia 7,624,758 129 67 2.00 32 0.50

QA3 Ia 7,590,853 120 81 1.83 123 1.88

Allo2 Ic 5,352,113 127 53 2.62 11 0.23

BMG5.23 Ic 5,267,418 149 65 3.09 28 0.58

CcI3 Ic 5,433,628 196 57 4.24 140 3.03

CcI6 Ic 5,389,291 137 51 2.76 21 0.42

CeD Ic 5,004,595 131 49 2.93 1 0.02

Thr Ic 5,309,833 147 58 3.02 5 0.10

BMG5.1 II 5,795,263 47 17 0.89 44 0.83

Dg1 II 5,323,186 259 73 5.66 1 0.02

BCU110501 III 7,891,711 14 3 0.20 60 0.88

BMG5.12 III 7,589,313 113 52 1.78 90 1.41

DSM 45899 III 9,537,992 0 0 0.00 245 3.10

EAN1pec III 8,982,042 260 78 3.59 247 3.41

El5c III 6,618,439 0 0 0.00 358 6.48

EUN1f III 9,322,173 161 75 2.06 7 0.09

CN3 IV 9,978,592 112 47 1.33 204 2.42

DC12 IV 6,884,336 153 37 2.58 76 1.28

EuI1c IV 8,815,781 21 9 0.29 3 0.04

1% IS represents percentage of insertion elements (both complete and partial) present in the total genome
2%HGT represents the percentage of horizontally transferred genes present in total genome

L.S. Tisa et al.

https://www.researchgate.net/publication/258065999_A_Minimal_Nitrogen_Fixation_Gene_Cluster_from_Paenibacillus_sp_WLY78_Enables_Expression_of_Active_Nitrogenase_in_Escherichia_coli?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/24415288_Genome_Sequence_of_Azotobacter_vinelandii_an_Obligate_Aerobe_Specialized_To_Support_Diverse_Anaerobic_Metabolic_Processes?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/24415288_Genome_Sequence_of_Azotobacter_vinelandii_an_Obligate_Aerobe_Specialized_To_Support_Diverse_Anaerobic_Metabolic_Processes?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/20327373_The_presence_of_five_nifH-like_sequences_in_Clostridium_pasteurianum_Sequence_divergence_and_transcription_properties?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/20094462_Nucleotide_sequence_of_a_24206-base-pair_DNA_fragment_carrying_the_entire_nitrogen_fixation_gene_cluster_of_Klebsiella_pneumoniae?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/19678674_Isolation_and_nitrogenase_activity_of_vesicles_from_Frankia_sp_strain_EAN1pec?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/19294575_Effect_of_O2_on_vesicle_formation_acetylene_reduction_and_O2-uptake_kinetics_in_Frankia_sp_HFPCcI3_isolated_from_Casuarina_cunninghamiana?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/11743965_Hopanoid_Lipids_Compose_the_Frankia_Vesicle_Envelope_Presumptive_Barrier_of_Oxygen_Diffusion_to_Nitrogenase?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==
https://www.researchgate.net/publication/7112596_Bacteriohopanetetrol_Abundant_Lipid_in_Frankia_Cells_and_in_Nitrogen-Fixing_Nodule_Tissue?el=1_x_8&enrichId=rgreq-e6ef08a8c8324f03426bd882659adb21-XXX&enrichSource=Y292ZXJQYWdlOzI5ODQxODcxNjtBUzozNTAwNjY3MjEyMTQ0NjVAMTQ2MDQ3MzgxODU2NA==


or methyl erythritol phosphate pathway (Rohmer 2008). Genes
involved in biosynthetic pathway of hopanoids have been iden-
tified in the Frankia genomes (Dobritsa et al. 2001; Udwary
et al. 2011; Richau et al., 2013). Only the methyl erythritol
phosphate pathway is present in Frankia. In fact, all of the
Frankia genomes sequenced to date have a hopanoid biosynthe-
sis gene cluster including members of lineage IV (strains EuI1c,
CN3 and DC12) that are unable to fix dinitrogen. Besides their
function as a component of the vesicle envelope, these
hopanoids must play another role in the life style of this
actinobacterium. One hypothesis is that these hopanoids may
be common cell-wall components conferring membrane integri-
ty independently of nitrogen status. Hopanoid content varies

only slightly between nitrogen-deficient (N2) and nitrogen-
replete (NH4) conditions (Nalin et al. 2000). In general, vesicles
are generated under nitrogen-deficient conditions and absent un-
der nitrogen-replete (NH4) conditions. This result would suggest
that remobilization of hopanoids is involved in vesicle formation
rather than de novo biosynthesis.

3.5.3 Hydrogenase genes

Two Ni-Fe hydrogenase or uptake hydrogenase (hup) operons
have been identified in Frankia ACN14a and CcI3 genomes
(lineage I): hup 1 operon is expressed under free-living con-
ditions while hup 2 operon is expressed during symbiosis
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Fig. 3 A comparision of Frankia strains for genome size (Mbp), number of IS elements and HGT number for Frankia showing no correlation between
these three parameters. a HGT versus genome size, b IS elements versus genome size, and c HGT versus IS elements
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(Leul et al. 2007; Richau et al. 2013). The second operon is
expressed in parallel with nitrogenase to convert the hydrogen
by-produced during nitrogenase activity into electrons and
protons. This reaction contributes to recycle the energy during
nitrogen-fixation and to protect nitrogenase from oxygen
(Mattsson and Sellstedt 2000).

Analysis of the 25 Frankia genome show that genes
encoding the hydrogenase subunits are clustered into two op-
erons for lineages I and III and only one operon for lineages II
and IV (Fig. 5). Interestingly, the hup 1 operon includes a
nifU-like gene. A higher homology is noted among hup 1
operons present in Frankia lineages I, III and IV and other
closely related actinobacteria including members of
Geodermatophilaceae, while hup 2 operons are distinctly re-
lated among Frankia lineages I, II and III and showing ho-
mology to different actinobacterial lineages.

3.5.4 Truncated hemoglobin genes

Truncated hemoglobins (trHbs) are a class of proteins widely
distributed among bacteria, unicellular eukaryotes and plants

and have been classified into three groups; group I (HbN),
group II (HbO), and group III (HbP) (Wittenberg et al.
2002). For several nitrogen-fixing organisms, these proteins
play a role buffering oxygen levels to help protect nitrogenase
from oxygen inactivation (Hill et al. 1996) or as NO scaven-
gers to protect NO stress (Wang and Ruby 2011) Two different
types of truncated hemoglobins have been found in Frankia:
HbN and HbO (Tjepkema et al. 2002; Beckwith et al. 2002;
Niemann et al. 2005; Schwintzer and Tjepkema 2005). All of
the Frankia genomes contain both of these genes. The pro-
teins appear to play a role in NO stress for HbN and in adap-
tation to low oxygen levels for HbO (Coats et al. 2009;
Niemann and Tisa 2008; Ghodhbane-Gtari et al. 2014a, b).

3.5.5 Common nod genes

With the legume-rhizobium symbiosis, the identification of
the microbe by its host plants involves the common nod genes.
The host plant secretes flavonoids that are perceived by the
compatible rhizobia which activates nod genes expression
leading to the secretion of lipochitooligosaccharides known
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as Nod-factors (Lerouge et al., 1990). These rhizobial signals
are perceived by the host plant via LysM-receptor-like kinase
(LysM-RLKs) a signal transduction cascade take on and lead-
ing to infection and genesis of functional nodule (Oldroyd
2013). Analysis of the Frankia genomes for common canon-
ical nodABC genes (NodA-acyl transferase, NodB-chitin
deacetylase, NodC-chitin synthase) failed to reveal their pres-
ence. A BLASTP analysis of 24 Frankia genomes failed to
detect any obvious homolog for NodA, NodB and NodC pro-
teins Some similarity to other Nod-like proteins, such as chito-
oligosaccharide deacetylase are present and found across non-
symbiotic prokaryotes. These homologs are relatively con-
served among actinobacteria. These results suggest that
Frankia uses a novel signaling compounds during the infec-
tion process of actinorhizal plants. In contrast, the Dg1 ge-
nome appears to have a complete set of canonical nodABC

in two operons (Persson et al. 2015). The candidatus Frankia
datiscae Dg1 genome was obtained through the sequencing of
bacteria isolated from the infected cells of plant nodules
(Persson et al. 2011). Members of lineage II were thought to
be unculturable until recently (Gtari et al. 2015). The lineage II
isolate BMG5.1, which is phylogenetically close to Dg1
(99.6 % identity at rRNA gene sequence and an average nu-
cleotide identity [ANI] of 96.93 %), does not contain any nod
genes and is able to re-infect its host plant. There are two
possible explanations for these results. First, Dg1 maybe an
exception and represent a minor pathway. This is similar to the
legume-rhizobium pathway, but in the opposite manner. Here,
the canonical nod genes are common and the absence of nod
genes are the exception. Alternatively, the genome generated
from crushed nodules may have incorporated other bacterial
genome DNA in its construction. Actinorhizal nodules are

Table 3 Biosynthetic gene clusters for natural products found in the Frankia genomes

Strain Lineage COG
Q
(%)1

No. of
Biosynthetic
gene
clusters2

NRPS3 PKS4 Terpene Siderophore Bacteriocin
Lasso
peptide

Lanthipetide Other5

ACN14a Ia 5.45 29 3 11 5 1 3 2 Phosphonate
Butyrolactone

QA3 Ia 5.21 29 3 12 4 1 4 3 Butyrolactone

ACN1ag Ia 5.79 28 3 14 5 1 3 1

AVCI.1 Ia 6.11 40 8 16 5 1 3 4 Phosphonate

CpI1-S Ia 5.72 28 3 13 4 1 3 1

CpI1-P Ia 5.77 29 3 14 5 1 3 1

CcI3 Ic 3.84 29 3 5 4 1 3 6 Butyrolactone

CcI6 Ic 4.03 33 8 8 4 1 3 5 Butyrolactone

Thr Ic 4.53 33 6 7 4 1 1 6 Butyrolactone

BMG5.23 Ic 4.24 31 8 6 4 1 2 4 Butyrolactone

Allo2 Ic 4.07 32 7 9 4 1 3 5 Butyrolactone

CeD Ic 4.11 30 7 7 4 1 1 4 Butyrolactone

Dg1 II 4.25 17 1 10 2 1 2 0

BMG5.1 II 5.51 17 2 6 4 1 1 2

EAN1pec III 6.43 29 1 11 4 1 3 4

EUN1f III 6.45 30 1 14 4 1 1 3

BCU110501 III 6.01 35 2 20 4 1 2 4 Aryl polyene

BMG5.12 III 5.67 35 2 18 4 1 2 3

CN3 IV 6.73 27 2 7 6 0 4 1

DC12 IV 4.24 14 1 4 4 0 3 2

EuI1c IV 6.60 24 1 11 4 0 3 3

R43 IV N.D.6 38 6 18 3 1 3 4

1 COG: Cluster of orthologous groups of proteins; COG Q Secondary metabolites biosynthesis, transport and catabolism
2Biosynthetic gene clusters were identified by the use of the AntiSMASH software (Medema et al. 2011; Blin et al. 2013)
3 NRPS: Nonribosomal peptide synthase
4 PKS: polyketide synthase including Type I, II, III, Trans-AT, and other types
5 Other potential biosynthetic cluster types: Phosphonate., Butyrolactone, and Aryl polyene
6N.D. not determined

Genomic approaches toward understanding the actinorhizal
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known to contain other bacteria present within them
(Ghodhbane-Gtari and Tisa 2014).

Recently, Chabaud et al. (2015) has shown that Frankia
induced by host plant exudates produces and secretes a bio-
logically active symbiotic signal molecule that triggers Ca2+

spiking and expression of pre-infection genes in the host plant.
The Frankia signaling molecule appears to be chemically dis-
tinct from the chitin-based rhizobial Nod factors and is a hy-
drophilic low molecular weight compound. This further sup-
ports the hypothesis that Frankia uses a novel signaling
pathway.

3.6 Biosynthetic clusters

Bioinformatic analysis of the first three Frankia genomes re-
vealed an unexpected number of secondary metabolic biosyn-
thetic gene clusters similar to levels found in other
actinobacteria (Udwary et al. 2011). The presence of some
of these natural products was confirmed by MADLI-TOF-
MS. Since this report, the isolation and characterization of
Frankia polyketide compound, frankiamicin A, that was
identified by this approach (Ogasawara et al. 2015). A survey
of the current genomes was performed to identify the number
of biosynthetic gene clusters through the use of the
AntiSMASH program (Medema et al. 2011; Blin et al.
2013). Furthermore, the number of proteins found in COG
category Q (Secondary Metabolism and Transport) was deter-
mined. The results of that survey are presented in Table 3. In
general, the number of biosynthetic gene clusters was not
correlated to genome size and varied from 14 to 40. Among
the different Frankia lineages, the two lineage II genomes
(Dg1 and BMG5.1) had the lowest numbers of biosynthetic
gene clusters. One of the atypical lineage IV (DC12) also had
a low number. Surprisingly, the genomes of the narrow host
range lineage Ic had similar numbers to the other Frankia
lineages (Ia, III and IV). Both lineage II and Ic have undergone
significant genome reduction, but the difference in number of
biosynthetic gene clusters is striking. This result would sug-
gest that genome reductions are not causing the loss of bio-
synthetic gene clusters. Confirmation of the low numbers of
biosynthetic gene clusters requires more lineage II genomes to
be sequenced and the sequencing of another member of this
group is in progress.

3.7 Future directions

The increased numbers of Frankia genomes is opening up
new avenues for research. These bacteria serve as potential
rich resources for novel natural products that could play a role
in signaling or as defense mechanisms. The metabolic poten-
tial of Frankia is only now being realized. These microbes are
able to degrade polyaromatic hydrocarbons and pollutants,
and tolerate high levels of heavy metals (Baker et al. 2015;

Richards et al. 2002; Rehan et al. 2014a, b). Our understand-
ing of the infection process could be improved through com-
parative analysis of these genomes. Frankia sp. strain EuI1c,
member of lineage IV, is able to infect a host plant and estab-
lish an ineffective root nodule structure (Baker et al. 1980).
The absence of any nitrogen fixation genes within the genome
is the probable cause of its ineffective nodulation. However, it
may represent a tool to investigate the genes involved in the
establishment of the nodule structure. One of the major obsta-
cles in the field is the absence of Frankia genetics including
gene disruption and or complementation methods. An analy-
sis of these genomes for host-restriction systems and other
factors could provide clues to solve this hindrance opening
up the door to the genetic analysis of plant root invasion and
symbiotic establishment.
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Abstract A novel actinomycete strain, assigned as Am3, was
isolated from the root nodules ofAlnus nepalensis atMirik hills,
India. Analysis of the 16s rRNA gene sequence placed this new
strain within the genus Prauserella. The genome was
sequenced by Illumina sequencing and resulting 5.33-Mbp high
quality draft genome sequenced with a G + C content of 70.0 %
and 4828 candidate protein-encoding genes. Phylogenetically,
Prauserella clusters very close to Amycolatopsis and was pre-
viously placed under the genus Amycolatopsis. Our main focus
was to reveal the genomic similarities and dissimilarities of the
newly sequenced Prauserella sp. Am3 with the type strain,
Prauserella rugosa DSM 43194 T, and to determine its rela-
tionship with Amycolatopsis, which is happened to be the
closest genus of Prauserella. Taking an in silico approach,
bioinformatic analysis revealed that the core genome of
Amycolatopsis and Prauserella contained 1589 genes. The
two Prauserella genomes shared approximately 4224 genes,
and 237 and 245 unique genes were found in the P. rugosa
and Prauserella sp. Am3 genomes, respectively. Analysis of
various phylogenetic trees including a 16s rRNA gene tree,

MLSA protein-based tree and concatenated core-genome-
based tree, placed both Prauserella genomes together with
Amycolatopsis halophila YIM 93233 as its closest neighbor.
BlastMatrix analysis of the predicted proteomes revealed about
86 % homology between the two Prauserella genomes.
Analysis of the strand variation property revealed the absence
of replication-transcriptional selection. Overall, a high degree
of similarity was found between the two Prauserella genomes
and a high percentage of similarity occurred among the
Prauserella genomes and Amycolatopsis halophila.

Keywords Sequencing .MLSA . ANI score . Genome
plasticity . Pan-core plot

1 Introduction

Actinorhizal plants are a group of dicotyledonous plants
that form a symbiotic association with the nitrogen-fixing
actinobacterium Frankia which results in root nodule
structures. These plants are distributed among eight orders,
eight families, 24 genera and 194 species of angiosperms
(Benson and Silvester 1993; Normand and Fernandez
2009). Actinorhizal plants are found worldwide and in
diverse environments ranging from arctic tundra (Dryas
spp.) and alpine forest (Alnus sp., Coriaria sp. etc) to
coastal and xeric condition (Casuarina sp.). Frankia in
symbiosis with actinorhizal plants fixed sustainable amount
of molecular nitrogen (ranges from 22 to 300 kg of N2

per ha per year) and are comparable to those of leguminous
plants (Hibbs and Cromack 1990; Wall 2000; Wheeler and
Miller 1990). As early visitors of marginal soils, actinorhizal
plants are considered pioneer species in the landslides and
other threatened areas.
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Beside Frankia, different actinobacteria genera have
also been isolated from the rhizosphere and root nodules
of actinorhizal plants (Ghodhbane-Gtari and Tisa 2014;
Ghodhbane-Gtari et al. 2010; Liu et al. 2009; Carro et
al. 2013; Trujillo et al. 2006; Valdes et al. 2005). Many
of these diverse actinobacteria have been characterized
up to the genus level and include Streptomyces,
Nocardia, Micromonospora, and Actinoplanes. These
non-Frankia actinobacteria are filamentous, and mostly
fall into the Actinomycetales category. Colonies and
cultures of the non-Frankia isolates showed a wide
range of colors and physiological traits. These pigmen-
tations ranged in color from white, orange, yellow to
maroon (Ghodhbane-Gtari and Tisa 2014), pink to
brownish red (Liu et al. 2009), intense orange (Trujillo
et al. 2006), and yellow-white (Carro et al. 2013; Valdes
et al. 2005). Many of them produce highly branched
filaments with some exceptions including Nocardia and
Micromonospora (Maldonado and Quintana 2015).

An isolate from cattle rumen was first designated as
Nocardia rugosa by Di Marco and Spalla (1957) and latter
classified as Amycolatopsis rugosa (Lechevalier et al. 1986).
However, A. rugosa differed in physiological and chemical
properties from many of the known Amycolatopsis strains
and also clustered differently in 16s rDNA sequence based
phylogenetic tree (i.e. A. rugosa clustered with the
Sacharomonospora genus instead of being grouped together
with other Amycolatopsis strains) (Kim and Goodfellow
1999). Based on these physiological and genotypical differ-
ences, a new genus Prauserella gen nov. was proposed and
Amycolatopsis rugosa was renamed as Prauserella rugosa
(Kim and Goodfellow 1999). Since then, many different spe-
cies have been identified including Prauserella halophila (Li
et al. 2003), Prauserella alba (Li et al. 2003), Prauserella
salsuginis (Li et al. 2009), Prauserella flava (Li et al. 2009),
Prauserella aidingensis (Li et al. 2009),Prauserella sediminis
(Li et al. 2009), Prauserella manina (Wang et al. 2010) and
Prauserella muralis (Schafer et al. 2010; Solanki and Kothari
2011). Members of this genus are aerobic, Gram-positive,
non-acid-alcohol-fast and non-motile filamentous actinomy-
cetes (Kim and Goodfellow 1999). These actinobacteria pro-
duce branched substrate mycelium having a diameter of
0.6–0.8 μm. After 24–48 h growth on rich medium, the hy-
phae fragment into irregular rods. One of the major character-
istics of Prauserella is the absence of aerial hyphae. The
temperature range for their growth is 10–45 °C with optimum
temperature of 34 °C and the optimum pH range is 6.8–7.2
(Kim and Goodfellow 1999).

During the process of isolating Frankia from root nodules
of Alnus nepalensis, an actinobacterium was isolated and 16s
rRNA gene analysis identified it as a member of the genus
Prauserella. Although physiological studies are available on
this genus, Prauserella rugosa DSM 43194 T, the type strain

of this genus, is the only genome (Genbank Accession
Number- NR_024889) from this genus that has been
sequenced. In this study, we have taken a genomic approach
and have sequenced the genome of this new Prauserella strain
Am3 isolated from the root nodules of Alnus nepalensis. The
genome of Prauserella strain Am3 was analyzed and com-
pared to the P. rugosa DSM 43194 T and some selected
Amycolatopsis genomes, which are very close to Prauserella
genus.

2 Materials and methods

2.1 Isolation procedures

Nodules from Alnus nepalensis were collected along the
Siliguri –Darjeeling road via Mirik-Pasupati-Ghoom-Sonada
(26.8870° N, 88.1870° E) of West Bengal, India. As a road
side tree, A. nepalensis is commonly found in abundance at
this location. Fresh, young and light-brown-colored root
nodules from young A. nepalensis were collected in the
Mirik hills during the summer 2007. The nodule lobes were
surface sterilized with a series of mild surface-sterilizing
agents as previously described (Bose and Sen 2006). The
nodule lobes were incubated in Qmod medium (Lalonde and
Calvert 1979) supplemented with 3 % activated charcoal for
48 h at 30 °C. Activated charcoal was used to absorb out
phenolic extracts from the nodule lobes which may hinder
the proper growth of the endophytes (Thomas 2008). After
incubation, the nodule lobes were washed twice with sterile
distilled water to remove charcoal. Epidermal layers were
removed and nodule lobes were chopped into small pieces.
Each nodule piece was incubated with 10 mL of Qmod
(Lalonde and Calvert 1979) medium in 30 mL screw cap test
tube at 28 °C for around one month in dark without shaking.

After one-month incubation in dark, bacterial colonies
formed minute cottony-white dots at the bottom of the tube.
Each colony was collected and subcultured in separate tubes
containing Qmod medium.

2.2 Culture growth conditions

After successful isolation of the bacteria in pure culture, the
isolate was maintained in Qmod medium in 250 ml flask in
dark with occasional shaking.

2.3 Field emission scanning electron microscopy

For field emission scanning electron microscopy, one-month-
old Prauserella, cultures were used. The bacterial cells were
harvested in a micro-centrifuge tube and centrifuged at 1000 g
for 5 min. The cells were washed with distilled water and
treated with 4 % (w/v) glutaraldehyde solution in phosphate
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buffer (pH 7.2) for 4 h at 30 °C. The glutaraldehyde solution
was decanted and the samples were washed with the same
buffer for three times. The samples were treated with 1 %
Osmium tetra oxide solution in phosphate buffer (pH 7.2)
for 1 h and washed with the phosphate buffer (pH 7.2) for
3 h. The Prauserella samples were treated bypassing through
with different graduated ethanol solutions from 50 % to abso-
lute for 10 min each. The 95 % ethanol wash was performed
twice. After dehydration, the samples were stored in absolute
alcohol for microscopy (Bajwa 2004).

The samples were critical point dried for 2 h. Each sample
was mounted on copper tape and platinum coated (by JFC
1600 platinum caster, JEOL, Japan) and viewed on JEOL
JSM-6700F field emission scanning electron microscope at
an accelerating voltage of 2KV.

2.4 Plant infectivity test

The seeds of healthy A. nepalensis were collected in the
month of March from Darjeeling hills. The seeds were
soaked overnight with double distilled water. The
soaked seeds were surface sterilized with 30 % H2O2

for 10 min followed by washing several times with
sterile double distilled water. The seeds were placed
on a sterile moist filter paper on a Petri plate with 1X
Hoagland solution (Hoagland and Arnon 1950) and kept
in a seed germinator at 30 ± 1 C for germination.
Fifteen days old seedlings were transferred to a magenta
box containing sterile N2 free Hoagland solution on
sterile blotting paper supported by stainless steel sup-
porter. The following three sets were prepared for each
isolates: (1) seedlings inoculated with crushed nodule
suspension (positive control); (2) seedlings inoculated
with 100 μl of 30 day old culture; (3) un-inoculated
seedlings (negative control). Twenty seedlings were used
in each set. After an incubation period of 20–30 days,
all the seedlings were carefully examined to detect any
root hair deformation or nodule formation.

2.5 Genome sequencing and assembly

The draft genome of Prauserella strain Am3 was generated at
the Hubbard Genome Center (University of New Hampshire,
Durham, NH) using Illumina technology (Kuhn et al. 2004)
techniques. A standard Illumina shotgun library was con-
structed and sequenced using the Illumina HiSeq2000 plat-
form, which generated 29,139,048 reads (260 bp insert size)
totaling 4370.9Mbp. The Illumina sequence data were assem-
bled using CLC Genomics Workbench (6.5.1) and AllPaths-
LG (Version r41043) (Gnerre et al. 2011). The final draft
assembly contained 61 contigs with an N50 of 370 kb. The
total size of the genome is 5.3 Mbp, and the final assembly is

based on 2057.3 Mb of Illumina draft data, provided an aver-
age 680 x coverage of the genome.

Genome annotation was performed within the Integrated
Microbial Genomes (IMG) platform developed by the Joint
Genome Institute, Walnut Creek, CA, USA (Markowitz et al.
2006). Genes were identified using Prodigal (Hyatt et al.
2010). The predicted CDSs were translated and used to search
the National Center for Biotechnology Information (NCBI)
non redundant database, UniProt, TIGRFam, Pfam, KEGG,
COG, and InterPro databases. The tRNAScanSE tool (Lowe
and Eddy 1997) was used to find tRNA genes, whereas ribo-
somal RNA genes were found by searches against models of
the ribosomal RNA genes built from SILVA (Pruesse et al.
2007). The metabolic potential of the genome was analyzed
by the use of the antiSMASH program (Blin et al. 2013;
Medema et al. 2011) and IMG platform.

2.6 Nucleotide sequence accession numbers

This Whole Genome Shotgun project has been deposited at
DDBJ/EMBL/GenBank under the accession JTJI00000000.
The version described in this paper is version JTJI01000000.

2.7 Bioinformatics study

2.7.1 Retrieval of genome sequences

The nucleotide sequences along with the translated protein
sequences of 21 Amycolatopsis and 2 Prauserella genomes
were retrieved from JGI-IMG database (http://img.jgi.doe.
gov/) (Mavromatis et al. 2009). A list of the genomes and
general properties are presented in supplementary Table 1.
Major information regarding the strand specificity and func-
tional Cluster of Orthologs (COG) category (Tatusov et al.
2000) for each gene were also obtained from the above men-
tioned database.

2.7.2 16s rRNA gene and MLSA phylogeny tree

The 16s rRNA genes for the 21 Amycolatopsis strains and two
Prauserella strains were collected from IMG database. The
partial 16s rRNA sequence for remaining Prauserella strains
were collected fromNCBI database. The 16s rRNA sequences
were truncated to match the sequence length. This drastically
reduces the unaligned regions too. The truncated 16s rRNA
gene sequence alignment was done by ClustalW (Li 2003).
Mega ver. 6 software (Tamura et al. 2007) was used to build
the 16s rRNA gene based tree using neighbor-joining model
and a bootstrap value of 1000. The Multi-Locus Sequence
Analysis (MLSA) tree was generated with Random
Axelerated Maximum Likelihood (RAxML) (Stamatakis
2006) software. For MLSA analysis, AtpI, GyrA, FtsZ,
SecA, DnaK proteins were used. Although there are several
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3.2 Plant infectivity

We attempted to re-infect the host plantA. nepalensis, but failed
to produce either root hair deformation or nodules on these
root. The positive controls produced nodulated plants suggest
that our test was okay. However, this result is not surprising.
Most of the non-Frankia actinobacteria isolated from
actinorhizal nodules are unable to re-infect their host plant.

3.3 Phylogenetic analysis of the isolates

A multi-tiered approach was used for phylogenetic analysis.
First, a neighbor-joining (NJ) 16s rRNA gene phylogenetic tree
grouped P. rugosa DSM 43194 and Prauserella sp. Am3 to-
gether with A. halophila YIM 93233 and A. orientalis DSM
43388. All of the partially sequenced 16s rRNA from different
Prauserella strains formed one clade. However, all of the other
Amycolatopsis strains were placed at a considerable distance
from P. rugosa and Prauserella sp. Am3 (Fig. 2). Next, we
determined the ANI scores among A. halophila YIM
93233, A. orientalis DSM 43388, P. rugosa and
Prauserella sp. Am3 (Supplementary Table 2). A. halophila
was closer to both Prauserella genomes than to A. orientalis
DSM 43388. An in silico DNA-DNA hybridization via the
Genome-to- Genome Distance calculator indicates that
Prauserella sp. Am3 and P. rugosa may be the same species
[DDH = 96.22 %].

Because of this close clustering pattern found with A.
halophila YIM 93233, A. orientalis DSM 43388, P. rugosa
andPrauserella sp. Am3, a phylogenomic studywas performed
by the use of a MLSA tree as described by Sen et al.
(2014). The MLSA amino-acid-sequence-based tree also
placed A. halophila YIM 93233 with both P. rugosa and
Prauserella sp. Am3 in one clade with a good bootstrap

value (Fig. 3). However, A. orientalis DSM 43388 was
distantly placed with the other Amycolatopsis strains. This
phylogenomic evidence supports the idea that A. halophila
is somewhat closer to Prauserella than other Amycolatopsis
strains. A comparative genomic summary of these three
strains has been given in Table 1.

3.4 Amino acid and codon usage analysis

The codon and amino acid usage patterns of the genomes were
determined and are shown in heatmaps (ESM4). All of the
selected genomes showed a distinct GC bias. The most widely
used codons were: GCG, GCC (alanine); GTC, GTG (valine);
CGG, CGC (Arginine); CTC, CTG (Leucine); GAG, GGC
(Glycine). Bioinformatics analysis of newly sequenced
Prauserella sp. Am3 indicates the use of aliphatic amino acids
with low energy cost and a preference of either G or C at the
3rd position of the codon. Thus, GC percentage and GC3
percentage are obviously governing the codon usage pattern
in Prauserella sp. Am3.

3.5 Major shifts and realignments among Prauserella
genomes

To understand the presence of major shifts and realignments,
the Prauserella genomes were analyzed by the use of a DNA-
DNA dot plot (Fig. 4). Both Prauserella genomes were very
similar and showed no signs of translocation. These results
along with results from the ANI and GGDC scores described
above indicating that Prauserella sp. Am3 strain may be a
member of P. rugosa species.

3.6 Genome plasticity

The two Prauserella and A. halophila genomes were analyzed
for the presence of pHGT, IS elements and pseudogene
(ESM5). pHGTs were approximately 0.68 % and 1.03 % of
gene content of the P. rugosa and Prauserella sp. Am3
genomes, respectively. However, no pHGTs were identified
in the A. halophila genome which might be due to nature of
minimum draft sequence data. The percentage of IS elements
present in P. rugosa, Prauserella sp. Am3 and A. halophila
genomes were 5.26, 5.53 and 5.36 %, respectively. This result
suggests that the selected genomes are not very stable and
show high degree of plasticity. Pseudogenes were not identi-
fied in either of the two Prauserella genomes. Insertion
sequences play an important role in evolution as they can
promote the genome plasticity and gene inactivation
(Touchon and Rocha 2007). pHGT generally is a positive
indicator of IS element amount (Touchon and Rocha 2007).

Fig 1 Scanning electron micrograph of Prauserella sp. Am3. The size
bar represent 1 μm
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3.7 Strand variation property

The strand-biased properties of the two Prauserella and A.
halophila genomes were analyzed and visualized by a bar
diagram (ESM 6). Stringent strand asymmetric bias was not

observed (regardless of their expression pattern). The differ-
ences between the two Prauserella strains regarding the strand
specificity nature may result from inversion mutations which
have the potentiality to convert the leading strand genes to
lagging strand genes as proposed by Chen and Zhang

Fig 2 16s rRNA gene based Neighbour joining tree of Prauserella and
Amycolatopsis genomes with1000 bootstrap values represented as
percentage. Two strains of Prauserella have clustered with A. halophila.
The (T) designate type strains and * designate genes taken from NCBI.

Other genes are taken from IMG database. Corresponding Genbank ac-
cession numbers have been given for the sequences obtained from NCBI
and for others Locus Tag has been given within parenthesis
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(2013). However, it still needs a detailed study. Thus,
absence of replication associated mutational pressure is con-
firmed on these genomes as there was no strand asymmetric
nature persisted on those three considered genomes (Das et
al. 2006). However, when we considered the potentially
highly expressed genes, a considerable number of highly
expressed genes were found to be located on the lagging
strand in all three strains. These results indicate that

transcriptional-associated mutational pressure was not appar-
ent. This type of result was also found in Bifidobacteria
(Roy et al. 2015), another group of actinobacteria living in
the gut of animal and human host. Chen and Zhang (2013)
proposed that, some microbial genomes have highly-
expressed genes on their lagging strand for attaining proper
mutation-selection balance and our data can be supported by
this theory.

Fig 3 MLSA protein based tree of Prauserella and Amycolatopsis
genomes built by RAxML using PROTGAMMAWAG substitution
method and 1000 bootstrap value. Bootstarp values were represented in

percentage. Two strains of Prauserella have clustered with A. halophila
indicated by ash box. The (T) designate type strains and genbank acces-
sion numbers are given inside the parenthesis
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3.8 Pan- and core- genome plot

The pan and core-genomes for Amycolatopsis and Prauserella
were determined as described in the Methods. As expected,
with the addition of the further genomes, the pan-genome
(blue circles) increased due to the accumulation of accessory
genes whereas the conserved core genome (red circles)
decreased. The core-gene pool contained genes which are
essential for transcription, translation, replication and
metabolism. A total of 1589 genes were found to be in
the core genome for the 21 Amycolatopsis and 2
Prauserella strains and the pan genome contained 35,441
genes (ESM 7). Manhattan-distance-based concatenated phy-
logenetic tree based on the core genome (1589 genes) was
build (ESM 8). The Prauserella genomes clustered with A.
halophila and were separated from the rest of Amycolatopsis
genomes. To get a clear picture of these genomes, we focused
on pan and core-genomes of the two Prauserella and A.
halophila strains. The distribution of commonly shared genes
is shown in Venn diagrams (Fig. 5). The two Prauserella
genomes shared a total of 4224 genes (Fig. 5a core gene

indicated by black box). When the A. halophila genome was
included in the analysis, this core-genome was reduced to
2124 genes (Fig. 5b, core gene indicated by black box).

3.9 Blast matrix

The blast matrix of these genomes was generated by CMG
biotools. The percentage of similarity among different ge-
nomes was represented with green color and the homology
within a strain was visualized by red color (ESM 9). Two

Fig 4 DNA-DNA dot plot of Prauserella rugosa, Prauserella sp. Am3
showing a high similarity between these two genomes

Fig 5 Venn diagrams of core and unique genes (a) between two
Prauserella genomes and (b) among two Prauserella genomes and A.
halophila

Table 1 Summary of genome
properties Characterization Prauserella rugosa

DSM 43194
Prauserella sp. Am3 Amycolatopsis halophila

DSM 45216

Accession Number NR_024889 NZ_JTJI00000000 NZ_AZAK00000000

Genome Size(bp) 5,220,823 5,321,061 5,550,897

Scaffolds 2 46 1

GC content (%) 70 70 68

Gene content 4985 4969 5187

No. of genes for:

rRNA 9 8 6

tRNA 48 47 49

CDS 4923 4907 5187

Biosynthetic cluster count 62 53 54

Biosynthetic cluster gene count 689 593 817

NCBI Taxon ID 43,354 1,515,610 592,678

No. of CRISPR 2 1 -
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Prauserella genomes shared 85.7 % homology with each oth-
er. Though, blast matrix did not show a very high similarity
between the Prauserella genomes and A. halophila, the per-
centage of similarity were more than the similarities obtained
between A. halophila and other Amycolatopsis strains.

3.10 Proteins of Major Functional categories
among investigated organisms

The predicted proteins were classified according to their
Cluster of Orthologs (COG) category (Tatusov et al.
2000) and the results are presented in supplementary
figure ESM 10 showing their distribution among the
genomes. Most of the proteins were classified into the
following COG categories: E (Amino acid transport and
metabolism), G (Carbohydrate transport and metabolism),
C (Energy production and conversion), and K (Transcription),
which are mainly associated with the essential functions for an
organism to survive in nature.

4 Conclusion

In this study, we have sequenced a new strain of Prauserella
and have compared its genome with the type strain of the genus
P. rugosa and other selectedAmycolatopsis genomes, which are
were reported as the closest genus of Prauserella. From both
the 16s rRNA gene sequence based phylogenetic and MLSA
amino acid sequence based phylogenomic analyses, P. rugosa
and Prauserella sp. Am3 were found to be closer to
A. halophila rather than any other Amycolatopsis strains.
There were 4224 shared genes (core genome) between the
two Prauserella genomes, which reduced to 2124 genes when
the A. halophila genome was included. Analysis of the DNA-
DNA dot plot revealed a high degree of similarity between the
two Prauserella genomes.
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ABSTRACT The genus Rhizobium contains many species able to form nitrogen-
fixing nodules on plants of the legume family. Here, we report the 6.9-Mbp draft ge-
nome sequence of Rhizobium sp. strain RSm-3, with a G�C content of 61.4% and
6,511 candidate protein-coding genes.

The genus Rhizobium, established in 1889, is a group of motile, aerobic, and Gram-
negative bacteria in the alphaproteobacterial group with a moderate G�C percentage

(60%) (1, 2). Members of the genus Rhizobium form a symbiotic association with various
legume plants of the Fabaceae family (3–5) and form nodules on the root surface. These
nodules are the sites of nitrogen fixation. The symbiosis between Rhizobium and legumes
is of great importance (6). Compared to the use of chemical fertilizers, symbiosis offers
cheaper and more effective agronomic practices by providing an adequate supply of N for
legume-based crops (7, 8). The French bean, or common bean (Phaseolus vulgaris L.), is one
of the most important plant hosts of Rhizobium spp., with the broadest genetic base (9, 10),
and is one of the major cultivated crops containing large amounts of protein, minerals, and
antioxidant compounds (11).

Rhizobium sp. strain RSm-3 was isolated from the root nodules of P. vulgaris
collected from the Sonada region of Darjeeling district (26.9400°N, 88.250°E; altitude,
5,157 ft) of West Bengal, India. The strain showed antagonistic activity against the
fungal pathogen Fusarium solani and resistance against most of the antibiotics tested
against it. These interesting features led us to do 16S rRNA gene sequencing, which
identified the strain as Rhizobium sp. and shared 99% identity with Rhizobium etli EBRI
21 (accession no. AY221176.1). This strain was sequenced to provide a greater under-
standing of these physiological properties and its interaction with P. vulgaris.

Sequencing of the draft genome of Rhizobium sp. strain RSm-3 was performed at the
Hubbard Center for Genome Studies (University of New Hampshire, Durham, NH) using
Illumina techniques (12). A standard Illumina shotgun library was constructed and
sequenced using the Illumina HiSeq 2500 platform, which generated 1,585,078 reads
(260-bp insert size) totaling 341 Mbp. The Illumina sequence data were trimmed by
Trimmonatic version 0.32 (13) and assembled using SPAdes version 3.5 (14), and
ALLPaths-LG version r52488 (15). The final draft assembly for Rhizobium sp. strain RSm-3
consisted of 60 contigs, with an N50 contig size of 313.1 kb and 54.3� coverage of
the genome. The final assembled genome contained a total sequence length of
6,912,093 bp, with a G�C content of 61.4%.

The assembled RSm-3 genome was annotated via the NCBI Prokaryotic Genome
Annotation Pipeline (PGAP) and resulted in 6,511 candidate protein-coding genes, 46

Received 14 February 2017 Accepted 16
February 2017 Published 13 April 2017

Citation Rai R, Swanson E, Sarkar I, Lama D,
Abebe-Aleke F, Simpson S, Morris K, Thomas
WK, Kar P, Gtari M, Sen A, Tisa LS. 2017.
Permanent draft genome sequence of the
French bean symbiont Rhizobium sp. strain
RSm-3 isolated from the Eastern Himalayan
region of India. Genome Announc 5:e00175-17.
https://doi.org/10.1128/genomeA.00175-17.

Copyright © 2017 Rai et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Louis S. Tisa,
louis.tisa@unh.edu.

This is scientific contribution number 2711.

PROKARYOTES

crossm

Volume 5 Issue 15 e00175-17 genomea.asm.org 1

 on A
pril 18, 2017 by guest

http://genom
ea.asm

.org/
D

ow
nloaded from

 

http://orcid.org/0000-0001-6946-6907
https://doi.org/10.1128/genomeA.00175-17
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:louis.tisa@unh.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/genomeA.00175-17&domain=pdf&date_stamp=2017-4-13
http://genomea.asm.org
http://genomea.asm.org/


tRNAs, four rRNA (two 5S rRNA, one 16S rRNA, and one 23S rRNA) regions, and 111
(1.69%) pseudogenes. The genome of RSm-3 also revealed the presence of the nif and
common nod operons involved in nitrogen fixation and host plant nodulation, respec-
tively. A total of 590 signal peptide-coding genes and 1,563 enzyme-coding genes were
assigned through the annotation program.

There are two major branches of common bean, Mesoamerican and Andean (16),
and a third genetic diversification of the common bean is found in the Peru-Ecuador
region (17). A new species of Rhizobium, R. ecuadorense, has been proposed for the
microsymbiont of the Peru-Ecuador common bean. The average nucleotide identity
(ANI) score for Rhizobium sp. strain RSm-3 was 98% similarity with the R. ecuadorense
type strain (CNPSo 671) (18) suggesting that it is a subspecies of R. ecuadorense.

Accession number(s). This whole-genome shotgun sequence has been deposited
at DDBJ/EMBL/GenBank under the accession number MAWZ00000000. The version
described in this paper is the first version, MAWZ01000000.
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Molecular signaling networks in the actinorhizal rhizosphere select host-compatible

Frankia strains, trigger the infection process and eventually the genesis of nitrogen-fixing

nodules. The molecular triggers involved remain difficult to ascertain. Root exudates

(RE) are highly dynamic substrates that play key roles in establishing the rhizosphere

microbiome. RE are known to induce the secretion by rhizobia of Nod factors,

polysaccharides, and other proteins in the case of legume symbiosis. Next-generation

proteomic approach was here used to decipher the key bacterial signals matching the

first-step recognition of host plant stimuli upon treatment of Frankia coriariae strain

BMG5.1 with RE derived from compatible (Coriaria myrtifolia), incompatible (Alnus

glutinosa), and non-actinorhizal (Cucumis melo) host plants. The Frankia proteome

dynamics were mainly driven by host compatibility. Both metabolism and signal

transduction were the dominant activities for BMG5.1 under the different RE conditions

tested. A second set of proteins that were solely induced by C. myrtifolia RE and were

mainly linked to cell wall remodeling, signal transduction and host signal processing

activities. These proteins may footprint early steps in receptive recognition of host stimuli

before subsequent events of symbiotic recruitment.

Keywords: root exudates, Frankia, Proteogenome, symbiosis, signaling pathways

INTRODUCTION

The cohabitation of plant roots and soil microbes has been shaped by a long and complex
coevolutionary process (Morgan et al., 2005), leading to specialized and durable interactions
ranging from cheating to altruism (Mendes et al., 2011). The multiple plant-microbe interactions
taking place in the rhizosphere are mediated through a dynamic network, via molecular signals
secreted as a response to attack in the case of disease, or as a developmental root structure such as
in rhizobial and arbuscular mycorrhizal symbiosis (Oldroyd, 2013). In addition to their nutritional
value for almost all rhizosphere microbes, root exudates (RE) contain chemoattractants, repellents
and/or defensins that play key roles in priming and sustaining molecular dialogs with beneficial
and pathogenic microbes (Bais et al., 2006). Frankia are nitrogen-fixing soil actinobacteria that are
best known for their symbiotic lifestyle with a wide range of dicotyledonous host plants collectively
designated as actinorhizal plants (Gtari et al., 2013). These latter are pioneering species that enrich
poorly fertile or new soils with nitrogen and organic materials and thus are important plants
and shrubs in forestry, agroforestry, and for soil reclamation (Benson and Silvester, 1993). The
molecular signaling network leading to infection/nodulation in the nitrogen-fixing symbiosis has
been well documented in the case of legume-rhizobium associations. Lipo-chitooligosaccharide
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or Nod factors are the key signals secreted in response to host
plant flavonoids perceived by the compatible rhizobia (Lerouge
et al., 1990). These rhizobial Nod factors are sensed by the host
plant via LysM-receptor-like kinases (LysM-RLKs), triggering a
signal transduction cascade leading to invasion of root cortical
cells and, further, to the genesis of functional nodules (Oldroyd,
2013). This host signal transduction cascade has been shown
to be common in rhizobial, arbuscular mycorrhizal and also
actinorhizal symbiosis (Oldroyd, 2013; Svistoonoff et al., 2013).
From the microbial viewpoint of the symbiosis, the analysis of
several Frankia genomes has failed to reveal the presence of
these common canonical nodABC genes (nodA-acyl transferase,
nodB-chitin deacetylase, nodC-chitin synthase) (Tisa et al.,
2016), as has also been the case for several photosynthetic
(Giraud et al., 2007) and non-photosynthetic (Miché et al.,
2010) bradyrhizobia. While exceptions exist with two Candidatus
Frankia genomes generated from nodule metagenomes and
where canonical nodABC genes and sulfotransferase gene nodH
have been reported (Persson et al., 2015; Nguyen et al., 2016).
The absence of reliable methods for the genetic manipulation
of Frankia is an obstacle to the identification of such equivalent
and elusive microbial signalingmolecules in Frankia-actinorhizal
symbiosis (Benson et al., 2011).

Proteins are involved in the organization of most biochemical
reactions, ranging from metabolism to signal processing. The
majority of such proteins operate within large multimeric
complexes, through biological networks (Schmidt et al.,
2014). Extracellular and surface-associated proteins reflect the
physiological state of an organism under a given condition and
also indicate the systematic interaction between the organism
and its biotic and abiotic environment (Armengaud et al.,
2012). Study of the whole proteome is of the utmost importance
in gaining a deeper knowledge of the molecular processes
regulating the cellular physiology of an organism (Aebersold and
Mann, 2003).It has been shown that besides Nod factors and
surface polysaccharides, proteins transported through general or
host-targeting secretion systems are determinants in establishing
and maintaining functional nitrogen-fixing symbiosis for both
rhizobia (Fauvart and Michiels, 2008) and mycorrhizal fungi
(Doré et al., 2015; Wagner et al., 2015). Previous functional
analyses through transcriptomics and proteomics have been
limited to comparisons of gene expression patterns between
Frankia in root nodules and free living cultures (Mastronunzio
et al., 2009; Alloisio et al., 2010; Mastronunzio and Benson,
2010), and culture transitions between nitrogen-fixing and non
nitrogen-fixing conditions (Alloisio et al., 2007; Bickhart and
Benson, 2011; Udwary et al., 2011).

Frankia coriariae strain BMG5.1 was isolated from root
nodules of Coriaria japonica (Gtari et al., 2015; Nouioui et al.,
2017). As a member of cluster 2, the host range of this
strain is limited to members of the Coriariaceae, Datiscaceae,
Rosaceae, and Ceanothus. Using a high-throughput shotgun
proteomic approach, we report here the abundance of Frankia
coriariae proteins matching first-step receptive recognition and
response to host plant stimuli. Symbiotic proteins were identified
upon comparative proteomic analysis for the strain grown in
media matching compatible, incompatible, and non-host-plant

signaling systems, corresponding, respectively, to Coriaria
myrtifolia, Alnus glutinosa, and Cucumis melo RE.

MATERIALS AND METHODS

Production of Root Exudates
Coriaria myrtifolia represents the compatible actinorhizal host
of Frankia coriariae strain BMG5.1, whereas A. glutinosa is an
incompatible actinorhizal host for this strain. Cucumis melo
was used in this study because it is taxonomically the closest
representative to Coriaria for which the whole genome sequence
is available. Seeds were incubated overnight in sterile tap water,
surface-sterilized with 30% hydrogen peroxide for 30 min and
washed several times with sterilized, distilled water. Seeds were
then germinated on watered sterile sand at 28◦C with a 16-h light
period. Depending on the species, 5–15 days after germination,
seedlings were aseptically transplanted into a Magenta GA-7 box
containing 100 ml Broughton and Dilworth solution supplied
with a nitrogen source, i.e., 5 mM KNO3 (BD+N) (Broughton
and Dilworth, 1971). After 15 days’ growth, BD+N medium was
replaced by BDmedium without nitrogen source (BD-N) and RE
were collected after 3–4 weeks of plant growth, filter sterilized
through a 0.22 µm polycarbonate membrane and freshly added
to BMG5.1 cultures.

Bacterial Growth Conditions and Proteome
Preparation
Frankia coriariae strain BMG5.1 was grown and maintained in
BD-N supplemented with 2.5 mM pyruvate as a carbon source,
at 28◦C. Ten-day-old cultures were supplemented with one
volume (vol/vol) of filter sterilized RE from each plant species
and incubated for an additional 5 days. All experiments were
performed to obtain three biological replicates. Total cellular
protein was measured using the BCA method (Smith et al.,
1985). Cellular respiration was assessed using an INT (2-(p-
Iodophenyl)-3(p- nitrophenyl)-5- phenyl tetrazolium chloride)
reduction assay (IRA) (Prin et al., 1990).

For proteomic analysis, cells were harvested by centrifugation
at 13,000 × g for 10 min, resuspended in 90 µl lithium dodecyl
sulfate β-mercaptoethanol protein gel sample buffer (Invitrogen,
Carlsbad, CA, USA) and incubated at 99◦C for 5 min as
indicated previously (Hartmann et al., 2014). Proteins from 10
ml culture supernatants were precipitated with trichloroacetic
acid. The resulting pellets were resuspended in 50 µl lithium
dodecyl sulfate β-mercaptoethanol protein gel sample buffer
(Invitrogen, Carlsbad, CA, USA) and heated at 99◦C for 5 min.
The samples were briefly centrifuged to remove large aggregates
before SDS-polyacrylamide gel electrophoresis analysis on 10%
Bis-TrisNuPAGE gels (Invitrogen). Volumes of 20 µl of either
cellular proteomes corresponding to 60 µg of total proteins, or
exoproteome corresponding to a few µg of secreted proteins,
were loaded per well. Sodium dodecyl sulfate-PAGE was carried
out in 1 × 3-(N-morpholino) propane sulfonic acid solution
(Invitrogen) on an XCellSureLock Mini-cell (Invitrogen) under
a constant voltage of 200 V for 5 min. Gels were stained for
10 min with SimplyBlue SafeStain, a ready-to-use Coomassie G-
250 stain (Invitrogen), and then destained overnight with milliQ
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water. Polyacrylamide gel bands (equivalent in volume to 100
µl) comprising the entire cellular proteome or exoproteome—
one band per entire proteome—were cut and processed for in-
gel proteolysis with Sequencing Grade Trypsin (Roche, Meylan,
France) in the presence of 0.01% ProteaseMax reagent (Promega,
Madison, WI, USA), as described previously (Clair et al.,
2010). Three independent biological replicates were analyzed per
treatment.

Nano Liquid Chromatography–MS/MS
Analysis
Peptide digests were resolved on an Ultimate 3000 LC system
(Thermo-Scientific, Villebon-sur-Yvette, France) before MS/MS
measurements performed with a Q-Exactive HF tandem mass
spectrometer incorporating an ultra-high-field Orbitrap analyzer
(Thermo-Scientific). Conditions for operating the LC system
were as described previously (Dedieu et al., 2011). The Q-
Exactive HF tandem mass spectrometer was operated in data-
dependent mode comprising a scan cycle initiated with a full scan
of peptide ions in the ultra-high-field Orbitrap analyzer, followed
by selection of the precursor, high energy collisional dissociation
and MS/MS scans on the 20 most abundant precursor ions
(Top20). Full scanmass spectra were acquired with an Automatic
Gain Control Target set at 3 × 10E6 ions from m/z 350 to
1,800 at a resolution of 60,000. MS/MS scan was initiated at
a resolution of 15,000 when the AGC target reached 10E5
ions with a threshold intensity of 83,000 and potential charge
states of 2+ and 3+. A 10 s dynamic exclusion was activated
throughout the gradient. MS/MS spectra were processed and
interpreted with the MASCOT 2.3.02 search engine (Matrix
Science, London, UK), with standard parameters as indicated
previously (Hartmann and Armengaud, 2014). This analysis was
performed against two complementary databases: (i) a complete
list of annotated CDS from the draft genome of BMG5.1
(GenBank/EMBL/DDBJ accession number JWIO00000000.1)
comprising 4,175 protein sequences, and (ii) a complete list of
annotated CDS from the finished genome of Dg1, the Frankia
symbiont ofDatisca glomerata (GenBank/EMBL/DDBJ accession
number CP002801.1) comprising 4,099 protein sequences.
Peptide matches with a score above their peptidic identity
threshold were filtered at P < 0.05. A protein was only validated
when at least two peptides had been assigned to that protein
according to the principle of parsimony. Using a previously
described approach (Liu et al., 2004; Zivanovic et al., 2009),
protein abundance was evaluated by shotgun analysis using
MS/MS spectral counts. Normalized spectral count abundance
factors were calculated as described by Paoletti et al. (2006) and
presented as percentages of total signal.

Bioinformatics Analysis
To study the proteome and exoproteome of BMG5.1, self-
customized Perl, Python, and R programs were adopted. STRING
server version 10.0 (Szklarczyk et al., 2014) was utilized to obtain
knowledge about the biological interactions between the different
sets of proteins. Proteins of BMG 5.1 were further distributed
among the functional Clusters of Orthologous Groups (COG)
categories, and Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway categories were viewed for biochemical features
and potential links to life and environment.

CodonW (Peden, 2005) was used to calculate diverse codon
and amino acid usage indices such as GC (total guanine and
cytosine content of a genome), GC3 (total content of guanine and
cytosine present at the third position of the synonymous codons),
Enc (effective number of codons), CAI (codon adaptation
index; a direct measurement of the expression level of protein
encoded by a particular gene), Fop (frequency of optimal
codons), RSCU (relative synonymous codon usage), aromaticity,
and hydrophobicity (Sen et al., 2008; Roy et al., 2015). These
parameters can help us by providing a plethora of information
regarding the codon bias nature of symbiosis-related genes and
its implication in the lifestyle of the strain studied under different
conditions. To further analyze the amino acid usage pattern of
the core genes, aromaticity, gravy score, and protein biosynthetic
cost were correlated with each other. The tRNA adaptation index
(tAI) (dos Reis et al., 2004) was calculated via tRNAscan-SE
and codonR software. The tAI of a gene predicts the usage of
those codons that perfectly match with anti-codons of major
isoaccepting tRNAs present in the studied organism. To assume
the biosynthetic energy cost of each protein of BMG5.1, DAMBE
software (Xia and Xie, 2001) was used, which calculates the
protein energy cost based on the algorithm proposed by Akashi
and Gojobori (2002). Pfam server (http://pfam.xfam.org/) was
used to predict the protein domains present in the particular
protein sets expressed under different RE treatments.

Data Repository
The mass spectrometry proteomic data were deposited at
the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository
(Vizcaíno et al., 2016) with the data set identifiers PXD005979
and DOI 10.6019/PXD005979 (cellular proteome data), and
PXD005980 and DOI 10.6019/PXD005980 (exoproteome data).

RESULTS

High-Throughput Bacterial Proteomics
A total of 149,629 and 144,213 MS/MS spectra were assigned
on the basis of the BMG5.1 and Dg1 databases, respectively.
As expected, the highest assignment rate was obtained with
the genome of the strain used in this study. However, some
additional spectra could be assigned using the Dg1 database
because of missing gene sequences or annotations in the first
genome. Indeed, the number of unique peptide sequences was
6,627 peptides when the BMG5.1 database was used, while 5,879
peptides were found against the Dg1 database. When merging
both data sets, the additional Dg1 database search allowed
the detection of 918 additional unique peptide sequences. The
whole set of peptides indicated the presence of 1,330 proteins
identified with at least two peptide sequences and 572 further
protein candidates detected with only one peptide sequence
(Supplementary Tables S1, S2). The high-throughput approach
used here, which relies on one of the most recent tandem
mass spectrometers, allows a deep characterization of bacterial
proteins. An average of 21% of each protein sequence was covered
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by certified tryptic peptides, and a high redundancy in terms
of spectral counts was obtained with an average of 166 MS/MS
spectra recorded per protein. The abundances of the proteins
were assessed by their spectral counts in the different replicates
and conditions. Among the proteins specifically detected using
the Dg1 database, and thus wrongly annotated in the BMG5.1
database (Supplementary Tables S1, S2), we noted the presence
of high abundance proteins: three transcriptional regulators
(KLL11059.1; WP_013874517.1; KLL10836.1) and several
hypothetical proteins (WP_043603927.1; WP_050803503.1;
WP_050803326.1; WP_050803366.1; WP_013875127.1).
Remarkably, the DNA-directed RNA polymerase subunit beta
(WP_013875121.1) and ATP-dependent Clp protease ATP-
binding protein (WP_013875507.1) sequences were well covered
with our proteogenomic approach based on the use of the Dg1
closely related genome information, with 60 and 36 different
peptides, respectively. Table 1 summarizes the proteomic
data predicted from genome sequences and experimentally
determined in this study.

Next-Generation Proteomics of the
BMG5.1 Strain Grown in BD-N Medium
The most abundant proteins of the BMG5.1 cellular proteome
comprise housekeeping proteins involved in carbohydrate
metabolism, nitrogen fixation and assimilation, and DNA
replication, repair, transcription and translation (Figure 1).
Proteins encoded by genes with unassigned functions were also
recovered using our high-throughput proteomic analysis. An
overall codon usage and amino acid usage study of these MS/MS-
detected proteins revealed a high positive correlation (p < 0.001)
between GC and CAI whereas a statistically significant negative
correlation was obtained between GC and Enc (p < 0.001). On
further analysis, we found a positive correlation between CAI
and aromaticity as well as aromaticity and energy cost. A similar
positive correlation was obtained between CAI, Fop, and tAI
(Figure 2).

The BMG5.1 exoproteome (Supplementary Tables S3, S4)
contains a total of 98 proteins. Of these, 70 are shared with the
cellular proteome, although more abundant in the exoproteome,
while 28 are unique to the secreted proteome, mainly involved
in essential physiological activities such as transcriptional
regulation, ribosome formation, RNA degradation, oxidative
phosphorylation, glycolysis/gluconeogenesis, and transport
systems (Supplementary Table S5). Nitrogen fixation-related
proteins were not detected in the exoproteome fraction. Thus,

TABLE 1 | Protein abundance, as predicted from Dg1 and BMG5.1 genome

sequences and detected experimentally for Frankia coriariae strain

BMG5.1.

Cell proteome Exoproteome

BMG5.1 Dg1 BMG5.1 Dg1

database database database database

Genome-based prediction 1,320 1,435 79 84

Experimentally detected 1,626 1,346 78 83

the exoproteome contains proteins that are in particular required
for regulating the most essential biochemical pathways related to
the existence of the organism itself. Cello server (Yu et al., 2006)
queried with this list of exoproteins predicted preferentially
cytoplasmic (74%), membrane-bound (13%), and extracellular
(13%) proteins. It is worth noting that an ATP-dependent
protease and a proteasome have been detected systematically
in BMG5.1 culture supernatants. The COG category analysis
detected “metabolism” as major functional category (Figure 3).
The KEGG pathways are, broadly, carbohydrate metabolism,
ribosome formation, amino acid metabolism, and signal
transduction.

A detailed codon usage analysis of exoproteome-encoding
genes revealed that they preferentially favor the use of GC-
enriched codons. Negative correlation between ENc and GC3
verified GC compositional constraint as a major factor driving
codon usage. However, significant positive correlation between
tAI, Fop, and CAI (p < 0.001) indicates the favored utilization
as well as the translational adaptability of major optimal codons.
The energy cost of these proteins showed a significant positive
correlation with aromaticity and tAI (p < 0.001). This result
indicates the favored usage of costly aromatic amino acids in
these proteins. Thus, the exoproteome of BMG5.1 is composed
of costly aromatic amino acids, highlighting the high relevance
of these amino acids in symbiotic association and for nitrogen
fixation. Proteins that were detected in the exoproteome but
not in the cellular proteome (n = 28) were further analyzed for
aromatic amino acid counts, which were found to be lower than
for the proteins that were shared with cell proteins.

Next-Generation Proteomics of the
BMG5.1 Strain Grown in the Presence of
Root Exudates
Strain BMG5.1 grows better in the presence of C. myrtifolia RE
than in BD-N medium, followed by A. glutinosa then C. melo
RE, as shown by total cellular protein yield and cell respiration
(IRA) assays, the two reliable indicators of biomass production
and metabolic activities (Figure 4).

To check potential interference of plant proteins derived from
RE, we first interpreted MS/MS spectra for the identification
of peptides derived from C. melo RE in comparison with the
exoproteome of BMG5.1 grown in C. melo RE. The proteins
obtained by acid precipitation from 40 ml RE were quantitatively
insignificant, as verified by SDS-PAGE and by the very low
level of MS/MS spectra recorded by our shotgun procedure
(n = 373), which corresponded to 77 peptide sequences. The
average MASCOT score of proteins from C. melo RE is 28.9, a
very low value compared to the score for strain BMG5.1 grown
in C. melo RE, 45.6, thus indicating a rather low confidence
for exudates spectrum assignment. Further interpretation of
BMG5.1 culture supernatants produced in the presence of
C. melo RE against Frankia (Supplementary Table S1) and
C. melo databases indicated that MS/MS spectra allocations
wholly derived from Frankia peptides.

Comparison of BMG5.1 proteomes in BD-N medium with
those obtained in the presence of all three RE revealed a total of
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FIGURE 1 | Functional classification based on Clusters of Orthologous Groups (COG) of BMG5.1 proteome. Proteins were distributed among the COG

categories on the basis of percentage protein abundance. J, Translation, ribosomal structure and biogenesis; A, RNA processing and modification; K, Transcription;

L, Replication; recombination and repair; B, Chromatin structure and dynamics; D, Cell cycle control, cell division, chromosome partitioning; V, Defence mechanisms;

T, Signal transduction mechanisms; M, Cell wall/membrane biogenesis; N, Cell motility; U, Intracellular trafficking, secretion, and vesicular transport; O,

Posttranslational modification, protein turnover, chaperones; C, Energy production and conversion; G, Carbohydrate transport and metabolism; E, Amino acid

transport and metabolism; F, Nucleotide transport and metabolism; H, Coenzyme transport and metabolism; I, Lipid transport and metabolism; P, Inorganic ion

transport and metabolism; Q, Secondary metabolites biosynthesis, transport and catabolism, R, General function prediction only; S, Function unknown.

FIGURE 2 | A 3D plot of CAI, Fop and tAI values for the BMG5.1

proteome, revealing the positive correlation between the three

parameters.

404 common proteins in the cellular proteome of BMG5.1 (while
the number was 376 in Dg1 with the same conditions). When
the RE were used individually, these counts were reduced to 371
(BMG5.1) and 343 (Dg1) in A. glutinosa RE, whereas and 308
(BMG5.1) and 292 (Dg1) in C. melo RE. However, as expected,
the proteome size was higher (470 for BMG5.1; 438 for Dg1)
using RE of C. myrtifolia, which is the natural host of the BMG5.1
strain.

These differentially expressed protein sets did not reveal a
significant variation with respect to protein domains. Among
the 404 proteins of BMG5.1 expressed under the influence of
cumulative REs (which henceforth will be called as cREEP), we

found a total of 37 functional domains. Of these 37 domains,
there were four that were the most prevalent within the majority
of the cREEP.

These four domains were PAS (pfam00989, pfam13426,
pfam08447, pfam08448), GGDEF (pfam00990), HisKA
(pfam00512, pfam07568, pfam07730), and cytochrome p450
(pfam00067), associated with bacterial signal transduction.
Other domains were found to be involved in metabolism,
especially carbohydrate metabolism. Some examples of these
domains, present at moderate levels among the cREEP
(supplementary Table S6), are Gp_dh_N (glyceraldehyde
3-phosphate dehydrogenase, NAD binding domain)
(pfam00044), Gln-synt_C (glutamine synthetase, catalytic
domain) (pfam00120), PGI (phosphoglucose isomerase)
(pfam00342), 6PGD (6-phosphogluconate dehydrogenase,
C-terminal domain) (pfam 00393), PGM_PMM_IV
(phosphoglucomutase/phosphomannomutase, C-terminal
domain) (pfam00408), and UDPG_MGDP_dh (UDP-
glucose/GDP-mannose dehydrogenase family, central domain)
(pfam00984).

The clustering coefficients and P-values obtained from
biological interaction study of these cREEPs clearly indicate that
they are biologically connected and the clustering coefficients
were statistically supported. The functional COG category
analysis of these proteins showed “metabolism” and “cellular
process & signaling” to be the major functional groups.
The overall unique and shared proteins of the cellular
proteome and exoproteome expressed under different root
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FIGURE 3 | Functional Clusters of Orthologous Groups (COG) classification of the BMG5.1 exoproteome, showing “metabolism” as the major

category. The plot was generated on the basis of percentage of protein abundance in the different COG categories. J, Translation, ribosomal structure, and

biogenesis; A, RNA processing and modification; K, Transcription; L, Replication, recombination, and repair; B, Chromatin structure and dynamics; D, Cell cycle

control, cell division, chromosome partitioning; V, Defence mechanisms; T, Signal transduction mechanisms; M, Cell wall/membrane biogenesis; N, Cell motility;

U, Intracellular trafficking, secretion, and vesicular transport; O, Posttranslational modification, protein turnover, chaperones; C, Energy production and conversion;

G, Carbohydrate transport and metabolism; E, Amino acid transport and metabolism; F, Nucleotide transport and metabolism; H, Coenzyme transport and

metabolism; I, Lipid transport and metabolism; P, Inorganic ion transport and metabolism; Q, Secondary metabolites biosynthesis, transport, and catabolism;

R, General function prediction only; S, Function unknown.

FIGURE 4 | The effect of C. myrtifolia, A. glutinosa, and C. melo root

exudates on Frankia coriariae BMG5.1 growth yield, as determined by

protein yield and respiration assay using a spectrophotometric

measurement of the reduction of

2-(p-iodophenyl)3-(p-nitrophenyl)-5-phenyl-tetrazolium chloride (INT)

to iodo-nitrophenyl formazan (INTF). Strain BMG5.1 was grown in

presence of filter sterilized root exudates from the indicated plant species.

BD-N (nitrogen-free Broughton and Dilworth medium) was used as control.

exudates and BD-N are illustrated in a Venn diagram in
Figure 5.

Compared with the BMG5.1 proteome in BD-N medium,
83 unique proteins were induced for the BMG5.1 proteome
in the presence of C. myrtifolia RE (Table 2). Among the
above-mentioned proteins, 46 and 24 were shared with the
BMG5.1 proteome in the presence of A. glutinosa and C. melo

FIGURE 5 | Venn Diagram showing the distribution of BMG5.1 proteins

grown in BD-N (nitrogen-free Broughton and Dilworth medium) and in

the presence of root exudates from the indicated plant species. A total

of 642 proteins were detected under all conditions. These proteins were found

to be mostly housekeeping proteins involved in metabolism and signal

transduction.

RE, respectively, while 32 were unique to C. myrtifolia RE. Cello
server predicted the cellular localization of these 32 C. myrtifolia
RE unique proteins to be cytoplasmic (55%), membrane bound
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TABLE 2 | Proteins induced in Frankia strain BMG5.1 grown in root exudates.

Descriptions with Accessions (Dg1/BMG5.1) Associated pathway (KEGG, BRITE) C. myrtifolia A. glutinosa C. melo

LexA family transcriptional regulator (KLL12894.1) DNA repair and recombination + + +

AraC family transcriptional regulator (KLL13116.1) Base excision repair; transcriptionalregulator + + −

restriction endonuclease subunit R, partial (KLL09521.1) Hydrolaseactivity + + +

5-hydroxyisourate hydrolase (KLL11137.1) Nucleotidemetabolism + − −

ribonuclease PH (WP_013872713.1) Nucleotidyltransferaseactivity + − −

FmdB family transcriptional regulator (KLL11411.1) Transcriptionalregulator + − −

TetR family transcriptional regulator (KLL12053.1) Transcriptionalregulator + + +

transcriptionalregulator (WP_052914259.1) Transcriptionalregulator + + +

50S ribosomal protein L35 (WP_013874486.1/KLL10220.1) Ribosome formation- Genetic Information Processing; Translation + + −

30S ribosomal protein S30 (KLL12035.1) Ribosome formation- Genetic Information Processing; Translation + + +

50S ribosomal protein L15 (WP_047221577.1) Ribosome formation- Genetic Information Processing; Translation + + +

arginine–tRNA ligase (WP_043602701.1) Aminoacyl-tRNAbiosynthesis + + −

proline–tRNA ligase (WP_013875411.1) − + − −

cysteine–tRNA ligase (WP_013875400.1) − + + −

histidine–tRNA ligase (WP_013875269.1) − + + −

amidohydrolase (WP_043606140.1) Acting on carbon-nitrogen bonds, other than peptide bonds + + −

prephenatedehydrogenase (WP_013873190.1/KLL11797.1) Phenylalanine, tyrosine and tryptophan biosynthesis + − −

aminoacidtransporter (KLL12013.1) Putative aminoacidtransporter + − −

GlcNAc-PI de-N-acetylase (KLL11416.1) GPI biosynthesis + − −

peptidoglycan-binding lysin domain-containing protein

(WP_013872588.1)

− + − −

scramblase (WP_013875539.1) − + − −

acetyl-CoAacetyltransferase (WP_043605993.1) Enzymaticactivity + + −

aldo/keto reductase (WP_050803659.1/KLL11374.1) Enzymaticactivity + + −

metallophosphoesterase (WP_013874361.1/KLL10534.1) Enzymaticactivity + − +

peptidase (KLL10005.1.1) Proteasome + + +

oxidoreductase (WP_013874345.1/KLL10011.1) Citrate cycle + + +

cyclopropane-fatty-acyl-phospholipid synthase (KLL12366.1) Methyltransferases + − −

3-oxoacyl-ACP synthase (KLL12268.1) Fatty acid biosynthesis and metabolism + − +

nitrilotriacetatemonooxygenase (WP_013873307.1) FMN-dependentoxidoreductase + + +

glycogendebranching enzyme (WP_043606277.1) Glycosylases + + −

haloaciddehalogenase (KLL11333.1) Glyoxylate and dicarboxylatemetabolism;Biosynthesis of

secondary metabolites

+ − −

globin (KLL11541.1) Heme binding; oxygen binding + − −

membrane protein (KLL11693.1) Bacterialsecretion system + + +

preproteintranslocasesubunitSecA (KLL10487.1) Quorum sensing;Proteinexport;Bacterial secretion system + + +

ABC transporter (WP_013872693.1) Ironcomplex transport system + + −

ATPase (WP_043607340.1) Ironcomplex transport system + + −

MFS transporter (KLL10396.1) Nitrate/nitrite transporter + + +

NADH:ubiquinone oxidoreductase subunit H, partial

(KLL12793.1)

Nitrotoluenedegradation;Carbonmetabolism + + +

FMN-dependent NADH-azoreductase (KLL11873.1) Oxidoreductases; Acting on other nitrogenous compounds as

donors

+ + −

SDR familyoxidoreductase (WP_050803541.1) − + − −

sulfate adenylyltransferase (KLL12588.1) Purine and sulfurmetabolism + + −

quinolinatesynthetase (WP_013874400.1) − + − −

sulfurtransferase (WP_013871733.1) Sulfurrelay system + − −

phosphoribosylformylglycinamidine synthase II

(WP_050803648.1)

− + − −

NADPH-dependent FMN reductase (WP_013871832.1) Riboflavinmetabolism + − −

histidine kinase (WP_013872222.1/KLL10514.1) Signaling + + −

(Continued)
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TABLE 2 | Continued

Descriptions with Accessions (Dg1/BMG5.1) Associated pathway (KEGG, BRITE) C. myrtifolia A. glutinosa C. melo

putative PAS/PAC sensorprotein (WP_013874756.1) Signaling + − −

glycosyltransferase family 1 (WP_013872309.1/KLL13063.1) Starch and sucrose metabolism + + −

glycosyltransferase (KLL09812.1) Starch and sucrose metabolism + − −

potassium-transporting ATPase subunit A (KLL12342.1) Two-component system + − −

NADPH-dependent F420 reductase (WP_013874441.1) Uncharacterized + − −

acetoacetyl-CoAsynthetase (WP_050803816.1) Valine, leucine and isoleucine degradation + + −

pyridoxamine 5’-phosphate oxidase (KLL12235.1) Vitamin B6 metabolism + + +

carboxymethylenebutenolidase (WP_050803476.1/

KLL11047.1)

Biosynthesis of secondary metabolites; Microbial metabolism in

diverse environments; Chlorocyclohexane and chlorobenzene

degradation

+ + −

Hypotheticalproteina − + + +

Hypotheticalproteinb − + + −

Hypotheticalproteinc − + − +

Hypotheticalproteind − + − −

The datasets are a compilation of proteins generated on the basis of the Dg1 and BMG5.1 genome databases.
aKLL11549.1, KLL10188.1, KLL10250.1, WP_043604429.1, and WP_047221896.1.
bWP_013875584.1, KLL10160.1, WP_013874846.1, WP_052914782.1, WP_013872277.1, WP_043607069.1, WP_013873180.1, WP_050803611.1, WP_050803462.1, and

WP_050803545.1.
cWP_052914777.1, KLL13066.1, and KLL09907.1.
dWP_047221199.1, WP_052914905.1, KLL12041.1, KLL11841.1, KLL11815.1, KLL11583.1, KLL11404.1, KLL11347.1, KLL10248.1, WP_013875131.1, and KLL09806.1.

(25%), and extracellular (20%). No signal peptide was detected
among these proteins. Positive correlation among CAI, tAI
and Fop of these protein-coding-genes also implies maximum
usage of translationally optimal codons. Figure 6 illustrates the
main alterations of BMG5.1 cellular processing when grown in
C. myrtifolia RE.

DISCUSSION

General Characteristics of the Frankia

coriariae Strain BMG5.1 Proteogenome
The main characteristic of the BMG5.1 shotgun proteome
obtained in the present study is its adaptation to the costly
aromatic amino acids, which may be of relevance for bacteria
with a particular lifestyle in a nitrogen-fixing symbiotic
association (Prasad et al., 2000; Randhawa and Hassani, 2002).

As previously reported for Frankia casuarinae (Mastronunzio
et al., 2008, 2009), the BMG5.1 exoproteome was determined
to be tiny, with few secreted proteins. The presence of
extensive cell lysis activity was attributed as responsible for the
existence of several cellular proteins in the secreted fraction
(Mastronunzio et al., 2009). The total absence of signal peptide
proteins and the detection of an ATP-dependent protease and
a proteasome at higher level in BMG5.1 supernatant, further
strengthen this hypothesis. It has been shown that some ATP-
dependent proteases are essential elements of the complex
regulatory networks enabling the viability of cells under adverse
environmental conditions (Gottesman, 1996).

COG analysis attributed most of the secreted proteins to
metabolism, especially carbohydrate and amino acid metabolism
and transport, as a major functional category. This finding fully
supports the findings of Udvardi and Poole (2013), who reported

that nitrogen-fixing associations require smooth integration
between the bacterial and plant “metabolism–transportation
system” for fluid exchange of the metabolic products across the
plant and bacterial membranes.

Root Exudates Alter the Frankia coriariae

BMG5.1 Proteogenome
RE derived from BMG5.1-compatible (C. myrtifolia), BMG5.1-
incompatible (A. glutinosa), and the non-actinorhizal (C. melo)
host plants differ both qualitatively and quantitatively (Badri and
Vivanco, 2009). RE contain high molecular weight components
such as mucilage (polysaccharides) and proteins, and low
molecular weight components such as amino acids, organic acids,
sugars, and other secondary metabolites (Badri and Vivanco,
2009), which, besides their nutritional value, act as chelators
of poorly soluble mineral nutrients and as chemoattractant
signals to microbes (Haichar et al., 2014). Thus, Frankia growth
depends on the ability of a given strain to assimilate nutrients, to
tolerate toxic compounds, and to further interact with signaling
molecules of a given RE (Turner et al., 2013). A study based
on a plant-trapping assay demonstrated the occurrence of
Frankia in the host and non-host rhizosphere (Smolander and
Sarsa, 1990), with a rapid fall in its infective units outside its
compatible host area (Benson and Silvester, 1993). Here we
showed that RE-induced proteins share some functional domains
essential for signaling mechanisms. For instance, GGDEF,
HisKA, and PAS domains are associated with bacterial two-
component signaling systems (Sarkar et al., 2016). These domains
comprise the periplasmic sensory domains with important
enzymatic functionalities. They remain associated with the
diguanylate cyclase/phosphodiesterase activity of bacteria, which
catalyze the synthesis and hydrolysis of the cyclic diguanylate
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FIGURE 6 | A predictive overview of the main alterations to strain BMG5.1 cellular processing in the presence of C. myrtifolia root exudates as

expected from COG and KEGG functional assignments of the induced proteins.

(c-di GMP). This further helps regulation of extracellular
polysaccharide formation, the cell development program, and
other signaling cascade mechanisms (Galperin, 2004). Among
the moderately present domains, Gp_dh_N, Gln-synt_C, PGI,

6PGD, PGM_PMM_IV, and UDPG_MGDP_dh together help in
bacterial metabolism, especially carbohydrate metabolism (Saier

and Reizer, 1992; Postma et al., 1993; Saier et al., 1995), and
may act to bind the bacterial cells to those of the host (Chagnot

et al., 2013).Thus, both metabolism and signal transduction
are the dominant activities for BMG5.1 under the different RE
conditions tested.

The RE-induced proteins represent an overview of the

deeply affected metabolic pathways footprinting shifts of the
Frankia strain from aposymbiotic to rhizosphere, and then
from rhizosphere to a symbiotic lifestyle. This indicates (i)

adaptation to rhizosphere colonization, which was also induced
by the A. glutinosa and C. melo RE, and (ii) early receptive
steps as recognition of host stimuli prior to triggering the root
infection and nodulation processes, which was obtained only
with C. myrtifolia RE.

Induced Proteins Matching Rhizosphere
Colonization
The induced proteins matching rhizosphere colonization
involve 31 and 15 items with assigned and unassigned
biochemical features, respectively. On the first line of
induced proteins are those related to protein synthesis,
such as DNA transcriptional regulator [TetR family
transcriptional regulator (KLL12053.1), ribosomal structure and
biogenesis (WP_013874486.1/KLL10220.1; WP_047221577.1;
KLL12035.1), ribonuclease PH (WP_013872713.1)],
transporters and secretion systems, ATP-binding cassette
(ABC) transporter (WP_013872693.1), major facilitator
superfamily (MFS) transporter (KLL10396.1), SecA or type
II secretory pathway (KLL10487.1) and ATPase transporters
(WP_043607340.1), for diverse metabolites ranging from ions
(nitrate/nitrite, iron, sulfur and potassium) to amino acids and
proteins.

Amino acid-related activities supporting this active
transcription and protein synthesis are also detected. A
particular “loading” of tRNA with arginine, proline, cysteine, and
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histine affinity amino acids–tRNA ligase (WP_043602701.1;
WP_013875400.1; WP_013875269.1) was noted in this
study for actinorhizal RE. DNA replication, recombination
and repair proteins (KLL12894.1KLL13116.1); restriction
endonuclease subunit R (KLL09521.1); 5-hydroxyisourate
hydrolase (KLL11137.1) may protect against cytotoxicity-
generating DNA damage produced during the early step of
plant defense toward microbial colonization (Baker and Orlandi,
1995; Bagnarol et al., 2007) or drastic adaptation of metabolism
(Clair et al., 2012). Aldo/keto reductase (WP_050803659.1/
KLL11374.1), which is an NADPH-dependent oxidoreductase,
may help further detoxification of a wide range of aldehydes
and ketones (Barski et al., 2008). Carbon-rich RE released by
plants make the rhizosphere extremely nutrient-rich relative
to the bulk soil environment (van Veen et al., 1997). Thus,
the short-chain dehydrogenase/reductase (SDR) superfamily
of proteins (WP_050803541.1) induced here, known as
tyrosine-dependent oxidoreductases, are suggested to confer
the ability to metabolize a wide range of carbon substrates
that contribute to cell survival and proliferation in the
nutritionally complex soil or rhizosphere environment (Jacob
et al., 2008).

Modulated Proteins Matching the Early
Step Receptive Reply toward Symbiotic
Recruitment
We identified, in the category of proteins suspected to be
symbiotically related, 21 and 11 proteins with assigned and
unassigned biochemical features, respectively. Proteins involved
in the remodeling of cell surface structures are abundantly
modulated. Beauchemin et al. (2012) also reported that among
different RE tested, only C. cunninghamiana was able to alter
bacterial surface properties at the fatty acid and carbohydrate
levels, leading to “curling” on its compatible F. casuarinae
strain CcI3 hyphae. In fact, microbial membrane proteins play
a predominant role in bacterial auto-aggregation and host
cell adhesion that is well known both for bacterial survival
and the host plant colonization process (Bogino et al., 2013).
Lipid metabolism proteins included cyclopropane-fatty-acyl-
phospholipid synthase (KLL12366.1), which is implicated in
membrane modifications (Tiricz et al., 2013), and 3-oxoacyl
ACP synthase (KLL12268.1) that contributes to the biosynthesis
and transfer of fatty acyl residues, which serve as acyl
donors in different acyl transfers during lipid biosynthesis
reactions including phospholipids (Geiger and López-Lara,
2002). Scramblase (WP_013875539.1), a calcium activation
protein, is implicated in membrane depolarization through
passive translocation of phospholipids between the two sides of
the membrane.

Besides HisKA, and PAS sensors discussed above, a
GlcNAc-PI de-N-acetylase (KLL11416.1), also named N-
acetylglucosaminylphosphatidylinositol deacetylase was also
induced. It catalyzes the production of peptidoglycans that
contain a backbone of N-acetylglucosamine (GlcNAc) residues
(Gust et al., 2012). These GlcNAc residues serve as sensing
ligands to plant LysM receptor involved in early plant-microbe
interactions (Rey et al., 2013). Peptidoglycan-binding lysin
domain-containing protein (WP_013872588.1) may contain
beside the truly secreted proteins, outer-membrane proteins,
lipoproteins or proteins bound to the cell wall in a non-covalent
manner (Buist et al., 2008).

In conclusion, using next-generation proteomic analysis, an
overview is provided here of proteome shotgun footprinting of
metabolic alterations in response to RE stimuli, which orchestrate
the first steps in the recruitment of Frankia by compatible host
plants through (i) rhizosphere colonization and then (ii) early
positive perception triggering root infection and subsequent
nodulation processes. In the absence of reliable methods to
manipulate the genes of interest for Frankia strains, comparative
approaches based on high-throughput gene-expression analysis
after plant and bacterial stimuli provide an alternative basis for
elucidating the elusive bacterial triggers in actinorhizal symbiosis.
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Introduction

Corynebacterium is a gram positive, non-acid-fast, rod-
shaped, GC rich organism with pivotal medicinal, veterinary 
and industrial importance. Among medicinally important 
Corynebacterium species, C. diphtheriae causes acute com-
municable disease diphtheria, C. pseudotuberculosis causes 
lymphadenitis in sheep, goat etc. (Jones and Collins 1986) 
and C. argentoratense predominates in the upper respira-
tory tract of patients suffering from tonsillitis (Bomholt et al. 
2013). Other Corynebacterium species such as C. atypicum, 
C. imitans, C. aurimucosum and C. ureicelerivorans are also 
well known for their pathogenicity in immunosuppressed 
patients (Tippelt et al. 2014). On the contrary, non-path-
ogenic species like C. glutamicum, C. efficiens, C. casei 
and C. vitaeruminis have substantial industrial importance. 
They are generally used in production of l-glutamic acid, 
soft cheese, vitamin B (Al-Dilaimi et al. 2014) respectively. 
Free-living marine bacteria C. maris and saline soil bacteria 
C. halotolerans (Ben-Dov et al. 2009) are also important for 
their diversities. Thus, the genus Corynebacterium is com-
prised of potential pathogens, opportunistic pathogens as 
well as free-living, non-pathogenic individuals with a large 
variety of habitats (Schröder et al. 2012); and is of great 
interest for comparative and evolutionary study at genetic 
level.

Recent advancement in sequencing strategy has availed us 
with enormous Corynebacterium whole genome sequences. 
Codon usage patterns vary between and within species and 
thus can be used for genomic study (McInerney 1998). 

Abstract The present study has been aimed to the com-
parative analysis of high GC composition containing 
Corynebacterium genomes and their evolutionary study by 
exploring codon and amino acid usage patterns. Phyloge-
netic study by MLSA approach, indel analysis and BLAST 
matrix differentiated Corynebacterium species in pathogenic 
and non-pathogenic clusters. Correspondence analysis on 
synonymous codon usage reveals that, gene length, optimal 
codon frequencies and tRNA abundance affect the gene 
expression of Corynebacterium. Most of the optimal codons 
as well as translationally optimal codons are C ending i.e. 
RNY (R-purine, N-any nucleotide base, and Y-pyrimidine) 
and reveal translational selection pressure on codon bias of 
Corynebacterium. Amino acid usage is affected by hydro-
phobicity, aromaticity, protein energy cost, etc. Highly 
expressed genes followed the cost minimization hypoth-
esis and are less diverged at their synonymous positions of 
codons. Functional analysis of core genes shows significant 
difference in pathogenic and non-pathogenic Corynebac-
terium. The study reveals close relationship between non-
pathogenic and opportunistic pathogenic Corynebaterium 
as well as between molecular evolution and survival niches 
of the organism.
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et al. 2012). RSCU value more than 1 reveals positive codon 
usage bias and vice versa and for equally or randomly used 
codons RSCU would be 1 (Zhang et al. 2011).

Fop was calculated by the formula: 

 Optimal codons are recognized by most abundant isoaccept-
ing tRNAs. It was correlated with expression level of a gene 
(Ikemura 1981). Fop generally ranges from 0 (no codon bias) 
to 1 (maximum codon bias).

Determination of codon adaptation index (CAI)

Codon adaptation index (CAI) is an important parameter 
for determining gene expression level as well as codon 
usage variation in genes. It was calculated by the formula: 

where, L =  number of codon, wc(k) = relative adaptation of 
k-th codon (Soohyun and Seyeon 2010). CAI of each gene 
was calculated by taking account of highly expressed genes 
like ribosomal protein coding genes as reference set of genes 
by using the equation of Sharp and Li (1986) implemented 
in CAI Calculator 2 (Wu et al. 2005). It ranges from 0 (no 
codon bias) to 1 (maximum codon bias). Genes with higher 
values of CAI show similar expression level as reference 
set of genes. Top 10% genes with highest CAI values were 
predicted as highly expressed genes (PHX) (Supplementary 
Excel File) and 10% genes from the bottom with lowest CAI 
values were predicted as lowly expressed genes (PLX) (Sen 
et al. 2008).

Multivariate statistical analysis

Codon and amino acid usage variation among genes can be 
defined by employing multivariate statistical analysis such 
as correspondence analysis (CA), which is a geometric 
approach, for data analysis (Goldstein 1991). In account 
of separating Corynebacterium genes depending upon 
codon and amino acid usage variations, data generated 
from CA on RSCU (relative synonymous codon usage) and 
RAAU (relative amino acid usage) by CodonW program 
were plotted against a multidimensional space of 59 axes 
(except Trp, Met and stop codons), where each axis was 
explaining a decreasing amount of variation (Perrière and 
Thioulouse 2002).

Fop =
The number of "optimal" codons

Sum of the numbers of "optimal" and "nonoptimal" codons

CAI = exp
1

L

L∑
k=1

lnwc(k)

Determination of translationally optimal codons 
and tRNA adaptation index (tAI)

tRNAscan-SE program (http://lowelab.ucsc.edu/tRNAscan-
SE/) (Schattner et al. 2005) was used to determine transla-
tionally optimal codons (by checking most abundant tRNA 
anticodons corresponding to optimal codons) and antico-
don tables of corynebacterial genes. Adaptation of codons 
in each protein coding gene to the tRNAs that translate it 
was determined by calculating tRNA adaptation index (tAI).

It was defined by the following formula: 

 where, w = adaptiveness value of i-th codon defined by the 
k-th triplet in gene ’g’, and  lg= length of that gene (dos Reis 
et al. 2004). Genes with high tAI were translated by inter-
acting with more abundant tRNA anticodons. It is a good 
indication towards the translation speed of these genes. tAI 
of Corynebacterium were calculated by using codonR script 
(http://people.cryst.bbk.ac.uk/~fdosr01/tAI/).

Construction of heatmaps and BLAST Matrix

Heatmap, a graphical representation of datasets contained 
in a matrix by colour scale, which can be used to visual-
ize comparative analyses depending on relative frequencies 
of codon and amino acid usage across genomes. BLAST 
Matrix is a table that shows BLAST comparisons within 
and between proteomes (Ussery et al. 2009). Heatmaps and 
BLAST Matrix of Corynebacterium strains were generated 
by using CMG-biotools package (Vesth et al. 2013).

Pan‑core plot construction and analysis of core genes

Core genes contain a minimal set of genes, shared by a num-
ber of organisms, whereas, pan genes include full comple-
ment of genes of all organisms. In the present study, pan and 
core genomes of Corynebacterium were estimated by using 
BLAST with a cutoff of 50% identity and 50% coverage 
value implemented in the program ‘pancoreplot’ of CMG-
biotools package (Vesth et al. 2013). Functional analysis of 
core genes was also performed.

Detection of orthologous gene pairs and evolution study

Orthologous gene sets between Corynebacterium strains 
grouped in four clades of phylogenetic tree were identified 

tAIg =

⎛
⎜⎜⎝

lg�
k=1

wikg

⎞
⎟⎟⎠

1

lg

http://lowelab.ucsc.edu/tRNAscan-SE/
http://lowelab.ucsc.edu/tRNAscan-SE/
http://people.cryst.bbk.ac.uk/~fdosr01/tAI/
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by Reciprocal Best Blast Hit (RBBH) approach with an 
identity level of ≥50% and an E value of 1e  ̶10 and with at 
least 50% alignment score, by using local BLASTP program 
(ftp://ftp.ncbi.nlm.nih.gov/blast/executables/LATEST/).

To study nucleotide substitution rate of pathogenic and 
non-pathogenic corynebacteria, two factors i.e. dN (non-
synonymous substitutions per non-synonymous site) and 
dS (synonymous substitutions per synonymous site) were 
calculated by using Codeml program in PAML package (ver-
sion 4.5) (http://abacus.gene.ucl.ac.uk/software/paml.html) 
(Yang 1997).

Spearman’s rho correlation analysis of codon and amino 
acid usages and other statistical analyses were performed by 
using SPSS package (version 19).

Results

Analysis of phylogenetic tree

Fifty-one strains of the genus Corynebacterium clustered in 
four different clades (Fig. 1a). Clade I and II were governed 
by pathogenic strains C. pseudotuberculosis, C. diphtheriae 
and C. argentoratense. Clade III comprised of industrial 
corynebacteria like C. glutamicum and C. efficiens. Inter-
estingly, clade IV was a mixed bag containing opportunistic 

pathogens (C. atypicum, C. imitan, C. ureicelerivorans and 
C. aurimucosum), industrial (C. casei), free-living (C. halo-
tolerans and C. maris) and rumen associated non-pathogen 
C. vitaeruminis. For detailed analysis of clade IV strains, a 
second phylogenetic tree was generated with selected strains 
from clade I, II, III and all strains of clade IV (Fig. 1b). 
This new tree further divided clade IV into three sub clades 
(IVa, IVb, IVc). Clade IVa comprised of C. vitaeruminis, 
C. halotolerans and C. maris. C. atypicum, C. imitans and 
C. ureicelerivorans grouped in clade IVb whereas, clade 
IVc consisted of C. casei and C. aurimucosum. The num-
bers of identified indels have been given in the phylogeny 
in red colour and further shown in supplementary file S1. 
The clustering pattern of other considered strains in Fig. 1b 
was identical to Fig. 1a. Moreover, similar clustering pat-
ters were also observed in blast matrix on Corynebacterium 
proteins (Fig. 2).

Genome length and gene content

Genome size of non-pathogens was larger than pathogens 
(Table 1). Gene length was also significantly positively cor-
related (r = 0.948, p < 0.01) with total number of protein cod-
ing genes. The gene frequency in non-pathogenic C. vitaeru-
minis, C. halotolerans, C. maris, C. casei, C. efficiens and C. 
glutamicum was found to be higher than potential pathogen 

Fig. 1  Phylogenetic tree constructed by MLSA approach of a 51 
Corynebacterium strains and b 18 selected Corynebacterium strains. 
Nonpathogenic, free living, opportunistic and potential pathogenic 

species were shown in green rectangle, green circle, purple diamond 
and red triangle respectively. Indel numbers were shown in red below 
the branch points

ftp://ftp.ncbi.nlm.nih.gov/blast/executables/LATEST/
http://abacus.gene.ucl.ac.uk/software/paml.html
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C. diphtheriae, C. pseudotuberculosis, C. argentoratense 
and opportunistic pathogen C. ureicelerivorans, C. aurimu-
cosum, C. atypicum and C. imitans.

Analysis of codon usage heterogeneity

Codon usage indices such as GC,  GC3,  C3,  G3, Nc and 
Fop were shown in Table 2. Proportions of  C3,  G3, GC 

as well as  GC3 were varied between (33.78–63.39)%, 
(28.69–44.74)%, (52.61–68.90)% and (51.38–89.90)% 
respectively. Fop was ranging between 0.46 and 0.581 and 
Nc was varying between 32.21 and 53.20. It was observed 
that lower Nc (<40) possessed higher GC,  GC3 as well 
as Fop, i.e. GC richness was affecting codon usage in 
Corynebacterium.

Fig. 2  BLAST matrix between and within total proteomes of Corynebacterium. The varying colour intensity from dark green to light green 
reflected the homology ranges between proteomes

Table 1  Genomic description 
of Corynebacterium 

Organism Accession no. Genome length Total gene no.

C. vitaeruminis DSM 20294 CP004353 2,931,780 2645
C. halotolerans YIM 70093, DSM 44683 CP003697 3,135,752 2930
C. maris DSM 45190 CP003924 2,787,574 2653
C. casei LMG S-19264 CP004350 3,113,488 2872
C. efficiens YS-314 NC_004369 3,147,090 3064
C. glutamicum ATCC 13032 HE802067 3,309,400 2992
C. glutamicum Kalinowski ATCC 13032 NC_006958 3,282,708 3154
C. glutamicum Nakagawa ATCC 13032 NC_003450 3,309,401 3032
C. ureicelerivorans IMMIB RIV-2301 CP009215 2,279,990 2357
C. aurimucosum CN-1, ATCC 700975 NC_012590 2,790,189 2551
C. argentoratense DSM 44202 CP006365 2,031,902 1939
C. atypicum R2070 CP008944 2,311,380 1765
C. imitans DSM 44264 CP009211 2,565,321 2413
C. diphtheriae C7 (beta) NC_016801 2,499,189 2414
C. diphtheriae CDCE 8392 NC_016785 2,433,326 2330
C. diphtheriae HC01 NC_016786 2,427,149 2321
C. pseudotuberculosis 42/02-A CP003062 2,337,606 2103
C. pseudotuberculosis 48252 CP008922 2,338,139 2229
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Synonymous codon usage (excluding ATG for Met 
and TGG for Trp and stop codons TAG, TAA and TGA) 
of Corynebacterium was determined and tabulated 
in Table 3. Most of the preferred codons (RSCU > 1) 
were G/C ending. Optimal codons (shown in * or @), 
determined by chi-squared tests (Table 3) were strongly 
biased towards G/C at third positions of codons in all 
Corynebacterium genomes, however, in C. glutamicum, 
C. diphtheriae and C. pseudotuberculosis very little num-
ber of A/U ending optimal codons were observed. C end-
ing optimal codon frequency was higher than G-ending 
codons (Table 2). Moreover, not all optimal codons were 
translationally selected. Translationally optimal codons 
were calculated by estimating tRNA anticodons of each 
Corynebacterium and most of these translationally opti-
mal codons were also C ending (Table 3).

Codon usage heatmap (Fig.  3) constructed by 
corynebacterial genes also displayed that GC rich codons 
like GCC, GGC, GAC, GAG, GCG, GTG, ATC and ACC 
(as shown by yellow colour intensity) were highly used. 
It became more prominent in rose plots on codon usage 
(S2). Along with GC richness, AT rich codons such as 
GAT, GCT, GAA and GCA were also used in C. diph-
theriae, C. pseudotuberculosis and C. glutamicum, but 
in low ranges.

GC3 vs Nc plots were generated by protein coding genes 
of Corynebacterium and shown in supplementary file S3. 
Majority of genes were lying below the expected curve 
towards  GC3 rich region with lower Nc. Though moder-
ately expressed (3.5 < CAI < 5.8), corynebacterial genes 
showed significant difference between expression of PHX 
and PLX genes (p < 0.001) (Fig. 4). Moreover, PHX genes 
deposited separately from PLX genes towards extreme 
 GC3 rich region in  GC3-Nc plot (S3). Thus, translational 
selection pressure was revealed on codon usage bias of 
corynebacterial genes. However, PHX gene of C. glutami-
cum, C. diphtheriae and C. pseudotuberculosis overlapped 
with PLX genes (S3) as their gene expression level is very 
low (0.36–0.41).

Replicational and transcriptional selection of genes

To investigate replicational selection in Corynebacterium 
genomes if any, total number of genes on leading and lag-
ging strands was calculated for each Corynebacterium and 
shown in Table 4. It was observed that frequency of genes 
shared by leading strand was lower than its complemen-
tary lagging strand of replication except C. maris, C. ure-
icelerivorans, C. casei and C. efficiens, which indicated 
lack of strand specific replicational selection pressure on 
corynebacterial genes. No significant difference was pre-
sent between the frequencies of PHX genes on leading and 

lagging strands, which indicates absence of transcriptional 
selection in Corynebacterium.

Functional analysis of core gene set

Among total 45,764 genes, 1,025 were shared by all eighteen 
Corynebacterium strains i.e. ‘core genes’, and the variable 
collection of genes i.e. ‘pan genome’ contained 11,800 genes 
(Fig. 5) and total 10,775 non-core genes were estimated in 
Corynebacterium.

COG functional category showed that a large number 
of core gene sets in both pathogenic and non-pathogenic 
Corynebacterium associated with the categories “Metabo-
lism” [energy production and conversion (C); amino acid 
metabolism and transport (E); nucleotide metabolism and 
transport (F); carbohydrate metabolism and transport (G); 
coenzyme metabolism (H); lipid metabolism (I); inorganic 
ion transport and metabolism (P); and secondary structure 
(Q)] and “Cellular process and signalling” [cell cycle control 
and mitosis (D); defense mechanisms (V); signal transduc-
tion (T); cell wall/membrane/envelop biogenesis (M); post-
translational modification, protein turnover, chaperone func-
tions (O); and intracellular trafficking and secretion (U)]. 
Furthermore, COG categories such as “Poorly categorized” 
and “Information storage and processing” [DNA replication 
and repair (L); transcription (K); and translation (J)] were 
also observed but in lower frequencies (Fig. 6). The colour 
intensity was gradually changing from yellow to red with 
decreasing frequency of COG categories. Moreover, rate of 
COG categories “Metabolism” and “Cellular process and 
signalling” of core genes of pathogenic Corynebacterium 
was significantly higher (p < 0.05) than non-pathogens. Fre-
quency of COG category “Information storage and process-
ing” was also higher in pathogenic Corynebacterium than 
non-pathogens but no significant difference was observed.

Correspondence analysis on codon usage 
and correlation tests

Multidimensional analysis on RSCU of Corynebacterium 
generated 59 orthogonal axes, along which the genes were 
separated in account of their codon bias. Among them first 
two axes with highest fractions were major (axis 1) and 
minor (axis 2) axis respectively. Protein coding genes of 
each strain (indicated by grey circles) assembled towards 
the centre of both axes (S4) and PHX genes (detected by red 
triangles) such as ribosomal protein coding genes, metabolic 
protein coding genes, translation elongation factor coding 
genes, etc. scattered on one extreme, whereas, PLX genes 
(indicated by green diamonds) deposited towards another 
extreme on CA plots. However, in C. glutamicum PHX genes 
overlapped with PLX genes as observed in  GC3-Nc plots.
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Significant positive correlations between CAI and  GC3 
as well as Fop (S5) revealed that gene expression was 
affecting codon usage variation as well as their frequen-
cies in corynebacterial genes. Significant negative corre-
lations between CAI and Nc indicated codon bias among 
corynebacterial PHX genes. Significant positive correla-
tions between CAI and tAI were representing translational 
selection of codons in PHX genes. Significant positive 

correlations between tAI and Fop also indicated transla-
tional selection pressure on optimal codon usage. Moreo-
ver,  C3 was significantly positively correlated with CAI and 
tAI in all Corynebacterium, which demonstrated that gene 
expression and tRNA abundance were directing codon usage 
bias in Corynebacterium towards C ending codons, as these 
codons are more beneficial for protein translation.

Fig. 3  Heatmap on codon 
usage shows codon frequencies 
of total protein coding genes 
of Corynebacterium. Yel-
low colour represents higher 
frequencies and red colour 
represents lower frequencies of 
codon usage

Fig. 4  CAI variation of 
total protein coding genes of 
Corynebacterium 
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Analysis of amino acid usage pattern

Two dimensional amino acid usage heatmap (Fig. 7) as 
well as rose plots on amino acid usage (S6) showed amino 
acids like Alanine (A), Glycine (G), Leucine (L) and 
Valine (V) were used in higher frequency in Corynebac-
terium. Correspondence analysis (CA) on RAAU revealed 
that some important factors were influencing amino acid 
usage of Corynebacterium. Among 20 orthogonal axes, 
generated by CA on RAAU, first two axes with highest 

fractions were designated as axis 1 and axis 2. Proteins 
on these CA plots deposited towards the centre of two 
axes (indicated by grey circles) (S7) as observed in CA 
on RSCU. Highly hydrophobic genes (indicated by violet 
diamond) distinctly deposited from PHX genes (detected 
by red triangles). Thus, it was clear that gene expression 
as well as hydrophobicity were affecting amino acid usage.

Significant negative correlation was found between 
CAI and GRAVY (S8). It indicated preferences for hydro-
philic protein coding genes over hydrophobic. Moreover, 

Table 4  Frequency of genes on both strands of replication

Organism Total gene on leading 
strand (%)

Total gene on lagging 
strand (%)

Total PHX genes on 
leading strand (%)

Total PHX genes on 
lagging strand (%)

C. vitaeruminis DSM 20294 48.69 48.84 47.85 52.52
C. halotolerans YIM 70093, DSM 44683 47.82 49.97 47.20 53.49
C. maris DSM 45190 49.68 47.79 55.04 44.96
C. atypicum R2070 44.49 51.73 51.76 48.23
C. imitans DSM 44264 47.62 49.44 52.36 47.64
C. ureicelerivorans IMMIB RIV-2301 49.81 47.31 53.51 46.49
C. aurimucosum ATCC 700975 46.61 53.39 48.24 51.76
C. casei LMG S-19264 49.89 47.95 50.36 49.64
C. argentoratense DSM 44202 47.19 49.61 54.55 45.45
C. diphtheriae C7 (beta) 48.30 48.76 50.43 49.57
C. diphtheriae CDCE 8392 48.28 48.76 52.21 47.79
C. diphtheriae HC01 47.61 49.46 52 48
C. pseudotuberculosis 42/02-A 48.88 51.50 56.19 43.80
C. pseudotuberculosis 48252 48.72 51.50 55.36 44.20
C. efficiens YS-314 49.41 48.30 51.06 54.96
C. glutamicum ATCC 13032 49.50 50.50 62.04 45.26
C. glutamicum Kalinowski ATCC 13032 47.59 49.37 53.44 46.56
C. glutamicum Nakagawa ATCC 13032 48.88 49.84 54.85 44.82

Fig. 5  Pan-core plot of 
Corynebacterium genomes
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aromaticity was negatively correlated with gene expression 
level to decrease protein energy cost (PEC) during PHX gene 
translation. It was also observed that PEC of corynebacterial 
proteins was significantly positively correlated with GRAVY 
and aromaticity, whereas, significant negative correlations 
were observed between CAI and PEC. It specifies an inverse 
relationship between protein energy cost and gene expres-
sion level.

Evolutionary analysis of Corynebacterium

Nucleotide substitution rates of corynebacterial orthologous 
genes were shown in Table 5. Significant negative correla-
tions (p < 0.001) between dS and CAI as well as dN and 
CAI revealed conservation of nucleotides at synonymous 

and nonsynonymous sites of codons in PHX genes. Signifi-
cant negative correlations (p < 0.001) between dN and dS 
with Fop also revealed conservation of optimal codons in 
Corynebacterium.

Moreover, it was observed that dN/dS ratio of host associ-
ated non-pathogen C. vitaeruminis in clade VIa of MLSA 
tree, was significantly higher than free-living C. halotolerans 
(0.021, p < 0.001) and C. maris (0.025, p < 0.001). However, 
no significant difference was observed between C. halotol-
erans and C. maris. Furthermore, dN/dS ratio of opportun-
istic pathogen C. atypicum in clade IVb was significantly 
higher than C. imitans (0.026, p < 0.001) and C. ureicele-
rivorans (0.03, p < 0.001), whereas, no significant difference 
was detected between C. imitans and C. ureicelerivorans. 
Significant difference was also not present between dN/dS 

Fig. 6  Heatmap on COG functional categories in core gene sets of Corynebacterium 
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ratio of non-pathogen C. casei and opportunistic pathogen 
C. aurimucosum in clade IVc. Potential pathogens C. diph-
theriae, C. pseudotuberculosis, C. argentoratense and non-
pathogen C. glutamicum strains did not show any significant 
differences between dN/dS ratios in clade I, II and III.

Discussion

Corynebacterium contains large number of bacteria (Ber-
nard 2012) which includes a collection of potential patho-
genic, opportunistic pathogenic and non-pathogenic spe-
cies. Here, MLSA based phylogenetic tree showed close 

relationship between non-pathogenic, environmental 
and opportunistic pathogenic Corynebacterium species 
as observed in blast matrix. However, close association 
between potential pathogen C. diptheriae and non-patho-
gen C. glutamicum in MLSA tree as well as their similar 
codon usage heterogeneities revealed their evolution from 
a common ancestor, which was already showed by Nishio 
et al. (2004).

Beside GC compositional constraint (Comeron and 
Aguadé 1998), translational selection pressure is stimulat-
ing codon usage bias in Corynebacterium. Abundance of 
C-ending codons [RNY (R-purine, N-any nucleotide base, 
and Y-pyrimidine)] also supports the same (Sharp and Li 

Fig. 7  Heatmap on amino acid 
usage of Corynebacterium. 
Pink colour represents higher 
frequencies and green colour 
represents lower frequencies of 
amino acid usage

Table 5  Comparative analyses 
of nucleotide substitution rates 
in Corynebacterium genomes

** Correlation is significant at p < 0.001 and *Correlation is significant at p < 0.01

Outgroups Strains dN/dS CAI vs dS CAI vs dN Fop vs dS

C. vitaeruminis C. halotolerans 0.021** −0.241** −0.552** −0.330**
C. maris 0.017** −0.063** −0.443** −0.462**

C. atypicum C. imitans 0.013* −0.129** −0.501** −0.418**
C. ureicelerivorans 0.009* −0.023** −0.462** −0.394**

C. casei C. aurimucosum 0.026 −0.282** −0.453** −0.376**
C. argentoratense C. diphtheriae C7 (beta) 0.021 −0.262** −0.398** −0.463**

C. diphtheriae CDCE 8392 0.027 −0.268** −0.467** −0.454**
C. diphtheriae HC01 0.022 −0.262** −0.466** −0.440**
C. pseudotuberculosis 42/02-A 0.016 −0.193** −0.445** −0.424**
C. pseudotuberculosis 48252 0.018 −0.199** −0.437** −0.405**

C. efficiens C. glutamicum 0.026 −0.452** −0.512** −0.486**
C. glutamicum Kalinowski 0.025 −0.397** −0.411** −0.539**
C. glutamicum Nakagawa 0.025 −0.471** −0.525** −0.504**
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1987) as observed in Escherichia coli (Ikemura 1981) and 
Drosophila melanogaster (Moriyama and Powell 1997). 
Moreover, less divergence at synonymous and non-synony-
mous positions of PHX genes also maintains optimal codon 
frequencies and codon usage bias in Corynebacterium.

Furthermore, to maintain mutation-selection balance 
(Chen and Zhang 2013), higher frequency of genes may be 
present on lagging strand of Corynebacterium. However, no 
certain statement can be assumed about replicational as well 
as transcriptional selection pressure on codon usage bias of 
Corynebacterium.

Beside codon usage bias in Corynebacterium, amino acid 
usage bias is also governed by GC richness, gene expres-
sion, as well as by hydrophobicity, aromaticity of proteins 
and PEC. PHX genes are reluctant to code hydrophobic as 
well as aromatic proteins for their higher energy cost thus 
retards gene expression. Moreover, PHX genes are longer 
in size in Corynebacterium except C. glutamicum to avoid 
misincorporation and missense errors during translation, 
consequently to increase translation fidelity (Gingold and 
Pilpel 2011). Whereas, in C. glutamicum, containing larger 
genome as well as higher gene frequency, selects shorter 
PHX genes to minimize protein biosynthetic cost as pro-
posed for Caenorhabditis elegans (Marais and Duret 2001).

Survival niches play an important role to regulate genome 
sizes as well as gene frequencies in microbes (Dutta and 
Paul 2012). Being an environmental species C. glutami-
cum require different types of gene expression to survive in 
adverse environments, which maintains their longer genome 
size. Whereas, pathogenic Corynebacterium species require 
specific proteins mainly associated with COG categories 
“Metabolism” and “Cellular process and signalling” which 
are very essential during host-pathogen interactions and 
virulence (Rohmer et al. 2011). Thus pathogenic corynebac-
teria discard ineffective genes over time and reduce genome 
length as well as gene frequency.

Evolutionary analysis revealed close relationship between 
non-pathogenic and opportunistic pathogenic Corynebac-
terium, whereas, host associated non-pathogen C. vitae-
ruminis is still evolving than its closely related free-living 
corynebacteria. Moreover, medically relevant opportunistic 
pathogen C. atypicum (Val Hall et al. 2003) is also in evolv-
ing stage. Thus evolution of Corynebacterium is being regu-
lated by their survival niches.

Conclusion

The present study reveals that codon usage bias of 
Corynebacterium is affected by translational selection apart 
from mutational pressure and compositional constraint. Gene 
frequencies on leading and lagging strands reveal mainte-
nance of mutation-selection balance. Though moderately 

expressed, codon usage bias is present in PHX genes and 
translational selection showed high impact on them. Most 
of the optimal codons are C ending, which is translationally 
more preferable in PHX genes. Slow evolution of highly 
expressed genes also causes conservation of optimal codons 
in those genes. Amino acid usage of Corynebacterium pro-
teins was affected by hydrophobicity, aromaticity, gene 
expression and GC content. Protein biosynthetic cost was 
also facilitating amino acid usage bias of Corynebacterium 
genes. Gene reduction has been occurred in pathogenic 
Corynebacterium. Blast matrix and evolutionary analysis 
displayed the consistency of MLSA tree. This study would 
help to understand the divergence of Corynebacterium into 
pathogenic and non-pathogenic species. It would also help-
ful in functional analysis of important heterologous proteins, 
which play important roles in pathogenic as well as in free 
living Corynebacterium.
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A B S T R A C T

Ethnopharmacological relevance: Acacia nilotica (L.) Delile is used as a traditional anti-diabetic remedy in
Bangladesh, Pakistan, Egypt, Nigeria and is mentioned in Ayurveda as well.
Aim: The objective of the study was to evaluate the ethnomedicinal claim of A. nilotica leaf (ANL) extract for its
efficiency in ameliorating diabetic complications.
Materials and methods: ANL was orally administrated (50 and 200 mg/kg) to alloxanized mice (blood glu-
cose>200 mg/dL) for 20 d. Parameters of glucose metabolism, hepatotoxicity, hyperlipidemia and ne-
phrotoxicity were measured with emphasis on elevated oxidative stress. ANL was chemically characterized using
GC-MS. Further, docking studies were employed to predict molecular interactions.
Results: ANL lowered (65%, P<0.001) systemic glucose load in diabetic mice, which was otherwise 398%
higher than control. ANL lowered (35%) insulin resistance, without any significant effect on insulin sensitivity
(P>0.05). Anti-hyperglycemic properties of ANL was further supported by lowering of HbA1c (34%;
P<0.001) and improved glucose utilization (OGTT). Overall diabetic complications were mitigated as reflected
by lowered hepatic (ALT, AST) and renal (creatinine, BUN) injury markers and normalization of dyslipidemia.
Elevated systemic oxidative stress was lowered by increased catalase and peroxidase activities in liver, kidney
and skeletal muscle, resulting in 32% decrease of serum MDA levels. Apart from high phenolic and flavonoid
content, tocopherol, catechol and β-sitosterol, identified in ANL, demonstrated substantial binding affinity with
Nrf2 protein (5FNQ) reflecting possible crosstalk with intracellular antioxidant defense pathways.
Conclusion: The present study revealed the potentials of A. nilotica to alleviate diabetes-related systemic com-
plications by limiting oxidative stress which justified the ethnopharmacological antidiabetic claim.

1. Introduction

Diabetes mellitus (DM) is a progressive metabolic disorder, char-
acterized by loss of glucose homeostasis, impaired insulin signaling,
altered carbohydrate, and lipid metabolism, ultimately resulting in
systemic complications such as hyperlipidemia, hyperglycemia, ne-
phrotoxicity, hepatic injury, vascular dysfunction etc. (Association,

2014). The global prevalence of diabetes has increased four-times in the
last 30 years (WHO, 2016). By 2040, it is estimated that 642 million
people will be diabetic worldwide and another 481 million people will
be having impaired glucose tolerance (IDF, 2016). Liver, most vulner-
able body part during diabetes, plays a key role in energy homeostasis
by regulating glycolysis, gluconeogenesis and glycogenesis. High cal-
orie-diet, lack of exercise and obesity are the prime lifestyle related
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threats to diabetes. Besides, oxidative stress and inflammation has been
implicated as the key mediators of the pathogenesis of diabetes related
complications (Giacco and Brownlee, 2010; Wellen and Hotamisligil,
2005) apart from immunological dysfunction and microbial dysbiosis
(Geerlings and Hoepelman, 1999; Musso et al., 2010). Plethora of evi-
dence suggests impaired insulin signaling in hepatocytes may lead to
uncontrolled hyperglycemia and progressive hepatic dysfunction
(Michael et al., 2000). Elevated lipid peroxidation level (Davì et al.,
2005) and lowered intracellular antioxidative defense (Szaleczky et al.,
1999) have been involved as a confirmatory marker for such conditions.

There is a constant persuit of pharmacognostic evaluation of anti-
hyperglycemic phytomedicines with traditional or ethnopharmacolo-
gical relevance (Chang et al., 2013; Modak et al., 2007). Acacia nilotica
(AN) of the family Mimosaceae is an ethnomedicinal plant that routi-
nely used for the treatment of diabetic complications in southern Asia
like, India (Grover, 2002), Pakistan (Gilani et al., 1999), Bangladesh
(Said, 1997), and parts of Africa including Egypt and Nigeria (Boulos,
1989; Kankara et al., 2015). Moreover, in our recent survey, we
documented that a 2:1 (v/v) phytococtail of A. nilotica and Tinospora
sinensis leaf extracts are consumed during early morning at fasting state
by the local traibals of certain parts of Bengal province of India for the
for a duration of 3–4 months as a traditional treatment of diabetic
complications (Saha et al., 2014).

However, despite anti-diabitic use in ethnomedicine, evaluation of
anti-hyperglycemic properties of A. nilotica leaf is largely unexplored.
Ahmad et al. (2008) and Jaiswal et al. (2012) depicted priliminary
reports of the antidiabetic properties of A. nilotica pods and barks re-
spectively. Nevertheless, there is no comprehensive report of hy-
perglycemia-related profiling of A. nilotica leaves. Besides, A. nilotica
leaf extract is a potent free-radical scavenger and reduces liver hepa-
totoxicity (Kalaivani et al., 2011; Kannan et al., 2013).

Therefore, based on extensive ethnomedicinal uses and previous
pharmacognostic reports, we hypothesized that A. nilotica leaf extract
holds the potentiality to lower diabetic complications by mitigating
hepatocellular injury, hyperglycemia and improving antioxidant de-
fense. In order to investigate the proposed hypothesis, the systemic
antidiabetic activity of A. nilotica leaf extract (ANL) was evaluated on
alloxanized mice. The results were further justified by phytochemical
fingerprinting and molecular docking studies.

2. Materials and methods

2.1. Chemicals

Reagents and solvents were of analytical grade and procured either
from HiMedia Laboratories Pvt. Ltd. (Mumbai, India) or Merck
(Mumbai, India), unless otherwise mentioned. Acid phosphatase (ACP),
alkaline phosphatase (ALP), HDL-cholesterol, creatinine, triglyceride,
aspartate aminotransferase (AST), alanine aminotransferase (ALT), uric
acid and blood urea nitrogen (BUN) estimation kits were obtained from
Crest Biosystem (Goa, India). Thiobarbituric acid reactive substances
(TBARS) assay kit was procured from Cayman Chemical (USA).

2.2. Sample collection and preparation of ethanolic extract

Disease-free fresh leaves of A. nilotica were collected from the
medicinal plant garden of North Bengal University (26.71°N, 88.35°S),
West Bengal, India during July 2015. Plant sample was authenticated
and a voucher specimen (NBU/MLD/433) was submitted to the de-
partmental herbarium.

Ethanolic extract of A. nilotica leaves (ANL) was prepared as pre-
viously described (Saha et al., 2016). In brief, 500 g fresh and disease-
free leaves were shade-dried in laboratory condition (25 °C) for 15 days
and then crushed into fine powder; followed by Soxhlet extraction for
11 h using absolute ethanol (1:10; w/v). The resultant was con-
centrated under reduced pressure in a rotary evaporator (Buchi

Rotavapor R-3, Switzerland) and then lyophilized (Eyela Freeze Dryer,
FDU-506, USA). Final yield of the extract was 16% of leaf dry-weight
and was stored at −20 °C until further use.

2.3. Animal maintenance

Male Swiss albino mice (7–8 wk) were maintained (25± 2 °C; 12 h
photoperiod) in the animal house of department of Zoology, University
of North Bengal, with food and water ad-libitum. All in vivo experi-
ments were reviewed and approved by the ethical committee (840/ac/
04/CPCSEA) of University of North Bengal and performed in ac-
cordance with the legislation for the protection of animals used for
scientific purposes.

2.4. Acute oral toxicity study

To evaluate the toxicity status and for dose-selection of ANL, OECD
guidelines (test 423: Acute oral toxicity) were followed (Oecd, 1994).
ANL was orally gavaged at varying dose (0–2000 mg/kg) to 4 groups of
mice (kept fasting overnight) having four mice in each group. All ani-
mals were closely observed at 30 min and then 2, 4, 8, 24 and 48 h for
development of any clinical or toxicological symptoms.

2.5. Induction of diabetes and study design

A single intra-peritoneal injection (200 µL) of freshly prepared al-
loxan monohydrate in saline (154 mM NaCl) was given to each mouse
at a dose of 150 mg/kg BW. On day 3 after injection, mice were fasted
12 h and blood glucose level were measured using one-touch gluc-
ometer (Bayer, contour TS meter). Mice with blood glucose level of>
200 mg/dL were considered as diabetic and chosen for the interven-
tion. Diabetic mice were randomized into 4 following groups (n = 6) as
follows: T1D: diabetic mice, received normal saline; Glib: diabetic mice
gavaged with anti-diabetic standard drug glibenclamide (5 mg/kg/d);
Low-ANL and High-ANL: diabetic mice gavaged ANL at 50 and 200 mg/
kg/d, respectively. A separate group of non-diabetic mice (non-allox-
anized) served as control (n = 6).

The blood glucose level was measured at 10 d intervals from tail
vein. After 20 d, mice were fasted 12 h and whole blood was collected
from the heart under anesthesia, allowed to colt for 30 min and cen-
trifuged (2000 × g; 15 min) to obtain serum. Mice were sacrificed by
cervical dislocation and liver, both kidneys and thigh skeletal muscle
were collected, washed in phosphate buffer saline, snap-frozen and
stored in −80 °C freeze until further use.

2.6. Measurement of hyperglycemic metabolic parameters

Glycated hemoglobin (HbA1c) level was measured by ion-exchange
HPLC using D-10™ Dual HbA1c program (Bio-Rad # 220-0201) and
serum insulin was estimated by the ELISA method using Accu-Bind
Universal ELISA kit (Monobind Inc., USA) according to manufactures
instructions. Insulin resistance was calculated using the Homeostatic
Model Assessment of Insulin Resistance (HOMA-IR) as described
(Matthews et al., 1985) using the following formula: glucose (mg/dL)
× insulin (mU/L). Insulin sensitivity was calculated using the Quanti-
tative Insulin Sensitivity Check Index (QUICKI) (Katz et al., 2000) with
the following formula:

=

+

QUICKI 1
log[FI(mU/mL) FG(mg/dL)]

where, FI = Fasting Insulin and FG = Fasting Glucose.

2.7. Measurement of serum biochemical markers

Spectrophotometric estimations of ACP, ALP, AST, ALT, BUN, uric
acid, creatinine, HDL-cholesterol and triglyceride were performed as
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primary markers of diabetic hepatic injury, hyperlipidemia and diabetic
nephrotoxicity, using commercially available kits.

2.8. Estimation of hepatic glycogen level

Synthesis and breakdown of glycogen primarily takes place in the
liver. Therefore, hepatic glycogen content was measured according to
the standard Anthrone reagent method as described by Carroll et al.
(1956). The glycogen content in hepatic tissue was determined from a
glucose standard curve prepared in parallel to the samples.

2.9. Estimation of lipid peroxidation

The extent of lipid peroxidation was measured in terms of serum
malondialdehyde (MDA) content by colorimetric thiobarbituric acid
reactive substances (TBARS) assay kit (Cayman Chemical, USA) as per
manufacturer's instructions.

2.10. Determination of peroxidase and catalase activities

Peroxidase activity in liver, kidney and skeletal muscle was studied
spectrophotometrically at 436 nm by measuring the oxidation of
guiacol as per standard method (Sadasivam, 1996). The catalase ac-
tivity was performed by measuring the breakdown of H2O2 by catalase
at 240 nm following a standard method (Luck, 1965).

2.11. Histopathological studies

Histopathological assessment of hepatic injury was done following a
previously described method (Dey et al., 2016). In brief, frozen liver
samples were immersed in 10% buffered formalin for 24 h, dehydrated
with alcohol, embedder into paraffin blocks and subsequently micro-
tomed into 4 µm sections. After dewaxing, the sections were stained
with hematoxylin and eosin and observed under microscope for
changes in hepatic architecture.

2.12. Oral glucose tolerance test (OGTT)

OGTT was performed as per our previously standardized method
(Dey et al., 2015). In brief, a separate cohort of diabetic (glucose>
200 mg/dL) and non-diabetic mice was subjected to separate groups (n
= 4) and treated as previous (Section 2.5). After 20 d, all mice were
subjected to 12 h fasting and a single-dose (2.5 g/kg) of glucose was
gavaged. Blood glucose was measured from tail vein at 0, 30, 60, 120
and 180 min after glucose administration.

2.13. Phenolic and flavonoid content estimation

Total phenolic (725 nm) and flavonoid (510 nm) contents in ANL
was measured spectrophotometrically by standard methods (Dey et al.,
2016). Unknown values were calculated from gallic acid (R2 = 0.9825)
and quercetin (R2 = 0.9809) standard curves, run in parallel to the
samples.

2.14. GC-MS analysis

ANL extract (50 mg) was mixed with 1 ml n-hexane in reacti-vials
(Thermo Scientific) and incubated for 48 h at 4 °C with occasional
shaking. Thereafter, the mixture was centrifuged at 15,000 rpm for
20 min at 25 °C and the clear supernatant was collected. Removal of
moisture and color was done by passing the supernatant through an-
hydrous Na2SO4 and activated charcoal (2:1; w/w) in a 10 cm mini-
column 1/10th packed with non-absorbent Whatman filter paper no. 1
(11 µm) and the resultant was used for analysis.

GC-MS analysis was performed according to our standard program
of phytochemical fingerprinting (Dey et al., 2017) using Thermo

Scientific Trace 1300 gas chromatography attached with Thermo Sci-
entific ISQ QD single quadrupole mass spectrophotometer; equipped
with TG-5MS column (30 m × 0.25 mm × 0.25 µm). In brief, 1 µL
sample was injected under a constant inlet temperature (250 °C), with
an initial program temperature of 60 °C (4 min isocratic) followed by a
ramp of 5–290 °C (4 min isocratic). Sample was analyzed at electron
energy 70 eV (vacuum pressure- 2.21e-0.5 Torr).

2.15. Molecular docking study

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a cytoprotective
regulator of cellular resistance against oxidative stress (Ma, 2013) and
protects from the onset of diabetes (Uruno et al., 2013) and diabetes-
related progressive fatty liver diseases (Bataille and Manautou, 2012).
Kelch-like ECH-associated protein 1 (KEAP1) play a pivotal role in Nrf2
regulation. Hence, high resolution X-ray diffraction structure of Keap1
Kelch domain (PDB ID: 5FNQ) with resolution of 1.91 Å was retrieved
from Protein Data Bank (PDB). Active sites or pockets of the selected
target protein were detected through CASTp server (http://sts.bioe.uic.
edu/castp/). The protein was processed for docking after deletion of
water and addition of polar hydrogen. Relevant phytochemicals iden-
tified from GC-MS analysis were used as lead targets against 5FNQ.
Structures of phytocompounds were downloaded from NCBI PubChem
database and subsequently converted into.pdb files via SMILES server.
Thereafter, grid based docking was performed through Autodock Tool
1.5.6 software. PyMol version 1.7.4 was used for visualizing the docked
conformation. The ADME and QSAR properties of the selected ligand
compounds were obtained from PubChem database and Collision-free
Filtered Circular Fingerprint-based QSARS, respectively (http://coffer.
informatik.uni-mainz.de/).

2.16. Statistical analysis

Statistical analysis was performed using KyPlot version 5.0
(KyensLab Inc.). Group-difference were measured using one-way ana-
lysis of variance (ANOVA) followed by Dunnett's post-hoc test.
Unidirectional comparisons were done against control, alloxan and
glibenclamide groups. Data of OGTT was analyzed using two-way
ANOVA. All data are reported as the mean± SD of six measurements.
Linear bivariate correlation (one-tailed) was performed to explore the
unidirectional pair-wise association between individual variables by
Pearson's method (rp). P<0.05 was considered significant. Correlation
heat-map was generated using GraphPad Prism V7. The shift in overall
metabolic profile and systemic antioxidant status of individual animals
were studied by Principal Component Analysis (PCA) and represented
as a loading plot. Similarity between the profiles were measured by
Pearson's method and represented as a dendrogram. All multivariate
analysis was performed using Minitab V17.

3. Results

3.1. Acute-toxicity profile and dose-selection for ANL

No premature mortality occurred due to ANL administration upto
2000 mg/kg dose. Unusual physiological behavior such as convulsions,
tremors, salivation, lethargy, sleep, restlessness, coma, unusual sleep
and respiratory patterns, food in-take, diarrhea, skin color, behavior
pattern etc. were not detected. Thus, considering ANL lethal-dose
higher than 2000 mg/kg, 1/40th (50 mg/kg) and 1/10th (200 mg/kg)
of the highest dose (2000 mg/kg) was selected for oral ANL adminis-
tration as low and high-ANL, respectively.

3.2. Hyperglycemic profile of diabetic mouse after ANL administration

Dysregulated hyperglycemia is the primary outcome of diabetes and
ANL demonstrated profound effects on glucose metabolism.
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Throughout the intervention (Fig. 1A), a gradual decrease of glucose
level in the systemic circulation on the Glibenclamide and ANL treated
groups were observed. Significant (P<0.001) reduction (65%) of
blood glucose level was noted in high-ANL group, which otherwise
remained unaffected (0.76%; P>0.05) in T1D group. After 20 days of
intervention, the blood glucose level in ANL on low and high ANL
groups were 42% and 67% lower (P<0.001) respectively compared to
T1D group. Both glibenclamide and high-ANL reduced the blood glu-
cose level down to control level (P>0.05).

After the intervention, the effect of ANL on body's ability to utilize
excess glucose was evaluated by OGTT. Half-an-hour post-glucose ad-
ministration, blood glucose level were spiked up (P<0.001) in all mice
(Fig. 1B). Compared to 30 min, the glucose level in T1D, glibenclamide,
low and high-ANL groups were 21%, 64%, 39% and 58% lower after
180 postprandial min, representing efficient removal of excess glucose
from the circulation by glibenclamide and ANL.

The improvement of systemic blood glucose level was further re-
flected through the HbA1c profiling (Fig. 1C). The 44% increased
(P<0.001) HbA1c level in T1D was considerably normalized by glib-
enclamide (29%) and ANL (19–34%) treatment. In fact, high-ANL
brought the HbA1c down to control level (P>0.05). The high asso-
ciation between blood glucose and HbA1c (rp = 0.849, P<0.001)
clearly reflects elevated circulatory glucose in diabetic condition and its
subsequent lowering by the treatments.

3.3. Improvement of insulin level and insulin resistance irrespective of
insulin sensitivity

The alloxanized T1D mice had significantly (P<0.001) lowered
(64%) serum insulin level compared to normal control (Fig. 2A). Even
though the insulin level was not restored up to control level, it was
significantly (P<0.01) improved (85%) by high-ANL treatment. Blood
insulin remained correlated (rp = 0.869, P<0.001) with glucose level
indicating a tight treatment effect. Subsequently, the insulin resistant
measured by HOMA-IR model (Fig. 2B) showed 110% increased insulin

resistance (P<0.001) in T1D mice reflecting double diabetes in the
alloxanized mice (Ader et al., 1998; Caruso et al., 1983). This was 47%
and 36% lowered due to glibenclamide and high-ANL treatment. High
correlation of HOMA-IR with glucose (rp= 0.880, P<0.001) and in-
sulin (rp= −0.667, P<0.01) level shows deregulated glucose meta-
bolism and its subsequent normalization by ANL treatment. Interest-
ingly, the insulin sensitivity (i.e. QUICKI), was found to be marginally
impaired (9%; P<0.05) due to alloxan treatment and no-group dif-
ference (P>0.05) was either observed throughout the treatments,
compared to T1D (Fig. 2C).

3.4. Improved hepatic glycogen level due to ANL administration

Excess glucose in the system is generally converted and stored as
glycogen in the liver. The hepatic glycogen level was dramatically de-
ceased by 56% (P<0.001) in T1D mice compared to control (Fig. 3).
After 20 days of intervention, this was elevated by 15%, 30% and 45%
in low& high-ANL groups and glibenclamide groups respectively.
However, the increase intensity was not optimum enough (P<0.001)
to reach up to the control level, it was highly correlated (rp= 0.925;
P<0.001) with increased serum insulin, reflecting improved glucose to
glycogen turnover due to improved insulin status. Indeed, this view was
supported by significant association (rp = −0.714; P<0.001) of he-
patic glycogen level with systemic glucose load.

3.5. Systemic improvement of diabetic hepatic injury, dyslipidemia and
nephrotoxicity by ANL treatment

Hepatic injury is one of the hallmarks of diabetic complications
(Levinthal and Tavill, 1999) and this was reflected by 125%, 93%, 49%
and 107% increase in serum ACP, ALP, AST and ALT levels respectively
in T1D group as expressed in Table 1. The ACP, ALP, AST and ALT
levels was further found to be modulated by 18%, 36%, 23% and 17%
respectively after the treatment of high-ANL group. All the results re-
mained in correlation with the elevated glucose (rp = 0.797–0.948;

Fig. 1. Anti-hyperglycemic activities of ANL and glib-
enclamide (standard) on alloxan induced diabetic mice. (A)
ANL reduces the total blood glucose load after 3 wk of
treatment (NS = Non-significant; α = p<0.001); (B)
Peripheral utilization of glucose was improved as seen by oral
glucose tolerance test; (C) ANL further reduces glycated he-
moglobin (HbA1C) levels, reflecting potent hypoglycemic
activity. T1D= Diabetic control, Glib= Glibenclamide group,
Here, ap<0.001, bp<0.01, cp<0.05, dp = non-significant
(p>0.05) vs. control group; Ap<0.001, Cp<0.05 vs. T1D
group; δp = non-significant (p>0.05) vs. glibenclamide
group [Data represented as mean± SD].
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P<0.001) and insulin resistance (rp = 0.647–0.757; P<0.01 to
0.001) highlighting elevated liver injury with increase in glucose load
and impaired insulin resistance and their subsequent amelioration.

Similar effects were seen in case of systemic lipid profile. Elevated
triglyceride deposition in liver is also associated with diabetes and
obesity (Gylling et al., 2004). A 53% increased (P<0.001) triglyceride
level was found in T1D liver compared to control. This was 14%, 18%
and 35%, reduced due to low, high-ANL and glibenclamide treatment
respectively. Interestingly, no significant (P>0.05) treatment effect
was observed between low and high-ANL on serum triglyceride level.
The high association between serum triglyceride with insulin resistance
(rp = 0.788; P<0.001), serum ALT (rp = 0.689; P<0.01) and AST (rp
= 0.769; P<0.001) reflects hyperglycemia mediated dyslipidemia and
subsequent hepatic injury. Moreover, the 22% lowered good-choles-
terol (HDL) in T1D group was elevated by 7% and 11%, even though no
group difference was observed (P>0.05). Significant (P<0.01) ne-
gative association between HDL-cholesterol with insulin resistance (rp
= −0.618), ALT (rp = −0.617) and AST (rp = −0.675) reflects
beneficial treatment effects in improvement of dyslipidemia associated
with attenuation of diabetic hepatic injury.

Diabetic nephrotoxicity is the accentuated effects of chronic hy-
perlipidemia, impaired glycemic control and metabolic dysfunction
(Woodrow et al., 1994). This was further reflected by the linear cor-
relation of creatinine and BUN with blood glucose level (rp =
0.918 & 0.833; P<0.001) as well as triglyceride level (rp =
0.611 & 0.645; P<0.01). Compared to control, a significant (P<0.001
to 0.01) elevation of 84%, 126% and 44% in serum creatinine, BUN and
uric acid in T1D group reflects renal injury in the alloxanized mice;
subsequently it was significantly (P<0.001) lowered by 51%, 49% and
10%, respectively in high-ANL treated mice. However, no group

Fig. 2. Effect of ANL on the hyperglycemia related systemic complications in alloxanized mice. (A) ANL normalized the serum insulin level which was lowered due to alloxan induced
pancreatic β-cell injury. (B) Insulin resistance (HOMA-IR model) was considerably normalized, whereas (C) Insulin sensitivity (QUICKI model) were remained much-unaltered. T1D=
Diabetic control, Glib= Glibenclamide group. Here, ap<0.001, cp<0.05, dp = non-significant (p> 0.05) vs. control group; Ap<0.001, Bp<0.01, Dp = non-significant (p> 0.05) vs.
T1D group; βp<0.01, γp<0.05, δp = non-significant (p>0.05) vs. glibenclamide group [Data represented as mean± SD].

Fig. 3. Effect of ANL treatment of hepatic glycogen level. The glycogen content in liver
was lowered in alloxanized mice, which was normalized by ANL and glibenclamide
treatment. T1D= Diabetic control, Glib= Glibenclamide group. Here, ap<0.001 vs.
control group; Bp<0.01, Cp<0.05, Dp = non-significant (p> 0.05) vs. T1D group;
βp<0.01, δp = non-significant (p> 0.05) vs. glibenclamide group [Data represented as
mean± SD].

Table 1
Different enzymatic and biochemical parameters of the serum of different five experimental groups.

Parameters (units) Control Diabetic control Glibenclamide Low-ANL High-ANL

ACP (K.A.) 3.19± 0.11 7.19±0.14b 5.7±0.57cψ 6.95± 0.10aψC 5.93± 0.27bγD

ALP (K.A.) 11.0± 1.01 21.23± 1.42a 12.34± 0.42dα 16.02± 1.51bγC 13.53± 1.74dβD

AST (U/ml) 66.58± 0.86 99.64± 3.78a 75.62± 1.01aα 86.61± 1.19aβA 76.97± 3.89cβD

ALT (U/ml) 42.19± 1.48 87.46± 2.45a 53.82± 2.66bα 74.87± 2.02aβA 72.19± 13.95cψD

Creatinine (mg/dl) 0.19± 0.005 0.35±0.01a 0.19± 0.004dα 0.25± 0.03cγC 0.17± 0.01dαD

Triglyceride (mg/dl) 90.36± 6.45 137.83± 6.93a 89.07± 7.73dβ 117.45±17.79dψD 112.89± 25.74dψD

HDL Cholesterol (mg/dl) 82.17± 8.02 64.42± 10.74d 84.06± 7.82dψ 60.01± 3.71cψB 71.72± 9.43dψD

Urea N2 (mg/dl) 9.92± 0.23 22.37± 1.85a 10.61± 1.17dα 10.52± 0.63dαD 11.36± 0.47bαD

Uric acid (mg/dl) 1.57± 0.14 2.26±0.12b 1.90± 0.14dγ 2.20± 0.02aψB 2.03± 0.11cψD

a p<0.001.
b p<0.01.
c p<0.05.
d p = non-significant (p>0.05) vs. control group.
α p<0.001.
β p<0.01.
γ p<0.05.
ψ p = non-significant (p> 0.05) vs. diabetic control.
A p<0.001.
B p<0.01.
C p<0.05.
D p = non-significant (p>0.05) vs. glibenclamide group [Data represented as mean± SD].
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shift of metabolic and antioxidant status in the T1D group away from
non-diabetic control, where ANL and Glib treatment caused a shift on
the alloxanized mice (Fig. 5B; PCA loading plot). In fact, high ANL
remained closely associated with the glibenclamide treated mice in-
dicating comparable effects on both groups. The results of PCA were
further validated by hierarchical clustering using proximity approach
which highlighted the treatment effects on different animals, measured
by Pearson distance (Fig. 5C; dendrogram). Alloxanized T1D mice
(7−12) remained in a separate cluster, which was farthest from non-
diabetic control (1−6) whereas, high ANL was in close proximity with
glibenclamide treated group. Interestingly, the systemic profile of low
ANL group (19−24) was comparable with alloxan group (25−30),
both of which diverged from remaining clusters at Pearson distance
11.66. High ANL and glibenclamide treated mice diverged from control
as a separate cluster at Pearson distance 5.94. A detailed account of the
amalgamation steps along with similarity levels and Pearson distances
are provided in Supplementary data.

3.8. Histopathological observations

Even though alloxan directly cause pancreatic β-cell toxicity, the
effects of T1D on the liver was evident by distorted hepatocellular ar-
chitecture, which was otherwise maintained in the control mice
(Fig. 6). This was likely due to lowered antioxidative protection and
elevated lipid accumulation in the alloxanized mice. Indeed, T1D group
liver sections were predominant in portal infiltrates and dilated sinu-
soids. Although a single intraperitoneal injection of alloxan did not
resulted in inflammatory foci and hepatocellular ballooning but signs of
steatosis were observed in T1D group. This remained in agreement with
hyperlipidemia and subsequent hepatic accumulation. Glibenclamide
and ANL treatment lowered inflammatory infiltrates, sinusoidal dila-
tion and steatosis in the alloxanized mice. The histopathological ob-
servations thus, collectively suggest improvement of liver pathology by
ANL treatment.

3.9. Diverse phytochemical profile of ANL

Due to potent and diverse bioactivities, phenolic and flavonoid
contents of a phytococtail contributes to the gross medicinal properties
(Ghasemzadeh and Ghasemzadeh, 2011). The total phenol content
measured in ANL was 83.21±1.32 mg gallic acid equivalent per
100 mg of plant extract and total flavonoid content was noted as
66.56±2.36 mg quercetin equivalent per 100 mg of plant extract.
Further, ANL was analyzed by GC-MS (Fig. 7 & Table 2) which re-
vealed the presence of a total of 28 phytochemicals; many of which
such as catechol, pyrogallol, phytol, squalene, γ-tocopherol, α-toco-
pherol, stigmasterol, β-sitosterol etc. are already established for their
potent bioactivities.

3.10. Molecular docking predicts cross-talk between ANL and intracellular
antioxidant pathway

Keap1-Nrf2-ARE pathway induces cytoprotection against oxidative
stress in diabetes by regulating the basal and inducible expression of
genes that encode intrinsic detoxifying and antioxidant enzymes (Jiang
et al., 2010; Stępkowski and Kruszewski, 2011). Activation of Nrf2-ARE
regulated genes modulates insulin resistance as well as inhibits adip-
osity (Uruno et al., 2013). Binding of α-tocopherol (−7.2 kcal/mol), γ-
tocopherol (−6.7 kcal/mol), β-sitosterol (−5.7 kcal/mol) and catechol
(−5.4 kcal/mol) with 5FNQ (Fig. 8), expressing pronounced binding
affinities indicate modulation of Nrf2-dependent intracellular anti-
oxidant pathways, as reported in case of other phytochemicals as well
(Abed et al., 2015; Magesh et al., 2012). The active site prediction re-
vealed that both α- and γ- tocopherol were preferably docked at 24th
cavity of 5FNQ comprised of VAL-324, GLY-325, ARG-326, ASN-346,
PRO-347, SER-348, HIS-562, GLN-563 (Supplement Table 1). Since
molecular docking analysis showed promising binding affinity between
selected phytochemical ligands and 5FNQ protein, Lipinski rule
(Lipinski et al., 1997) was employed proving a computed value for
various physiochemical parameters and ensured that the compounds of
ANL are within the acceptable range for a drug molecule as expressed in

Fig. 6. Histopathological observations. Alloxanized mice (T1D; blood glucose> 200 mg/dL) were treated with or without glibenclamide and A. nilotica leaf (ANL) extracts. After 20 d
liver was excised and subjected to hematoxylin and eosin staining and observed (400×) for histopathological changes and compared with that of non-alloxanized mice (Ctrl).
Glibenclamide and ANL improved the hepatic architecture which was otherwise impaired by alloxan treatment. Apart from improvement of hepatocellular integrity, signs of portal
inflammation, steatosis and sinusoidal dilations were higher in T1D group compared to control. Signs of hepatic injury was comparatively lower in alloxanized mice treated with High
ANL compared to low ANL.
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Table 3.

4. Discussion

Our findings demonstrate that ANL supplementation helps in at-
tenuating hyperglycemia in T1D condition with lowering of insulin
resistance irrespective of significant change in insulin sensitivity. It also
mitigated diabetic hepatic injury and reduced nephrotoxicity

considerably with significant improvement of dyslipidemia and nor-
malization of serum insulin and hepatic glycogen levels. T1D associated
systemic oxidative stress was lowered as reflected by increase of im-
paired antioxidant enzymatic activities and lowering of lipid perox-
idation, which is further supported by improved hepatic injury in the
ANL treated mice. Several bioactive phytocompounds identified in ANL
and their molecular interactions with 5FNQ collectively supports the
anti-diabetic claims of A. nilotca in ethnomedicine.

Fig. 7. GC chromatogram of ANL. A total of 28 phytochemicals
were identified and are enlisted in Table 2.

Table 2
List of phytochemicals identified through GC-MS in A. nilotica extract.

Identified Compounds Chemical formula (M-H)− Identifying mass fragments RT (min) Relative abundance (% of total
identified)

2-Propanol, 1-(1-methylethoxy)- C6H14O2 116 73 (C4H9O), 59a (C3H7O) 7.10 0.75
Epomediol C10H18O3 187 124 (C8H12O), 109a (C7H9O) 10.08 0.70
Pyranone C6H8O4 143 101a (C4H5O3), 71 (C2O3), 55

(C3H3O)
11.54 2.32

Catechol C6H6O2 109a 91 (C6H4O) 13.11 7.62
Phenol, 4-ethenyl-, acetate C10H10O2 162 120 (C8H8O), 91 (C6C3O) 13.63 1.04
5H-1-Pyrindine C8H7N 116a 90 (C6H4N) 15.72 1.27
p-Vinylguaiacol C9H10O2 149 135a (C8H7O2), 16.27 0.44
Syringol C8H10O3 153a 139a (C7H7O) 17.25 0.33
Resorcinol C6H6O2 109a – 17.37 0.22
Pyrogallol C6H6O3 125a 108 (C6H4O2) 17.95 31.89
Dodecanoic acid C12H24O2 199 73a (C3H5O2) 22.48 0.15
Hexadecanoic acid, methyl ester C17H34O2 269 74a (C3H6O2) 30.32 1.55
9-Hexadecenoic acid C16H30O2 253 55a (C3H3O) 30.59 0.22
n-Hexadecanoic acid C16H32O2 255 60a (C2H4O2) 31.06 15.55
Estradiol, 3-deoxy- C18H24O 255 129 (C10H9), 97 (C6H9O), 57a

(C3H5O)
32.01 0.27

2-Hexadecanol C16H34O 241 55 (C4H7) 33.32 0.25
7,10-Octadecadienoic acid, methyl ester C19H34O2 293 150 (C10H14O), 67a (C5H7), 33.53 0.62
Linolenic acid, methyl ester C19H32O2 291 79a (C6H7O), 55 (C3H3O) 33.65 2.32
Phytol C20H40O 295 123 (C9H15), 71 (C3H7O) 33.88 0.70
9,12-Octadecadienoic acid (Z,Z)- C18H32O2 279 95 (C7H11), 67a (C5H7), 55 (C3H3O) 34.22 0.19
Oleic Acid C18H34O2 281 83 (C6H11), 55a (C3H3O) 34.73 0.44
8,11,14-Eicosatrienoic acid, (Z,Z,Z)- C20H34O2 305 79a (C6H7), 55 (C3H30) 34.86 0.35
Squalene C30H50 409 81 (C6H9), 69a (C5H9) 45.16 14.09
γ-Tocopherol C28H48O2 415 91 (C12H15O2), 151a (C9H11O2) 48.16 1.27
Pregnan-18-oic acid, 20-hydroxy-, γ-lactone,

(5α)-
C21H32O2 315a 163 (C12H19), 147 (C10H11O), 49.13 4.44

α-Tocopherol C29H50O2 429 205 (C13H17O2), 165a (C10H13O2) 49.30 3.20
Stigmasterol C29H48O 411 159 (C12H15), 69 (C5H9), 55a (C4H7) 52.17 7.25
β-Sitosterol C29H50O 413 255 (C19H27), 81 (C6H9), 55a

(C3H3O)
52.46 0.57

a Base peak.
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Although type 1 and type 2 diabetes share certain common features
and their systemic pathogenesis are somewhat related, the etiology of
T1D is of pancreatic origin where β-cells encounters autoimmune re-
sistance, ultimately resulting in insulin deficiency and hyperglycemia
(Van Belle et al., 2011). Alloxan is a cytotoxic glucose analogue (pyr-
imidine derivative) which selectively destroys pancreatic β-cells by
interacting with glutathione in the presence of intracellular thiols and
generates excess of free-radicals resulting in redox-imbalance, subse-
quently causing insulin-dependent diabetes (Lenzen, 2008). Due to its
β-cell toxicity, which mimics the autoimmune pancreatic injury, al-
loxanized rodents are globally used as a model system to test the effi-
cacy of anti-diabetic leads, preferably from metabolic approach.

Chronic and uncontrolled hyperglycemia in T1D occurs due to
lowered blood insulin level which restricts the normal energy meta-
bolism (Van Belle et al., 2011). Even though glycogen storage in excess
is seen in case of autoimmune T1D (Regnell and Lernmark, 2011), ANL
treatment improved systemic glucose load which was associated with
improved insulin resistance and hepatic glycogen metabolism. This was
further reflected by high correlation of insulin (rp = −0.869;
P<0.001) and hepatic glycogen (rp = −0.714; P<0.001) with glu-
cose level, concluding towards ANL mediated improvement of pan-
creatic status, leading to better uptake and turnover of glucose to gly-
cogen in the ANL treated mice. This is indeed supported by recent

studies on alloxanized mice showing improved hepatic glycogen status
being associated with altered blood glucose and insulin levels (Dey
et al., 2015; Shang et al., 2017). Improvement of peripheral glucose
uptake was observed due to ANL treatment which was considerable
compared to glibenclamide treated mice. Lowering of postprandial
blood glucose level was comparatively more time dependent in case of
T1D group (rp = −0.9927; P<0.01), however, the rate of clearance
(Δglu/min) of the administered glucose load (2.5 g/kg) was better in case
of high-ANL (0.81 mg/dL/min) and glibenclamide (1.02 mg/dL/min)
group.

Insulin resistance associated with the β-cell injury in T1D can cause
imbalance between insulin sensitivity and systemic glucose load
leading to persistent hyperglycemia (Fourlanos et al., 2004). Insulin
resistance has further been predicted to be a risk-factor for micro- and
macrovascular complication (Kilpatrick et al., 2007). Our findings
showed normalization of insulin resistance (HOMA-IR) in alloxanized
mice, which would otherwise remain impaired due to T1D. This high-
lights overall improvement of insulin-target organs and tissue (i.e. liver,
adipose, muscle) to become more receptive to insulin and uptake more
circulatory glucose. This is further reflected by the fact that ANL
mediated improvement of insulin resistance resulted in normalization
of the hepatic glycogen level in the alloxanized mice (rp = −0.528;
P<0.05). However, ANL showed no distinct effect (P>0.05) on

Fig. 8. In-silico docking representation of ligands. α-
tocopherol (A), γ- tocopherol (B), β-sitosterol (C) and
catechol (D) with Nrf2 transcription protein (5FNQ).

Table 3
Physico-chemical properties (as per Lipinski rule) of selected ligands chosen to be docked with 5FNQ protein.

Docked Ligand (s) MW Hydrogen Bond Donor Hydrogen Bond Acceptor Cell permeability XLogP3-AA Binding energy (kcal/mol)#

Protein

5FNQ α-tochopherol 430.717 g/mol 1 2 + 10.7 −7.2
γ-Tocopherol 416.69 g/mol 1 2 + 10.3 −6.7
β- sitosterol 414.718 g/mol 1 1 + 9.3 −5.7
Catechol 110.112 g/mol 2 2 + 0.9 −5.4

MW- Molecular weight; ‘+’ = positive cell membrane permeability.
# Binding Energy was obtained through in-silico docking.
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insulin sensitivity which suggests that oral administration of ANL had
no positive effect on directly protecting pancreatic cells from alloxan
toxicity. Thus, the improved insulin level in ANL treated mice were
likely not due to cytotoxic protection by ANL, but resulted due to im-
provement in insulin signaling. This remain consistent with previous
reports suggesting improvement of skeletal muscle mediated glucose
uptake by γ-tocopherol, which is one of the major bioactive constituents
of ANL (Singh et al., 2008). Moreover, the uptake of excess glucose and
improvement of its metabolism was further highlighted by lowered
HbA1c level, which was negatively correlated with hepatic glycogen (rp
= −0.553; P<0.05). This corroborates a previous report demon-
strating A. nilotica stem-bark extract lowers HbA1c level in streptozo-
tocin-induced T1D mice after 3 weeks of treatment (Kilpatrick et al.,
2007).

Liver plays central role in carbohydrate metabolism as well as pa-
thogenesis of diabetic complications. Glucose homeostasis of body is
primarily regulated by the liver through glycolysis, gluconeogenesis
and glycogenesis. In fact, regulation of circulatory blood glucose level,
hormonal regulation of glucose metabolism and storage of glycogen
occurs in the liver, deregulation of which are reflected through several
pathophysiological complications in the body. T1D related hepatic in-
jury occurs primarily due to impaired insulin signaling, dyslipidemia
and elevated blood glucose level, which is reflected through elevated
liver marker enzymes (Arkkila et al., 2001; Regnell and Lernmark,
2011). When we treated T1D mice with high-ANL, we found that ALT,
ALP, ACP and AST levels almost returned back to level of controlled
mouse and was almost similar with that of glibenclamide group. We
also found lowering of liver marker enzymes in accordance with low-
ered hepatic glycogen (rp= −0.962 to −0.759; P<0.01 to 0.001),
serum insulin (rp = −0.934 to −0.863; P< 0.001) and glucose (rp =
0.948 to 0.798; P<0.001), demonstrating lowered hepatic injury as-
sociated with lowered hyperglycemic complications. Elevated hyperli-
pidemia may also remain associated with progressive fatty liver disease
(Regnell and Lernmark, 2011) and it was seen to be improved by
lowered triglyceride and increased HDL-cholesterol level. ANL treat-
ment improved insulin resistance in T1D mice and insulin signaling is
further known to regulate adiposity and hepatic triglyceride accumu-
lation leading to fatty liver disease in obesity and diabetes (Kawano and
Cohen, 2013). Therefore, improved dyslipidemia, including lowering of
triglyceride in ANL treated mice possibly resulted due to improved
insulin resistance. However, no direct effect of ANL on lipid metabolism
has been reported so far. High association between HOMA-IR and
lowered triglyceride (rp = 0.788; P<0.001) supports this view.

Diabetic renal injury occurs in a significant fraction in T1D patents
(Ghaderian et al., 2015) and increased serum creatinine, uric acid and
BUN serves as markers of diabetic nephrotoxicity (Fiseha, 2015). Al-
loxan causes diabetic renal injury by resulting in significant intestinal
nephritis and tubular atrophy (Evan et al., 1984). This was demon-
strated by elevated nephrotoxicity makers in the circulation, compared
to healthy control mice. ANL treatment reduces creatinine and BUN
levels; however, lowering of uric acid was not significant (P>0.05)
enough. Further, it is interesting to find that A. nilotica is routinely use
as a remedy for the treatment of nephrotoxicity in Egyptian ethnome-
dicine and its potential against ameliorating heavy-metal induced
kidney injury has been shown as well (Evan et al., 1984). However, we
acknowledge the need of further comprehensive investigations of the
effect of ANL on diabetic renal injury.

Following lowering of insulin resistance and improvements in an-
tioxidant protection, histopathological investigations of the hepatic
system revealed improvements in hepatic architecture by glibenclamide
and ANL treatment, which was otherwise impaired due to alloxan
treatment. The involvement of alloxan induced T1D in impairment of
hepatic architecture was evident by a recent study which demonstrated
that alloxanized liver resemble fatty liver phenotype (Lucchesi et al.,
2015). Moreover, liver being the master regulator of glucose metabo-
lism, the effect of insulin signaling on histopathological hepatic injury

in T1D is known (Nolasco et al., 2015). In the present study, ANL
mediated improvement of hepatic architecture remained associated
with improved liver antioxidant status lowered hepatic injury marker
enzymes. Our findings further corroborates the previous reports which
showed that Acacia nilotica protects liver against acetaminophen in-
duced hepatocellular injury (Kannan et al., 2013).

Increased glucose-oxidation, non-enzymatic glycation of proteins
and their subsequent degradation cause unbalanced free-radical gen-
eration in diabetes (Newsholme et al., 2007; Roberts and Morrow,
2000). Indeed, hyperglycemia mediated advanced glycation of in-
tracellular antioxidant defense enzymes results in hyper-susceptibility
to the elevated oxidative stress due to lowered antioxidative protection
(McGrowder et al., 2013). Elevated systemic glucose level promotes
overproduction of superoxide radical (O2

•−) and hydrogen peroxide
(H2O2) (Ceriello et al., 2000) which further contributes to micro-
vascular complications (Scott and King, 2004) and nonalcoholic fatty
liver disease, both of which are associated with diabetes (Smith and
Adams, 2011). In alloxan-induced T1D model, autoxidation of dialuric
acid generates O2

•− and H2O2 which under lowered intracellular de-
fense, activates free-radical generation cascade (Lenzen, 2008). ANL
treatment significantly restores catalase and peroxidase activities in
kidney, liver and skeletal muscle reflecting systemic improvement of
intracellular antioxidant defense. This is supported by a recent finding
(Sowndhararajan et al., 2015) demonstrating similar antioxidant en-
zyme improvement potentials in liver cells by three Acacia sp. More-
over, significant reduction of serum MDA content in ANL-treated mice
not only support the view of antioxidative protection and lowered
systemic oxidative stress, but high correlation of elevated catalase (rp =
−0.775 to −0.938; P<0.001) and peroxidase (rp = −0.675 to
−0.869; P<0.01 to 0.001) activities with lowered systemic MDA re-
main in agreement, suggesting positive effect of ANL-mediated in-
creased antioxidative defense on lowering of lipid peroxidation. Pre-
vious reports also suggest direct antioxidant and free-radical scavenging
activities of A. nilotica, especially its potentiality in direct scavenging of
O2

•− and H2O2 (Barapatre et al., 2015, 2016). Moreover, MDA re-
mained correlated with HOMA (rp = 0.763; P<0.001) showing better
utilization of the excess glucose resulting in reduced systemic oxidative
stress.

ANL represented significant amount of phenolic and flavonoid
content which is known to contribute towards overall antioxidant and
antidiabetic activities (Umeno et al., 2016) and considered to modulate
transcription factors regulating cellular stress response and intrinsic
antioxidant enzymes (Scapagnini et al., 2011). Further, GC-MS analysis
identified several phytochemicals present in ANL which are well-es-
tablished for their antioxidant benefits including stigmasterol, β-Sitos-
terol, γ- and α-tocopherol. Stigmasterol and sitosterol rich extract has
been shown to improve glycemic status and hepatic injury in allox-
anized mice by normalizing enzymes of glycolytic pathway (Ramu
et al., 2016). Both isoforms of vitamin E has also been demonstrated
beneficial against type 1 diabetes (Kamimura et al., 2013; Shin et al.,
2016). A detailed account of established anti-diabetic bioactivities of
the identified major phytochemicals has been provided as
Supplementary data.

To investigate the mode of action, we further predicted that the
antioxidative protection rendered by the synergistic activities of the
phytochemicals are due to their influence on the redox sensitive tran-
scription factors which regulate intrinsic antioxidant enzymes. Majority
of the antioxidant enzymes remains under the transcription control of
Nrf2 (Ma, 2013) which is known to protect against the onset of diabetes
(Uruno et al., 2013) and diabetes-related progressive fatty liver diseases
(Bataille and Manautou, 2012). Activation of Keap1 (kelch-like ECH-
associated protein-1) bound Nrf2 and its subsequent translocation to
nucleus promotes expression of cytoprotective target genes including
antioxidant enzymes such as catalase, SOD and phase II detoxifying
enzymes. Previous reports not only suggests activation of Nrf2 by sev-
eral components of dietary supplements (Kang et al., 2012; Stefanson
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and Bakovic, 2014), but also its interaction with a range of terpenoids
(Kaidery et al., 2013), sulphone (Athar et al., 2016), and coumarins
(Arora et al., 2016) have been explored. Therefore, we further studied
the binding patterns of selected phytochemicals (α-tocopherol, γ- to-
copherol, β-sitosterol and catechol) of ANL with Nrf2 protein (5FNQ)
using molecular docking studies. The in-silico docking analysis revealed
that the selected phytochemicals of ANL interacted with the Nrf2-pro-
tein (5FNQ) at one of the predicted active sites with substantial binding
energy, suggesting pronounced therapeutic activity of ANL in treating
diabetes and its associated disorders by means of Nrf2-ARE dependent
antioxidative pathway (Uruno et al., 2013). Besides, significant mole-
cular weight, logP value and cell membrane permeability as per Li-
pinski rule (Lipinski et al., 1997), paved a way for a better absorption,
distribution and improved metabolic clearance of aforementioned
compounds indicating that ANL could be treated as effective anti-dia-
betic drug.

5. Conclusion

The present study was intended to explore the ethnopharmacolo-
gical claim of antidiabetic activity of A. nilotica leaf extract. High dose
of ANL was proved to be better in mitigating diabetic complications and
its activities were comparable to glibenclamide than low dose of ANL.
Under acute hyperglycemic condition, ANL not only normalized insulin
resistance and systemic glucose absorbance, but also provided a com-
prehensive protection by attenuating diabetes related systemic com-
plications such as dyslipidemia, hepatic injury and nephrotoxicity. A
systemic improvement of antioxidative status in hyperglycemia sup-
ported by lowering of lipid peroxidation as well as presence of several
bioactive phytochemicals and their substantial in-silico binding affinity
with Nrf2 protein justify potent antioxidant activities of A. nilotica be-
hind its potent antidiabetic activities.
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A B S T R A C T

Mycobacterium is gram positive, slow growing, disease causing Actinobacteria. Beside potential pathogenic spe-
cies, Mycobacterium also contains opportunistic pathogens as well as free living non-pathogenic species. Disease
related various analyses on Mycobacterium tuberculosis are very widespread. However, genomic study of overall
Mycobacterium species for understanding the selection pressure on genes as well as evolution of the organism is
still illusive. MLSA and 16s rDNA based analysis has been generated for 241 Mycobacterium strains and a detailed
analysis of codon and amino acid usage bias of mycobacterial genes, their functional analysis have been done.
Further the evolutionary features of M. avium complex also have been revealed. Mycobacterial genes are
moderately GC rich showed higher expression level in PPs and significant negative correlation with biosynthetic
cost of proteins. Translational selection pressure was observed in mycobacterial genes. MAC showed close re-
lationship with NPs and higher evolutionary rate in MAC revealed their constant evolving nature.

1. Introduction

Mycobacterium, being a mixed bag of both pathogenic and non-pa-
thogenic strains has become one of the most interesting genera among
Actinobacteria. Pathogens of this genus are well known causative agents
of broad spectrum human, bovine and poultry diseases [1–3] whereas;
the NP strains are famous for their role in bioremediation via polycyclic
aromatic hydrocarbon degradation [4–7]. However, the vital ailment
for which Mycobacterium has become one of the chief concerns world-
wide is Tuberculosis (TB). It is a major cause of morbidity and mortality
from a single infectious agent has drawn the attention of large scientific
community universal [8–10]. Moreover, the pathogenic Mycobacterium
strains are also responsible for several other respiratory syndromes and
skin disease like leprosy [2,10].

Along with the aforementioned NP and potentially pathogenic (PP)
species, there are another group of Mycobacterium which are generally
environmental but may become detrimental when found suitable at-
mosphere [10]. They are opportunistic pathogens (OP). Immuno-com-
promised patients especially those with AIDS are the worst sufferers of
OPs. This group falls between PP and NP. Most of the non-tuberculosis
mycobacteria (NTM) are reported to be OP causes pulmonary disease,

skin disease, lymphadenitis etc. [11]. Concurrently, there exists host
specificity among both the PP and OP stains of Mycobacterium. For in-
stance, M. tuberculosis affect human [1] whereas, M. bovis, M. canetti
cause TB in cattle [12]. Amphibians are affected by M. liflandii, M.
xenopicause [13] and M. marinum causes disease in fishes [14], poultry
as well as pet birds endure M. avium, M. genavense [15].

Among OP mycobacteria, MAC, which includes M. avium and M.
intracellulare, shows a vast range of niche adaptation. They are differ-
entially distributed throughout soil, water, aerosols as well as assorted
in various hosts of different geographic areas [16]. Moreover, host
specific species diversity is also present in M. avium, which tax-
onomically divided the species into different subspecies, such as, M.
avium paratuberculosis, agent of Johne's disease; M. avium silvaticum,
formerly known as “wood pigeon Mycobacterium”, causes disease in
pigeons, deer, crane [17]; M. avium avium, causative agent of avian
tuberculosis; M. avium hominissuis, disease causing agent in human and
porcine [18]. Thus, an ample array of assortment persists across My-
cobacterium genus as well as in species in both phenotypic and geno-
typic aspects, which can be revealed by analysing the genomic contents
of the species. Moreover, apart from other mycobacteria, MAC itself
requires a comparative evolutionary study which can also be revealed
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by the wider-spread genomic analysis.
It has been already reported that niche adaptation is an important

source for sequence diversity among genomes [19]. This miscellany can
be easily revealed by analysing codon usage pattern of organisms,
which vary among different species of a single genus as well as within a
specific species [20]. Consequently, natural selection and genomic
evolution of an organism can also be determined by exploring the
codon usage variation [21] which may be affected by various factors
such as gene length [22], nucleotide composition [23,24], gene ex-
pression [24], mutational selection [25], translational selection [26],
tRNA richness [27], codon-anticodon interactions [28], amino acid
usage [29], protein secondary structure [30] etc. Effect of GC compo-
sitional constraint and translational selection pressure on codon usage
bias also has already been reported for some actinobacterial genera
[31,32]. Similar works had also been performed on Mycobacterium tu-
berculosis [33]. Moreover, comparative genomic analysis of a vast group
of actinomycetes has revealed the diversities among different biosyn-
thetic genes of Mycobacterium [46]. However, as stated earlier, the
constant genomic modification of this particular genus has pulled our
interest towards them. Moreover, revelation of the species specific di-
versity particularly in MAC complex, which is very close to NPs, would
reveal whether horizontal gene transfer (HGT) may play a role in this
regard. These all explorations demand a vast genomic analysis; hence
we have taken a large sample size for our investigation with an inten-
tion to represent the overall genomic, proteomic and phylogenetic
features of the genus Mycobacterium.

2. Results

2.1. Analysis of phylogenetic tree

Phylogenetic tree based on both 16s rDNA (Fig. 1a) and MLSA ap-
proach revealed diversities between and within Mycobacterium species.
117 mycobacteria clustered in four major clades in the MLSA tree
(Fig. 1b), which were further divided in sub clades. Clade I was a total
mixed bag divided in four sub groups (Ia, Ib, Ic and Id). In clade Ia NP
and OP Mycobacterium clustered together, whereas in clade Ib and Ic,
only OPs were clustered. Clade Id contained NP, OP as well as PP
species.

Pathogenic Mycobacterium strains ruled over on clade II and splitted
the whole group in three subgroups according to their relevant dis-
orders. In clade IIa, tuberculosis causing organism of Mycobacterium
tuberculosis complex (MTC) clustered and further were shown in an-
other MLSA tree (Fig. 1c). Pulmonary disease causing OP such as M.
celatum, M. kyorinense, M. kansasii, and M. gastri ‘Wayne’, a stomach
disease causing microbe clustered in clade IIb. Skin lesions causing
pathogens clustered in clade IIc.

Species of Mycobacterium avium complex (MAC) such as, M. avium,
M. intracellulare clustered in clade IIIa, which were very closely related
with NP Mycobacterium strains clustered in IIIb. Pulmonary and skin
disease causing OPs such as, M. abscessus, M. chelonae and M. massiliens
grouped in clade IV.

2.2. Analysis of amino acid usage bias

Amino acid usage of mycobacterial proteins showed that amino
acids such as Alanine (Ala), Leucine (Leu), Glycine (Gly), Valine (Val),
and Arginine (Arg) were used in higher frequencies (represented as
yellow colour intensity) in both pathogenic and NP strains (Fig. 2). The
colour concentration gradually changed from yellow to red with de-
crease in frequency of amino acid usage.

2.3. Analysis of codon usage bias

From GC3-Nc plot, the persistence of GC compositional constrain
over the Mycobacterium genus was revealed (Fig. S1). Number of

optimal codons was found to be similar in all mycobacterial genomes
with a bias towards C ending codons (Fig. S2).

Correlation tests were performed between codon and amino acid
usage indices of all 241 Mycobacterium genomes and shown in Fig. S3.
Nc was significantly negatively correlated (p < 0.01) with C3, G3, Fop,
GC3, GC, CAI and tAI (Fig. S3a, S3b). Significant positive correlation
was observed between CAI and GC3. Moreover, C3, Fop and tAI also
showed positive correlations with CAI. PEC, hydrophobicity and ar-
omaticity showed negative correlations with CAI. C3 was significantly
positively correlated with GC3 but negatively correlated with Nc (Fig.
S3c). Strong positive correlation was also observed between C3, Fop and
CAI, which was an evidence of translational selection for C ending
codons in PHX genes. Significant negative correlation was present be-
tween C3 and Gravy, which revealed hydrophobic amino acids were
reluctant to use C ending codons (Fig. S3c). PEC was significantly po-
sitively correlated with aromaticity of proteins (Fig. S3d), whereas CAI,
C3, GC3 and tAI were significantly negatively correlated with PEC.
Hydrophobicity was also highly negatively correlated with PEC (Fig.
S3d). Moreover, overall codon usage indices showed similar trends in
NP, OP and PP Mycobacterium genomes.

NPs were showing higher GC (67.67%) and GC3 (84.33%) content
than the pathogenic strains (Table 1) with some exceptions. For in-
stance, MAC, revealed significantly (p < 0.01) higher frequency of GC3

(87.24%) than other pathogenic as (Fig. 3) well as NP strains (Fig. S4),
which attracted towards the pan-core plot analysis of MAC. It was done
by considering fifteen more MAC strains for validation of the observed
anomalies in GC3 content.

2.4. Pan-core plot analysis

Average GC as well as GC3 content was much higher in diverse
species containing MAC indicating the probability of HGT, which was
further investigated by generating pan-core plot. Twenty six MAC
genomes were taken to estimate pan and core genes and the resulting
plot was shown in Fig. 4. In the plot addition of new genomes increased
the number of pan genes to 16,163 and gradually decreased the number
of core genes to 1289.

2.5. Analysis of core genes

Core genes showed significantly higher frequency of GC3 content
than noncore genes in MAC (Table S6). However, no significant dif-
ferences were observed in GC content between core and noncore genes
of MAC. Functional analysis of core gene sets in PPs and OPs was
performed by COG (cluster of orthologous group) estimation. Core
genes were categorized in total four major groups of COGs consisting 20
subgroups in pathogenic Mycobacterium species. Most of the genes was
coding for information storage and processing (DNA replication and
repair [L]; transcription [K]; and translation [J]), followed by cellular
process and signaling (cell cycle control and mitosis [D]; defense me-
chanisms [V]; signal transduction [T]; cell wall/membrane/envelop
biogenesis [M]; cell motility [N]; post-translational modification, pro-
tein turnover, chaperone functions [O]; and intracellular trafficking and
secretion [U]), metabolism (energy production and conversion [C];
amino Acid metabolism and transport [E]; nucleotide metabolism and
transport [F]; carbohydrate metabolism and transport [G]; coenzyme
metabolism [H]; lipid metabolism [I]; inorganic ion transport and
metabolism [P]; and secondary structure [Q]) (Fig. 5).

2.6. Evolutionary analysis of MAC and closely related NPs

For evolutionary analysis, synonymous and non-synonymous nu-
cleotide substitution rates (dN/dS) were calculated for strains of MAC
as well as their non-pathogenic counterparts separately. It was observed
that dN/dS rates of MAC were significantly higher (p < 0.01) than
their closely related NPs (Table 2).
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2.7. Analysis of pathogenic genes

Spearman's rho correlation analysis between gene content and pa-
thogenic gene frequency of selected mycobacterial strains showed sig-
nificant negative correlation (r=−0.377, p < 0.001). Positions of
pathogenic genes on selected mycobacterial genomes had been shown
in Fig. S7. Higher frequency of pathogenic genes was observed in MTC
strains. CAI values of PHX, PLX and pathogenic genes showed moderate
expression level among pathogenic genes of mycobacteria (Fig. 6).

G and C ending codons like GCG, CTG, GCC, GTG, GGC, GAC, GAG,
GTC, CCG, ATC and ACC were used in higher frequency among pa-
thogenic genes (Fig. 7a). Amino acids like Alanine (A), Leucine (L),
Valine (V), Arginine (R) and Glycine (G) were used in higher frequency
in pathogenic genes (Fig. 7b). Pathogenic proteins were exclusively
conserved in MTC, OPs and NPs (Fig. S8), however, higher frequency of
pathogenic protein conservation was observed between NP species M.
indicus pranii and OP species MAC.

Evolutionary rate of pathogenic genes of PPs was significantly
higher than NPs (p < 0.01) and OPs (p <0.01), whereas no significant
difference was observed between dN/dS ratio of NPs and OPs.
Significant lower dN/dS ratios were observed among pathogenic genes
than their non-pathogenic counterparts in NPs, OPs and PPs (Table 3).

3. Discussion

In the present study, few critical taxonomic, genomic and proteomic
aspects of Mycobacterium were observed. From MLSA tree M. tubercu-
losis group was completely recovered along with other pulmonary

disease causing stains. Moreover, this phylogenetic approach clustered
the investigated strains according to their way of life with some ex-
ception. For instance, being an OP stain M. iranicum grouped with NPs.
This is due to the acquarance of virulence factors via HGT which has
converted the environmentalM. iranicum to OP [34]. Similarly, OPs like
M. rhodesiae and M. smegmatis grouped with NPs in the MLSA tree. Both
these strains were previously identified as NPs however; recent studies
have mentioned their abilities to affect immune-compromised patients
with HIV/AIDS [35,36]. Close association of the OP M. avium complex
(MAC) with NPs also indicated ancestral similarity. According to Koch's
postulation, under suitable environment, NP species may behave as OPs
and can initiate the host-pathogen interaction [35] and thus, the
aforementioned environmental strains were reconsidered as OPs
[36,37]. Thus, MLSA approach deliberated a high-resolution phyloge-
netic analysis of Mycobacterium species according to their properties
and niche which would further help in their genomic analysis.

Moderately GC rich mycobacterial genes showed selection pressure
on codon usage [38], which might be regulated by environmental
factors. GC richness in NPs revealed translational selection pressure in
NPs. Moreover, with higher GC3, Nc became lower, which revealed the
persistence of translational selection pressure over mycobacterial
genera. tRNA abundance was affecting codon usage variation during
gene expression [39]. In addition, C ending codons i.e. RNY (R- purine,
N- any nucleotide base, and Y-pyrimidine) codons were selected during
translation of PHX genes [40].

Evaluation of energy cost among different groups of Mycobacterium
revealed the limited usage of energy consuming amino acids by highly
expressed proteins of PPs. This result is consistent with Bacillus subtilis

Fig. 1. Phylogenetic tree based on 16s rDNA sequences (a), on MLSA approach of 117 Mycobacterium (b) and 145 MTC species (c). NP, OP and PP species are shown in green rectangle,
purple diamond and red triangle respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Heatmap on amino acid usage of pathogenic and non-pathogenic Mycobacterium, where colour intensity was gradually changing from yellow to red with decreasing frequency of
amino acid usage. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and Escherichia coli [56], whereas, in NPs and OPs the result was just
reversed. This may be due to their ability to cope up with diverse niche
and larger genome size facilitating higher energy requirement following
larger protein production [41].

An interesting result which turned our focus to the MAC was higher
GC3 content of MAC than other pathogenic strains. Since, enhanced GC3

(but not GC) is responsible for the heat tolerant property of thermo-
philic bacteria [42], significantly higher GC3 of MAC from rest of the
pathogenic Mycobacterium strains may contribute to their heat tolerant
property. This further enables MAC to escape death from high tem-
perature employed during milk pasteurization procedure [43]. Thus,
members of MAC associated with cattle can get their way to enter into
the human host (host consumes cattle milk) and start a new infection
cycle.

Further, the ambiguity in GC3 of MAC intended us to do some
deeper study with MAC. There may be two possibilities for the atypical
GC3 nature. First, horizontal gene transfer (HGT) - through which a
large chunk of genes with high GC3 has been transferred to the pan gene
set of MAC members increasing their overall GC3 and second, the
strange result has some relation to the evolutionary aspect of MAC.

The pan-core plot analysis gathered 1289 genes in core set and
16,163 genes in pan set of MAC. Analysis on both the aforementioned
sets revealed that, GC3 of the core group was significantly (p < 0.01)
higher than the pan group. Further analysis of pan-core gene sets of
forty-nine Mycobacterium strains comprised of PP, OP, NP and MAC
(Fig. S5) also revealed similar result. Thus, the idea of HGT is not ap-
plicable here since; the probability of HGT genes to be in core set is very
less [44]. Hence, we ventured the evolutionary patterning of MAC.

MAC is a mixed bag of both obligate and facultative pathogens and
is reported to be present in diverse niche i.e. from soil to water to host
[17]. The MLSA tree also placed MAC close to NPs. Previously, similar
trend of high GC3 was found in pathogenic M. ulcerans and studies
suggested a rapid evolution rate was responsible for the divergence of

Table 1
Average frequencies of codon usage indices in Mycobacterium.

Codon usage indices NP OP PP

GC 67.67% 65.85% 65.56%
GC3 84.33% 80.44% 78.49%
Nc 37.22% 39.95% 41.52%
C3 53.74% 50.34% 48.64%
CAI 0.589 0.560 0.603
PEC Total 22.219 22.273 22.178

PHX 22.295 22.301 22.131
PMX 22.155 22.253 22.159

Fig. 3. Frequency of codon usage indices in NP (green bar), OP (violet bar), PP (red bar)
and MAC (orange bar). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 4. Pan-core plot of MAC genes.
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M. ulcerans (PP/FP) from M. marinum (NP) [45]. Similarly, M. indicus
pranii was suggested to be the ancestor of MAC [36]. Our analysis also
revealed a statistically higher (p < 0.01) dN/dS rate for MAC complex
compared to NP strains. Thus, we may hypothesise that, MAC has
evolved from NP strains and are still evolving to balance between their
saprophytic and pathogenic lifestyle.

Variation in number as well as in evolutionary pattern of pathogenic
genes was found to be correlated with the mycobacterial lifestyle. For
instance, higher amount of pathogenic genes were present in PPs than
OPs and NPs. This may be due to the essentiality of the aforementioned
genes in maintaining their pathogenicity. Furthermore, the evolu-
tionary rate of pathogenic genes was much higher in PPs than OPs and
NPs. This result is further supported by some previous studies where
researchers have proved that, host-associated bacteria co-evolve with
their respective host to overcome the host immune response which
ultimately results in a faster evolutionary rate [47–49]. Arginine is an
essential amino acid in pathogenesis [50] and used in pathogenic
proteins of some disease causing mycobacteria. The moderate expres-
sion level of the pathogenic genes is another way to bemuse the host
immune system [51]. We have further compared the evolutionary rate
of pathogenic genes with their non-pathogenic counterparts. Purifying
selection over pathogenic genes was observed may be due to the con-
served nature of those genes [52]. More study of mycobacterial pa-
thogenic genes would explore new aspects of their evolution.

4. Conclusion

The present study revealed that overall codon and amino acid usage
variation in Mycobacterium genomes was facilitated by translational
selection pressure apart from compositional constraint and mutational
selection. Moreover, environmental effects were also influencing codon
usage variation in NP Mycobacterium as they had to adapt frequently
changing environment than host-specific PPs. However, overall amino
acid usage bias showed similar trend in pathogenic and NP
Mycobacterium. M. avium complex, being evolved from NP
Mycobacterium, is continuing their evolution to survive in diverse en-
vironments. Mycobacterial pathogenic genes are exclusively conserved
and analysis of these genes can reveal evolutionary aspects of
Mycobacterium.

5. Methods

5.1. Sequence retrieval and phylogenetic tree construction

A total of 64 Mycobacterium genera included 241 mycobacterial
genomes (Supplementary file 2) were considered for the present study.
16s rDNA sequences and five housekeeping gene sequences (dnaA,
gcvH, rpsL, recA, gyrB) and total protein coding genes of each
Mycobacterium were retrieved from IMG-JGI database (http://img.jgi.
doe.gov/). For MLSA tree construction, five selected housekeeping
genes were concatenated in the order of dnaA-gcvH-rpsL-recA-gyrB and
were aligned by using ClustalW2 [53]. Phylogenetic trees were built
based on 16s rDNA sequences as well as multilocus sequence analysis
(MLSA) approach [54] by using PHYLIP (version 3.69) [55]. For better
understanding, we built two different MLSA trees- one was constructed
by taking 117 mycobacteria, where, M. tuberculosis CDC1551A was
taken as representative of M. tuberculosis and another tree was built by
taking 145 Mycobacterium tuberculosis complex (MTC) strains (M. tu-
berculosis, M. bovis, M. africanum, M. orygis and M. canettii).

5.2. Determination of codon usage indices

Codon usage indices such as cytosine and guanine (GC) content, GC
content at third position (GC3), effective number of nucleotides (Nc),
frequency of optimal codons (Fop), relative synonymous codon usage

Fig. 5. Four functional groups of core genes of PP and OP
mycobacteria: Information storage and processing (green
bar), Cellular process and signaling (purple bar) and
Metabolism (orange bar). Poorly characterized proteins are
shown in grey colour. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 2
Comparative analysis of nucleotide substitution rates in NP and MAC strains.

Outgroup strains Orthologous strains dN/dS

M. indicus pranii MTCC 9506 (NP) M. aromaticivorans JS19b1 0.050391
Mycobacterium sp. EPa45 0.049196
M. rutilum DSM 45405 0.052773
M. vaccae RIVM 0.048794

M. intracellulare ATCC 13950
(MAC)

M. avium 101 0.063696
M. avium hominissuisMAH 2721 0.062071
M. avium avium ATCC 25291 0.064428
M. avium paratuberculosis JQ5 0.05972
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(RSCU) as well as codons which were used optimally against amino
acids were estimated by CodonW (Ver. 1.4.2) [56]. Amino acid usage
parameters such as hydrophobicity, aromaticity and relative amino acid
usage (RAAU) were estimated by CodonW also. Depending upon high
energy phosphate bonds, protein energy cost (PEC) of each myco-
bacterial proteins was calculated by using DAMBE software [57].

The tendency of synonymous codon usage bias was estimated by
GC3-Nc plot, which was calculated by the formula

= + + + −Nc 2 s {29/[s2 (1 s)2]}

where, s= frequency of GC3. Nc is generally ranging from 20 (ex-
tremely biased towards GC) to 61 (all 61 codons are used equally)
[58,59].

Synonymous codon usage was estimated by using the formula

=RSCU (Obs /Exp )i i i

where, Obsi= observed frequency of codon ‘i’, Expi= expected fre-
quency of same codon [60]. Preferred codons are reflected by
RSCU > 1 [61].

Optimal codons were calculated by

=Fop
The number of"optimal"codons

Sum of the numbers of"optimal"and"nonoptimal"codons

It generally ranges from 0 (no codon bias) to 1 (maximum codon
bias) [62].

5.3. Determination of codon adaptation index (CAI) and protein energy
cost (PEC)

CAI of each gene of Mycobacterium was determined by taking its
ribosomal protein coding genes as reference set of genes in CAI
Calculator2 (http://www.evolvingcode./net/codon/) [63]. After
shorting overall CAI values, top 10% genes with higher CAI was pre-
dicted as highly expressed (PHX) genes and bottom 10% genes with
lowest CAI was identified as lowly expressed (PLX) genes [64]. Rest of
the genes were predicted as middle expressed genes (PMX). Biosyn-
thetic cost of mycobacterial proteins (PEC) was calculated by DAMBE
software [57]. It is a good indicator of translational selection pressure
on codon usage bias of genes [65].

5.4. Estimation of tRNA adaptation index (tAI)

To determine translational selection pressure if any on codon usage
variation, tAI was calculated. It was estimated by determining tRNA
anticodons, showed highest score in tRNAscan-SE program [66]. Co-
donR script (http://people.cryst.bbk.ac.uk/~fdosr01/tAI/) was used to
further process tRNA data for estimation of tAI.

5.5. Statistical analysis and heatmap generation

Spearman's rho correlation analyses between codon and amino acid
usage indices of each Mycobacterium were evaluated by using SPSS
package (version 19). Heatmaps on correlation values were generated
by using RStudio (http://www.rstudio.org/).

5.6. Analysis of pan-core plot

Pan core gene pool analysis of selected Mycobacterium strains were
performed by using BLAST with 50% identity and 50% coverage value
implemented in the program “pancoreplot” of CMG-biotools [67].

5.7. Evolutionary analysis of orthologous genes

Orthologous gene sets in selected Mycobacterium strains and their
non-pathogenic counterparts were identified by Reciprocal Best Blast
Hit (RBBH) approach with ≥50% identity level and E value of 1e-10
and with 50% alignment score, by using local BLASTP program (ftp://
ftp.ncbi.nlm.nih.gov/blast/executables/LATEST/).

Nucleotide substitution rate i.e. dN (non-synonymous substitutions
per non-synonymous site) and dS (synonymous substitutions per sy-
nonymous site) of predicted orthologous genes were estimated by using
Codeml program in PAML package (version 4.5) (http://abacus.gene.
ucl.ac.uk/software/paml.html) [68].

5.8. Estimation of pathogenic genes

For analysis of pathogenic genes, total thirty four mycobacterial
strains were selected and their pathogenic genes were identified by
using Virulence Factors Database (VFDB) (http://www.mgc.ac.cn/VFs/
main.htm) [69]. Selected mycobacterial strains and their pathogenic

Fig. 6. Comparative analysis of codon adaptation index (CAI) between PHX, pathogenic
genes and PLX genes of selected Mycobacterium strains. Colour intensity was changing
from green to red corresponding with higher to lower level of gene expression. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 7. Heatmaps on codon usage bias (a) and amino acid usage bias (b) of pathogenic genes in selected mycobacterial strains.
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gene content (as in VFDB) have been shown in Supplementary file 2.
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Abstract Protein functional domains are semi-au-

tonomous parts of proteins capable of functioning

independently. One protein may contain several

domains and one domain may be present in different

protein sequences. Thus, protein domains represent

the niche specific adaptive nature of an organism. We

hypothesized that the presence and absence of protein

domains in an organism could be used to make a

phylogenetic tree, which may better depict the biotope

(niche). Here, we selected 100 actinobacteria and built

a phylogenetic tree depending upon the presence and

absence of protein domains. Strains of different genera

from the same niche were found to cluster together

suggesting niche specific domain acquisition among

selected strains. Thus, the domain based phylogeny

clustered the selected actinobacteria mainly according

to their niche rather than their taxonomic

classification.

Keywords Protein functional domains � Binary
data � Phylogenetic tree � Biological network

Introduction

Domains are distinct parts of proteins that are capable

of evolving, functioning and existing independently

from the rest of the protein. They are usually

responsible for a variety of functions or interactions,

which contribute to the overall protein functionality

(Sarkar et al. 2016). Generally, each domain has its

own specific folding conformation, which affects its

stability. One domain may appear in several proteins

and one protein may have several domains. Moreover,

these domains act as the building blocks and can be

recombined in different ways to make proteins with

diverse functionality (Wheelan et al. 2000). Inter-

domain associations often play a pivotal role in protein

stability and functionality. For example, covalent

associations between two domains have proved to be

more stable than their non-covalent associations and

are more advantageous from both structural and

functional aspects (Ghélis and Yon 1979). Therefore,

structural alignments are very important in
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determining domains. The importance of these protein

fold groupings has been established by several previ-

ous studies (Gerstein 1998; Wolf et al.1999; Caetano-

Anollés and Caetano-Anollés 2003).

Domains have limits to their size (Savageau 1986)

with their length varying from 25 to 500 amino acid

residues (Islam et al. 1995). Small domains with less

than 40 residues are often stabilized by either metal

ions or disulfide bonds. In contrast, larger domains

(more than 300 residues) are likely to contain multiple

hydrophobic cores which aid their stable conformation

(Wheelan et al. 2000). Since protein families with

similar sequence and structures are formed by molec-

ular evolution (Bhattacharyya et al. 2006), domains

play a noteworthy role in protein evolution. Many of

the domains present in eukaryotic multi-domain

proteins are present in prokaryotes as independent

proteins (Davidson et al. 1993). This situation would

suggest that the domains of multi-domain proteins

evolved from independent proteins due to a strong

selective pressure creating new functions (Apic et al.

2001). Therefore, association of domains with their

co-domains may play an imperative role in protein

evolution (Ekman et al. 2005; Garel 1992). Modular

rearrangements are the foundation of protein molec-

ular evolution generating proteins with new structures

and functions (Bork and Doolittle 1992; Teale and

Benjamin 1977). In most cases, protein structural

integrity and stability are dependent on their folding

patterns and domains act as the units of the proteins

folding prototype.

Protein domains are also important in maintaining

protein dynamics which play a crucial role in molec-

ular recognition, signal transduction and niche adap-

tation (Potestio et al. 2009). Therefore, it is evident

that domains are of immense significance in deter-

mining protein structure and function and may be

described as units of protein structure and folding

(Wetlaufer 1973; Richardson 1981) and function and

evolution (Bork 1991).

Protein domains may play a great role in niche

adaptation (Sarkar et al. 2016), and the construction of

a phylogenetic tree depending upon the domain

information could be used for phylogenomics. Here,

we have selected 100 members of the actinobacteria to

build a protein-domain-based phylogenetic tree. The

selected bacteria were used previously for reclassifi-

cation of actinobacterial taxonomy (Sen et al. 2014)

providing a valid comparator. The actinobacteria were

selected for their origins from diverse niches and are

present in virtually all ecosystems (i.e. soil, water,

stone, sand, sea, plant and animal hosts and ther-

mophile conditions) (Sen et al. 2014). A similar kind

of approach was previously adopted by Yang et al.

(2005) where they focused on the fold superfamily

level (FSF) and generated a phylogenetic tree based on

the content of the FSF. In this study, we have used the

mere presence and absence of protein domains instead

of their abundance to avoid the inaccuracy caused by

homologous protein folding. Duplication of genes and

chromosomes severely affects domain abundance.

Although these aberrations are evolutionary impor-

tant, they are not uniform. Duplication at a specific site

on the chromosome (or gene) may further cause

additional duplications at other sites thus creating

excess opportunities for homologous recombination

(Yang et al. 2005). This ultimately may lead to inflated

distances between two closely related organisms. In

contrast, the protein domain content of a particular

genome can only change through generation of a new

fold during long term divergent evolution or through

the loss of a fold by deletion or by horizontal transfer.

Genetic duplication cannot give rise to a new fold

(Yang et al. 2005). Hence, the presence and absence of

protein domains are a more crucial factor than their

abundance while studying phylogenomics and evolu-

tionary biology among a particular set of organisms.

Our main aim of this study was to reveal whether

the presence and absence of protein domains is related

to the niche adaptability of actinobacteria. Since

strains inhabiting diverse niches were considered, a

phylogenomics tree related to their domain content

may reveal some interesting facts regarding their

alcove specific lifestyle along with evolutionary

consequences.

Materials and methods

Selection of genomes

Supplementary Table 1 (ST1) lists the 100 selected

actinobacteria strains used in this study. All of the

strains were previously used in an actinobacterial

taxonomy study (Sen et al. 2014). Seven distinct

biotopes were considered namely thermal, water,

plant, mammal, soil, arthropods and extremophiles

(other than thermal) as were done by Sen et al.
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(2014).We have used seven different color codes for

each biotope. For instance, green indicates plant

associated strains, red for mammal host associated

actinobacteria. Strains inhabiting soil are colored with

grey, aquatic with blue, thermal with orange, arthro-

pod with turquoise and other extremophiles with

violet. Supplementary Table (ST1) also contains

information regarding the biotope of each strain

considered in this study.

Domain dataset preparation

Information on the protein domains found in each of

the 100 selected actinobacteria was collected from

Pfam database (https://pfam.xfam.org/). Pfam consists

of curated multiple sequence alignment for each

family and uses profile hidden Markov models for

identifying domains in new sequences. It also contains

literature references, database links and functional

annotation for each family. Both seed alignment and

full alignment are used to establish one protein family

in this database (Bateman et al. 2004). Hence, this is a

useful platform to assess the presence and absence of

protein domains. For each actinobacterial strain, a

dataset containing the Pfam identifiers of all domains

present was generated. This dataset was used as our

domain database (DD) for further analysis. Domain

information of one strain at a time was considered and

the DD list was searched to report the presence and

absence of domains. The presence of a domain was

designated with 1, while the absence of a domain was

represented by 0. A binary data set of all 100 acti-

nobacterial strains according to their protein domain

constituents was prepared.

Estimation of pan-core domains and their

biological network

The total number of domains present in all of the

strains was called the pan-domain whereas domains

shared by all of the studied strains were designated as

the core-domain. The pan and core domains were

calculated. The biological networks maintained by the

core domains were also studied through the STRING

server (Franceschini et al. 2012) and Cytoscape

(Shannon et al. 2003) software. The STRING server

also gave protein–protein interaction enrichment

P value (PPI enrichment P value) for the biological

networks and informed us whether the value is

acceptable or not. The expected value is 0. PPI

enrichment P values less than 0 are to be considered

significant and anything less than 0 is not significant. A

significant PPI enrichment P value indicates that the

considered protein set is biologically connected

whereas a non-significant value implies that the

protein set is either too small or just a random

collection of proteins (https://string-db.org/cgi/input.

pl?sessionId=2SxHNjog2fil&input_page_show_

search=on).

Phylogenetic Analysis

The binary dataset was prepared according to the

NTsys software. NTedit was used to generate an ‘‘nts’’

file. Sequential agglomerative hierarchical non-over-

lapping (SAHN) clustering pattern implemented in

NTsys software was utilized (http://www.

exetersoftware.com/cat/ntsyspc/ntsyspc.html) to gen-

erate the phylogenetic tree based on the binary dataset.

SAHN clustering was adopted for iterative cluster

refinement. This algorithm is suitable for interactive

exploration for large datasets (Schäfer 2014). The new

unrooted tree was compared to the previously gener-

ated MLSA tree (Sen et al. 2014) manually. Biological

network analysis of the shared domains among taxo-

nomically unrelated stains that grouped together in

this new tree was performed on STRING server

(Franceschini et al. 2012). The same analysis was also

performed on the core domains (shared domains

among all investigated strains). Cytoscape software

(Shannon et al. 2003) was used for network

visualization.

Results and Discussion

Pan- and core- domain set

A total of 4776 domain families were classified as the

pan domain (the total domains present in all of the

organisms), while only 342 were identified as the core

domain family (shared domains amongst all of the

strains). The biological networks of these domains

were further studied and a strong biological interaction

with PPI enrichment P value 1.0e-16 was obtained

(false discovery rate\ 1.00 were considered only)

(Fig. 1). This result suggested a more significant

interaction than expected. These domains were
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associated in several biosynthetic and metabolic

processes along with ribosome biogenesis, DNA

recombination, DNA repair, gene expression and

translation (ESM 1).

Topology of the domain based tree

A domain-based phylogenetic tree was generated

(Fig. 2). Genera with more than one genome (Frankia,

Bifidobacterium, Streptomyces, Corynebacterium,

Arthrobacter, Mycobacterium, Rothia, Rhodococcus,

Nocardiopsis) exhibited consistent clustering (Fig. 2).

We have divided the whole tree in six different clades

(C-I to C-VI). The asterisk (*) indicate the major

exceptions we got in our domain based tree when

compared to the MLSA phylogeny (Sen et al.

2014).Two thermal actinobacteria (Acidothermus cel-

lulolyticus and Acidimicrobium ferroxidens) were

clustered together in (C-I) (Fig. 2). Further investiga-

tion revealed 1070 shared domains between these two

strains (ESM2a). Biological networks analysis

revealed a PPI enrichment P value of\ 1.0e-16,

which means those domains were biologically

connected and their interaction was significantly

higher than the expected value (ESM2b). Cluster II

(C-II) was diverse and was divided into two distinct

sub-groups (C-IIa and C-IIb). Thus, this domain based

tree has grouped taxonomically unrelated genera

sharing a similar niche. In C-IIa, Arcanobacterium

haemolyticum andMobiluncus curtisii of the Acidimi-

crobiales grouped together in one branch, members of

Micrococcales–Tropheryma whipplei grouped

together with Rothia strains in the next branch of

C-IIa. Strains of Propionibacterium also grouped in

C-IIa. All of the Bifidobacterium strains were grouped

jointly in C-IIb. Gardnerella vaginalis, which clus-

tered along with Bifidobacterium in the MLSA tree

(Sen et al. 2014) was also found to be closest to

Bifidobacterium in domain based tree.

The next cluster (C-III) was also divided into C-IIIa

and C-IIIb parts. C-IIIa was constituted mainly of

Micrococcales group. However, Kineococcus

radiotolerans, an extremophilic soil actinobacteria

was placed near the aforementioned Micrococcales

group in C-IIIa in our tree. Although, K. radiotolerans

is able to tolerate a high amount of radiation, they are

Fig. 1 Biological network analysis of selected highly interact-

ing protein domains shared by all the investigated actinobacteria

genomes. The figure was generated by Cytoscape software.

There are 40 domains connected with each other via several

biological networks. Each blue line depicts one connection of

the network. (Color figure online)
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basically soil bacteria. A total of 1294 domains were

found to be common among K. radiotolerans, Jonesia

denitrificans and Sanguibacter keddieii (ESM3a).

These domains were mainly associated with cellular

signaling and metabolic pathways. Biological network

analysis with these shared domains revealed signifi-

cantly more interactions than expected with a PPI

enrichment P value of\ 1.0e-16 (ESM3b). Thus, the

unusual clustering pattern of K. radiotolerans may be

due to their shared protein domains associated with

niche adaptability in soil. The next branch consisted of

other three Micrococcales –Brachybacterium faecium,

Kocuria rhizophila, Micrococcus luteus. Kytococcus

sedentariuswas placed nearM. luteus and shared 1229

domains mainly associated with ribosome formation

(ESM 4a). They were also biologically connected and

their interaction was significantly more than the

expected value with a PPI enrichment P value of

4.28e-11 (ESM 4b). The subclade C-IIIb was a

Corynebacteriales cluster with all of the Corynebac-

terium strains congregated together. Besides Co-

rynebacterium, C-IIIb also contained Segniliparus

rotundus, Tsukamurella paurometabola andGordonia

polyisoprenivorans of the order Corynebacteriales.

The next cluster (C-IV) was a small group composed

of Coriobacteriales including Atopobium parvulum,

Olsenella uli, Cryptobacterium curtum and Slackia

heliotrinireducens.

Clade V (C-V) was a large group that was

subdivided into two sub-clusters (C-Va and C-Vb)

that were highly branched. The first sub-cluster C-Va

consisted of Micromonosporales including Actino-

planes missouriensis, Micromonospora aurantiaca,

Verrucosispora maris and Salinispora tropica. Unex-

pectedly, Kribbella flavida was placed with

Micromonosporales in the domain based tree whereas

it was placed with other Propionibacteriales in the

MLSA tree (Sen et al. 2014). Further investigation

revealed a total of 1539 domains shared among K.

flavida and Micromonosporales (ESM 5a, 5b). These

domains were mainly associated with ribosome

formation, secondary metabolites biosynthesis,

homologous recombination, bacterial secretion sys-

tem, protein export and several metabolic pathways.

Thus these domain containing proteins may help K.

flavida to maintain an efficient lifestyle only in soil.

Fig. 2 Protein domain based phylogenetic tree. This tree was

generated via NTsys software using Sequential agglomerative

hierarchical non-overlapping (SAHN) clustering pattern. Dif-

ferent niches are indicated by different colors. Green—plant

associated, red—mammal associated, turquoise—arthropod

associated, blue—aquatic, grey—soil associated, orange—

thermal, violet—extremophilic (other than thermals). (Color

figure online)
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Biological network analysis revealed strong interac-

tions among those domains with a PPI enrichment

P value of :\ 1.0e-16 (ESM 5b). Nocardiopsis

dassonvillei, N. alba, Thermobifida fusca, Ther-

momonospora curvata and Thermobispora bispora

of Streptosporangiales order were placed jointly in

another branch of subclade C-Va. In another branch,

Stackebrandita nassauensis, was placed near Saccha-

ropolyspora erythraea which was an exception from

the MLSA phylogeny of Sen et al. (2014). Both S.

nassauensis and S. erythraea are soil inhabitants. They

shared 2104 domains among them (ESM6a). Network

analysis revealed a PPI enrichment P value of\ 1.0

e-16, meaning that these domains were biologically

connected (ESM6b). Moreover, these domains were

associated with antibiotic resistance, secondary

metabolite production, carbohydrate and amino acid

metabolism, which are crucial aspects for soil habitats.

Thus, again this domain based tree depicts its cluster-

ing pattern according to the niche of bacteria rather

than their taxonomical aspect.

The rest of the clustering pattern was aligned

according to our expectations. C-Vb also showed a

diverse grouping. For example, Corynebacteriales

clustered with the extremophilic stone dwellers Geo-

dermatophilus obscure, Blastococcus saxobsidens and

Modestobacter multiseptatus in one branch. In the

next branch, Intrasporangium calvum and Nocar-

dioides dokdonensis were together and shared 1581

domains (ESM7a,7 b). Two aquatic actinobacteria,

Nakamurella multipartite and Microlunatus phospho-

vorus, were placed near each other. The last branch

was composed of plant-associated Frankia. The last

Clade VI (C-VI) was comprised of the Conexibacter

woesei (soil inhabiting) and Rubrobacter xylanophilus

(thermal). These two actinobacteria were also found

together in the MLSA tree (Sen et al. 2014). A total of

1283 domains were shared between these two strains.

A strong biological interaction with a PPI enrichment

P value of\ 1.0e-16 was obtained with most of those

domain-containing proteins involved in ribosome

formation (ESM8a, 8b).

Consequently, this domain-based phylogeny clus-

tered these actinobacteria strains primarily according

to their niche. Taxonomically, this tree revealed

several similarities with the previously generated

MLSA tree (Sen et al. 2014) including support for

the splitting of Frankiales into Frankiales (containing

all Frankia strains), Geodermatophilales

(Geodermatophilus, Blastococcus, Modestobacter),

Acidothermales (Acidothemus), and Nakamurellales

(Nakamurella). However, there were some exceptions

where taxonomically unrelated strains have grouped

together due to large numbers of biologically con-

nected shared domains among them. Those shared

domains among taxonomically unrelated genomes

revealed exceptionally strong biological interactions

among themselves indicating their roles in signal

transduction, metabolism and niche adaptation.

Conclusion

Protein domains are integral parts of proteins, which

have their own structure and function. They are

important in terms of evolution, protein functionality

and niche adaptation. Here, we have taken an approach

to build a phylogenetic tree depending on the protein

domain information. This is a binary tree where

presence and absence of domains was designated by 1

and 0, respectively. A comparison of the domain-

based tree with a MLSA tree found significant

similarity between them, with some exceptions. Some

actinobacteria grouped with taxonomically distantly-

related strains sharing same niche or biological

habitat. This property may be due to their shared

protein domains that are biologically connected

maintaining some very important biological and

metabolic processes, which ultimately aid to their

niche adaptive capacity.
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Amino acid and protein biosynthesis requires a number of high energy phosphate

bonds and includes a dual energy cost for the synthesis of chemical intermediates

during the fueling reactions and the conversion of precursor molecules to final

products. One popular hypothesis is that the proteins encoded by putative highly

expressed genes (hence called PHXPs) generally utilize low energy consuming

amino acids to reduce the biosynthetic cost of the essential proteins. In our study, we

found that this idea was not supported in the case of actinobacteria. With the

actinobacteria, the energy costs of PHXPs varied in relation to their niche. Free-

living, including aquatic, soil and extremophilic, and plant-associated actinobacteria

were found to use energetically expensive amino acids in their PHXPs. An exception

occurred with some animal-host-associated actinobacteria that used energy efficient

amino acids. One explanation for these results may be due to the diverse metabolic

patterns exhibited by actinobacteria under varied niches influenced by nutritional

availability and physical environment.

KEYWORDS

actinobacteria, aromatic amino acids, energy cost, niche, potentially highly expressed proteins

1 | INTRODUCTION

Anabolism of macromolecules (like DNA and proteins) and
their respective structural units (nucleic acids and amino acids,
respectively) requires chemical energy provided by nutrient
catabolism.The energy cost of a protein (henceforth calledEC)
can be attributed to the energy consumed for the synthesis of an
amino acid encoded by a specific functional codon. InBacillus
subtilis and Escherichia coli, the energy cost of PHXPs is

lower than the energy budget of the rest proteome [1]. Similar
trends are also found in Chlamydia trachomatis,
Chlamydophila pneumonia [2], and in Bifidobacterium
species [3]. A hypothesis was proposed that bacterial PHXPs
exploit energetically economic amino acids to reduce the
overall energy budget of essential proteins [1]. However, there
are exceptions. The thermophilic bacterium, Thermus thermo-
philes, spends more energy on PHXPs to provide greater
stability and optimum functioning of essential proteins [2]. In
vertebrates, no significant differences are detected between the
energy cost of PHXPs and proteins encoded by potentially
lowly expressed genes (PLXPs) [4]. Some evidence against the
energy cost hypothesis exists with the short introns in highly
expressed genes present in human and mice [5].

Knowledge on protein energy costs in the Actinobacteria
is limited. In our study, the main focus was to determine

Abbreviations: CAI, codon adaptation index; EC, energy cost of a protein
for amino acid biosynthesis; PHX, potentially highly expressed genes;
PHXPs, potentially highly expressed proteins; PLX, potentially lowly
expressed genes; PLXPs, potentially lowly expressed proteins; PMX,
potentially medially expressed genes; PMXPs, potentially medially
proteins.
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whether or not actinobacteria are using low energy consuming
amino acids in PHXPs. Since bacterial metabolic pathways
vary significantly with the availability of nutrient and under
different environmental conditions [6,7], we postulated that
the tendency to use biosynthetically costly or non-costly
amino acids may not be clear cut. The complexity of diverse
metabolic pathways, translational selection, and nutritional
status might play a pivotal role in regulating the amino acid
composition of an organism. Thus, this statistical study was
initiated to investigate the relationships between the protein
energy costs and expression levels in selected actinobacterial
genera that differed in both niche and metabolic pathways.

2 | MATERIALS AND METHODS

Actinobacteria are one of the most diverse groups of
cosmopolitan bacteria in nature that are able to thrive in all
ecosystems [8]. Hundred actinobacterial strains selected from
distinct biotopes as described bySen et al. [9]were considered in
this study. Gene and protein sequences were downloaded from
the IMG database (https://img.jgi.doe.gov/) [10]. Information
related to their metabolic as well as amino acid biosynthetic
pathways were obtained from KEGG database (http://www.
genome.jp/kegg/pathway.html). Three major parameters were
considered: Codon adaptation index (CAI), Protein biosynthetic
Energy Cost, and aromatic amino acid content.

Most of the amino acids are being coded by synonymous
codons. Each bacterium has a preference toward one or two
specific codons among a set of synonymous codons for a
particular amino acid. These preferred codons are termed as
optimal codons. CodonW (http://codonw.sourceforge.net/)
software was used to predict the optimal codon set among the
studied actinobacteria.

CAI is a bioinformatics measure of the mRNA expression
level [11–17]. Previously, an alternative model for predicting
the expression level of coding gene sequences was proposed
which found a correlation between expression level and CAI
values [18]. The CAI calculation for the genomes was done
via CAI-calculator2 server [13] using the ribosomal genes as a
reference set [19]. Genes with 10% of the highest and lowest
CAI values were chosen and termed as “potentially highly
expressed (PHX)” and “potentially lowly expressed (PLX)”
genes, respectively. The remaining genes were termed as
“potentially medially expressed genes (PMX).”

DAMBE software [20] calculates the EC (in terms of high
energy phosphate bond, ∼P). The EC values for PHXPs,
PLXPs, and PMXPs (proteins encoded by PMX genes) were
considered for further statistical analysis to reveal whether
any significant difference exist among them regarding the
protein biosynthetic energy. ANOVA test, F-test and t-Test
(null hypothesis of mean difference 0) with confidence level
of p< 0.01were performed on the aforesaid datasets.

According to themetabolic cost of amino acid biosynthesis
in Escherichia coli [1], aromatic amino acids like phenylala-
nine, tyrosine, and tryptophan are the most costly amino acids.
The aromatic amino acid usage patterns of PHXPs and PLXPs
were also determined to reveal any difference between them.

3 | RESULTS

3.1 | Statistical analysis between the CAI and
EC

The correlation between CAI and EC values for different
niche-associated actinobacteria was determined (Fig. 1). For
animal-host-associated actinobacteria, CAI and EC correlated
negatively (R2 = 0.756), whereas a strong positive correlation
was observed for extremophilic (R2 = 0.955), aquatic
(R2 = 0.817), plant-associated (R2 = 0.801), and soil dwelling
(R2 = 0.746) actinobacteria. An ANOVA test on each of the
datasets revealed considerable differences among themeanEC
values for PHXPs, PMXPs, and PLXPs. F-Test and t-Test
analyses depicted significant differences of EC values among
the datasets (Supporting Information Table S1). From our
result, it was apparent that the biosynthetic costs for PHXPs in
animal-associated actinobacteria were significantly less than
the costs for PMXPs and PLXPs (Supporting Information
Table S1). However, the reverse trend was observed for the
other niche-specific actinobacteria. The PHXPs proteins were
significantlymore costly than PMXPs and PLXPs (Supporting
Information Table S1). In all of the above cases, these EC
differences were valid at the p< 0.01 level of significance.

3.2 | Optimal codons are mostly GC rich

The optimal codon set for all the amino acids among the
investigated strains revealed the unanimous use of GC rich
codons. For instance, GGC, GGG for glycine, UGC for
cysteine, GAG for glutamate, GAC for aspartate, CAG for
glutamine, AAC for asparagine, GCC, GCG for alanine, ACC,
ACG for threonine, CCC, CCG for proline, UCC, UCG for
serine, AGG, CGC, CGG for arginine, UGG for tryptophan,
CAC for histidine, CUG, CUC for leucine, GUG, GUC for
valine, etc. UUC, UAC, AUC, AAG were more used for
phynylalanine, tyrosine, isoleucine, and lysine, respectively
and they are C or G ending codons. Since, actinobacteria is
well-known for their GC enrichment, a direct relation between
the codon usage and compositional constrain is revealedwhich
may have an implication on their niche adaptability [3,21].

3.3 | Regulation of amino acid biosynthetic
pathway in actinobacteria

A detailed study on the regulation of Streptomyces metabolic
pathway has been carried out by Hodgson [22]. We also tried to
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focus on the amino acid biosynthetic pathway of selected
Actinobacteria since this is oneof themajor concernsof thiswork.

KEGG database was used to view a modular architecture of
the amino acid biosynthetic pathway of actinobacteria (Support-
ing Information Fig. S1). This pathway consisted of both core
part and extensions. The core part consisted of reactions for
conversion of Glyceraldehyde-3-phosphate to pyruvate along
with serine and glycine associated pathways. However, the
extensions are pathways containing reaction modules RM001,
RM033,RM032, andRM002.Among themRM002 is associated

with basic amino acid synthesis, RM033 is responsible for
synthesize of branched chain amino acids. RM001 and RM032
are associated with 2-oxocarboxylic acid chain extension and
carboxyl to amino conversion reactions, respectively. Surpris-
ingly, essential amino acids which cannot be biosynthesized in
human and other organisms appeared in the aforementioned
extensions. Basic amino acid biosynthetic extension is the most
divergent one consisting of multiple lysine synthesis pathway
alongwithmultiple gene sets for arginine production.A report on
regulation of aromatic amino acid biosynthesis pathway revealed

FIGURE 1 Correlation between CAI and energy cost of actinobacteria. (a) Animal host associated revealed negative correlation between
CAI and EC whereas, positive correlation was obtained between the considered parameters among, (b) plant (c) soil dwelling, (d) aquatic, and (e)
extremophilic actinobacteria
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that, inmicrobes the shikimate pathway is controlled via feedback
inhibition [23]. Furthermore, a previous study [24] on methyl-
otrophic actinomycete Amycolatopsis methanolica showed that,
the regulation of aromatic amino acid biosynthetic pathway is
mainly controlled by feedback mechanism of enzymes through
modification of branchpoint intermediates. Thus, we may infer
that, the expression level of genes involved in shikimate pathway
repress when these amino acids are adequate in environment.

3.4 | Distribution of aromatic amino acid
usage among PHXPs and PLXPs of selected
strains

A heatmap (Fig. 2) illustrating the usage of different aromatic
amino acids among PHXPs and PLXPs were generated. We
observed that, except animal host associated strains, the

PHXPs of all other actinobacteria were recurrently exploiting
energy consuming aromatic amino acids. This unusual
finding may relate to the corresponding environment or
niche of the studied actinobacteria.

4 | DISCUSSION

Animal-host-associated bacteria are often under a nutrient-
rich condition in their host cells and may obtain a substantial
fraction of their amino acids from the host rather than through
biosynthesis. The importance of host-derived amino acids in
proliferation and infection of pathogens has been described
previously [25]. The animal partner is believed to provide a
considerable proportion of amino acids and other organic
compounds to the bacteria which would be beneficial for both

FIGURE 2 Heatmap illustrating the usage of different aromatic amino acids among PHXPs and PLXPs of selected actinobacteria
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the host and microbes. For instance, Bifidobacterium may
become auxotrophic by acquiring selected amino acids from
hosts [26], while unilateral flow of nutrients from animal host
to pathogenic microbes may help in their infection cycle [25].
Chlamydia trachomatis, possesses incomplete amino acid
biosynthesis pathways, which makes the pathogen dependent
on their host for the precursors of some essential amino acids
like phenylalanine, tyrosin, tryptophan, glycine, etc. [27].
Since pathogens are known to rely on their host for some
essential amino acids including the aromatic (most costly)
ones, natural selection may favor the usage of energy
economic amino acids in PHXPs. Furthermore, many of the
PHX genes of animal-associated actinobacteria (both patho-
genic and probiotic) had signal peptides andwere constituents
of the secretomes, which are essential for host-microbe
interactions [28]. The proteins encoded by these genes used
fewer aromatic amino acids than the PLXPSs (Fig. 2),
lowering the overall energy cost of the PHXPs. This finding
also confirms previous studies [2,28].

However, the reverse pattern was found in desert-, stone-,
plant-, soil-, and water-associated actinobacteria. The EC of
PHXPs was greater than that of PMXPs and PLXPs. The
probable reasons behind this phenomenon are discussed
below.

Actinobacteria thriving under harsh environmental con-
ditions (stone surfaces, desert, hydrothermal vents, saline
water, etc.) maintain their genes involved in shikkimate
pathway and heat resistance mechanisms under the PHX
category. The shikkimic acid pathway is main mechanism of
aromatic amino acid biosynthesis. Interestingly, proteins
involved in shikkimate pathway were found to use consider-
able amount of aromatic amino acids which increases their
overall EC value. The products of shikimate pathway
(aromatic amino acids), act as the precursors of mycosporines
and mycosporines-like-amino-acids (MAA) which are well-
known radiation resistant substances [29]. A positive direct
correlation exists between UV absorption level and MAA
production. MAA has photo-protective and UV resistance
properties [30] and may be essential for maintaining the
healthy lifestyle of stone-dwelling and extremophilic actino-
bacteria. The other PHXPs were involved in signal transduc-
tion, spore-formation, motility, cell division as well as
metabolism and they utilize significant amount of aromatic
amino acids (Fig. 2). This finding is similar to a previous
report where a modest increase in usage of thermo-stable
phenylalanine and tyrosine in thermophiles and hyper-
thermophiles was documented [29]. In the thermophiles
and hyperthermophiles, aromatic amino acids may help the
bacteria to thrive under extreme environmental conditions.
The π-orbitals (molecular orbital of the pi bond) of aromatic
amino acid residues are believed to play a pivotal role in
several ionic interactions providing better protein stabiliza-
tion [31–33]. The enhanced aromatic amino acid usage in

PHXPs for extremophilic actinobacteria may help proper and
stabilized protein-protein interactions acting as a survival
strategy under these harsh conditions.

Many plant host associated bacteria including Frankia
and Rhizobium produce plant hormones, indole acetic acid
(IAA) and phenylacetic acid (PAA) [34,35], which are
involved in plant growth. IAA and PAA formation requires
aromatic amino acid aminotransferase activity [36]. In
Rhizobium, the protein involved in IAA and PAA biosynthe-
sis are all PMXPs, but IAA and PAA biosynthetic proteins in
Frankia were all found to be PHXPs leading to an overall
increase in the biosynthetic cost of their PHXPs. Other
PHXPs in Frankia were related to carbohydrate metabolism,
secondary metabolite production, signal transduction, and
stress regulation. These proteins used phenylalanine,
tyrosine, tryptophan, histidine, isoleucine, lysine, leucine,
arginine, and valinemore frequently than the rest of the amino
acids. Most of these amino acids are costly [1].

During nitrogen fixation, Frankia provides the nitrogen
in the form of amides and amino acids to their hosts, while
Rhizobeaceae bacteria supplies ammonia [37]. There are
some reports that host plants like alfalfa, soybean, and cowpea
provide several amino acids like arginine, cysteine, isoleu-
cine, valine, tryptophan, and histidine to their microsym-
bionts [38]. This could be one of the reasons why the
Rhizobeaceaemaintain a low EC value in PHXPs and become
auxotrophic for some amino acids. Figure 3 revealed that
arginine, histidine, isoleucine, lysine, leucine, valine,
tyrosnine, tryptophan, and phenylalanine were more exten-
sively used in Frankial PHXPs rather than Rhizobeaceae
PHXPs and all of these amino acids were found to be
considerably costly.

Streptomyces are known for their ability to produce large
number of antibiotics. Proteins involved in antibiotics
producing pathways were present in PHXP category.
Although we found that antibiotics producing proteins used
higher number of aromatic amino acids, the exact reason is
largely unknown. Streptomyces also produce phytohormones
including auxins, gibberelin, cytokinins, etc. [39–41] and
their respective proteins were also in the PHXP category. As
discussed previously, these phytohormones producing
proteins contain more aromatic amino acids.

The expression pattern of genes/proteins has a clear
relation with the metabolic regulation among studied
organisms. Thus, we can also say that, regulation of primary
metabolism is a reflection of the corresponding ecological
niche of the bacteria under investigation [22]. For instance,
Streptomyces, being a soil inhabitant is solely dependent on
the plant material for their nutrient. Plant materials are mostly
carbohydrates. Carbohydrate activating enzymes (CAZymes)
are essential in plant biomass degradation [42]. CAZymes
usually contain large number of aromatic amino acids and
their active sites consist of these amino acids, which provide
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stabilization in protein carbohydrate interactions [43].
Streptomyces along with other soil inhabitants produces a
large amount of CAZymes and most of them were present in
the PHXP category.

In aquatic actinobacteria like Micrococcus, Micromono-
spora, etc. PHXPs were mainly involved in UV-radiation
resistance and tryptophan metabolism and were energetically
more costly. Similar proteins in aquatic cyanobacteria were
under the PMXP category (Supporting Information
Table S2). In most cases, aquatic actinobacteria are present
on the water surface and are more exposed to UV-radiation.
UV acts both on the aromatic amino acids and dissolved
organic matter (DOM) [44]. Due to the lack of UV-absorbing
pigments, this interaction allows the microbes to fight against
UV radiation. For instance, tryptophan helps in photo-
coloring or humification of aquatic microorganisms enhanc-
ing the absorption rate of lower photosynthetically active
radiation (PAR) and UV radiation [30]. While in cyanobac-
teria, the presence of UV absorbing pigments protects them
from UV-radiation [45].

To compare the results obtained from actinobacterial
dataset with other bacterial groups, a similar analysis was
performed on selected organisms from proteobacteria,
firmicuites, cyanobacteria, and yeasts (Supporting Informa-
tion Table S3). PHXPs for proteobacteria, firmicuites, and
cyanobacteria were found to be more energy economical than
the PMXPs and PLXPs, whereas the energy costs of PHXPs
of Yeast were more than the other two. Since the sample size
was very low, wewere unable to do a statistical analysis of the
yeast datasets. A list of PHXP, PMXP, and PLXP of different
niche specific actinobateria has also been given in Supporting
Information Table S4 for a general understanding.

In conclusion, the actinobacteria displayed unusual
energy cost profiling compared to other bacterial groups.
Their PHXPs were found to be biosynthetically more costly

than PLXPs. The only exceptions were found in humans and
animal associated actinobacteria. One of the reasons for
costly PHXPs vary group to group was directly related to their
niche specificity. Our results supports the conclusion drawn
by [1] that energy cost theory is not fixed and may change
with the translational efficiency, metabolic pathway, nutri-
tional availability, and environmental condition.
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Abstract Carbohydrate active enzymes (CAZymes)

are capable of breaking complex polysaccharides into

simpler form. In plant-host-associated microorgan-

isms CAZymes are known to be involved in plant cell

wall degradation. However, the biology and evolution

of Frankia CAZymes are largely unknown. In the

present study, we took a genomic approach to evaluate

the presence and putative roles of CAZymes in

Frankia. The CAZymes were found to be potentially

highly expressed (PHX) proteins and contained more

aromatic amino acids, which increased their biosyn-

thetic energy cost. These energy rich amino acids were

present in the active sites of CAZymes aiding in their

carbohydrate binding capacity. Phylogenetic and

evolutionary analyses showed that, in Frankia strains

with the capacity to nodulate host plants, CAZymes

were evolving slower than the other PHX genes,

whereas similar genes from non-nodulating (or inef-

fectively nodulating) Frankia strains showed little

variation in their evolutionary constraints compared to

other PHX genes. Thus, the present study revealed the

persistence of a strong purifying selection on

CAZymes of Frankia indicating their crucial role.

Keywords Carbohydrate active enzymes � Frankia �
Nodulation � Codon usage � Amino acid usage �
Comparative genomics � Evolution � Phylogeny

Introduction

The actinorhizal symbiotic relationship plays a crucial

role from an ecological perspective. It consists of an

association between members of an actinobacterial

genus, Frankia, and several dicotyledonous plant

species belonging to eight angiosperm families (Si-

monet et al. 1990). This interaction results in the

formation of plant root nodules where the symbiotic

Frankia reside (Normand et al. 2014) and fix atmo-

spheric nitrogen into a biologically accessible form in

planta. This source of nitrogen allows plants to survive

and grow in nitrogen depleted soil. Furthermore,

actinorhizal plants are also able to colonize harsh

environments especially in poor and relatively less
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fertile soil. Hence, Frankia generally depends on the

host plant for its own nutrition rather than the outer

environment. Since most plant materials are made up

of complex carbohydrates (Vorwerk et al. 2004) and

Frankia resides within root nodules, these bacteria

may have some mechanisms to break down complex

polysaccharides to simpler disaccharides and

monosaccharides. As a group, the carbohydrate-acti-

vating enzymes (CAZymes) are known to be respon-

sible for breaking complex carbohydrates into simpler

forms (André et al. 2014). A wide range of bacteria

including those with environmental and biotechno-

logical relevance produce CAZymes. CAZymes are

classified into broad groups: Glycoside hydrolases

(GHs), polysaccharide lyases (PLs), carbohydrate

esterases (CEs), glycosyltransferases (GTs), proteins

with non-catalytic carbohydrate-binding modules

(CBMs), and enzymes with auxiliary activities (AA)

(Andrade et al. 2017). GHs are associated with

glycosidic bond hydrolysis and rearrangement, while

GTs and PLs are responsible for formation and non-

hydrolytic breakage of glycosidic bonds, respectively.

Carbohydrate esters are hydrolyzed by CEs (Andrade

et al. 2017). CBMs belong to a special category of

CAZymes found in scaffold proteins of cellulosomes

with strong carbohydrate-binding activity. Previously,

only cellulose was presumed to bind at the active site

of CBM (Andrade et al. 2017). However later it was

observed that CBMs are not cellulose specific and will

bind to other carbohydrates as well (Andrade et al.

2017). Among gut microbes and soil-dwelling bacte-

ria, CAZymes play a role in carbohydrate degradation

(Tasse et al. 2010; López-Mondéjar et al. 2016).

Metagenomics have played a crucial role in charac-

terizing CAZymes genes of a microbial community

and disclosing their potential biological roles (An-

drade et al. 2017). CAZyme analyses on different

plant-associated fungi and bacteria have revealed

some unusual characters and functionality. However,

the CAZyme set of actinorhizal-plant-associated

Frankia is still unexploited. Hence, we have per-

formed a comprehensive study on frankial CAZyme

using an in silico approach and have found the major

indices governing the codon usage and amino acid

usage pattern along with their evolutionary prototype.

Materials and methods

Retrieval of sequences

The genomic and proteomic sequences of 25 available

Frankia genomes were retrieved from the Integrated

Microbial Genome (IMG) database (https://img.jgi.

doe.gov/). Among them, 13 strains were from Cluster I

(6 from cluster Ia and 7 from cluster Ic), 2 were from

Cluster II, 7 belong to Cluster III and 3 were from

Cluster IV (Table 1). Information regarding the

functional categories of each protein and ribosomal

sequences were also obtained from the aforemen-

tioned database.

Reclamation of CAZymes sequences

To identify frankial CAZymes, both the CAZY

(Cantarel et al. 2008) and dbCAN web server (Yin

et al. 2012) databases were used. The CAZymes

sequences for Frankia alni ACN14a, Frankia casuar-

inae Ccl3, Frankia infficax Eul1c and Frankia sp.

strain EAN1pec were retrieved from the CAZY

database. The results from the CAZY database were

compared to those obtained from dbCAN. The dbCAN

web server and database (http://csbl.bmb.uga.edu/

dbCAN/) is funded by the Bioenergy Science Center

of the DOE, U.S. Department of Energy for automated

annotation of CAZymes. The results of these two

databases were similar. Other Frankia genome

sequences were fed into dbCAN web server for iden-

tification of CAZymes sequences.

Codon adaptation index

Codon adaptation index (CAI) is a reliable measure of

mRNA expression level (Sharp and Li 1987; Sarkar

et al. 2018). Thus it is an in silico prediction method of

protein expression pattern. CAI entails the adaptability

of a set of codons in each gene in comparison to that of

a highly expressed reference gene set. The value of

CAI ranges from 0 to 1. CAI value near 0 indicates low

expression and near 1 indicates higher expression.

Hence, 10% of genes with the highest CAI values were

termed as potentially highly expressed genes (PHX)

and 10% of genes with lowest CAI values were termed

as lower expressed genes (PLX). The remaining are

potentially medially expressed (PMX). The CAI

values of CAZymes were also extracted from the
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whole dataset. Microarry data of F. alni ACN14a

(accession number GSE18190) was retrieved from

NCBI Gene Expression Omnibus database. The CAI

value of ACN14a CAZymes genes was validated by

the microarray data.

Calculation of codon and amino acid usage indices

CodonW software (Peden, 1997) was used for calcu-

lating different codon usage parameters such as GC

content, GC3 content, Fop (frequency of optimal

codons), Nc (effective number of codon), Relative

Synonymous Codon Usage (RSCU) etc. A correlation

statistic among all these parameters may reveal the

predominant indices governing codon usage patterns

of selected strains as well as their CAZyme set.

CodonW was also used to calculate different amino

acid usage indices like aromaticity (Aromo) and

hydrophobicity (GRAVY). DAMBE software (Xia

and Xie 2001) evaluated the protein biosynthetic

energy cost (EC) of the selected theoretical proteomes

(Sarkar et al. 2018).

Comparative analysis of whole theoretical

proteome and their respective CAZymes

Blast matrix and pan-core analysis on whole theoret-

ical proteomes and CAZymes of the Frankia strains

were undertaken and CMG-Biotools (Vesth et al.

2013) was utilized for this purpose. Blast matrix

Table 1 List of the considered 26 Frankiastrains along with their CAZyme count

Taxon_oid Genome name/sample name

(phylogenetic cluster)

IMG

genome ID

Genome size

(Mbp)

Gene

count

GC % CAZyme

number

CAZyme

%

637000115 Frankia alni ACN14a (C-Ia) 637000115 7.49 6795 0.73 239 3.51

637000116 Frankia casuarinae CcI3(C-Ic) 637000116 5.43 4621 0.7 183 3.96

2700989114 Frankia coriariae BMG5.1 (C-II) 2700989114 5.78 5333 0.7 162 3.03

2515154087 Frankia discariae BCU110501(C-III) 2515154087 7.89 6839 0.72 248 3.62

649633045 Frankia inefficax EuI1c (C-IV) 649633045 8.81 7262 0.72 308 4.24

2626541554 Frankia sp. AvcI.1 (C-Ia) 2626541554 7.74 6530 0.73 246 3.76

2619618881 Frankia sp. ACN1ag (C-Ia) 2619618881 7.52 6312 0.72 222 3.51

2576861409 Frankia sp. Allo2 (C-Ic) 2576861409 5.35 4847 0.7 183 3.77

2517093007 Frankia sp. BMG5.12 (C-III) 2517093007 7.58 6342 0.72 236 3.72

2527291629 Frankia sp. BMG5.23(C-Ic) 2527291629 5.26 4816 0.7 189 3.92

2639762510 Frankia sp. BR (C-Ic) 2639762510 5.22 4841 0.7 179 3.69

2546825537 Frankia sp. CcI6 (C-Ic) 2546825537 5.38 4971 0.7 184 3.70

2576861822 Frankia sp. CeD (C-Ic) 2576861822 5.00 4466 0.7 178 3.98

2508501039 Frankia sp. CN3(C-IV) 2508501039 9.97 8412 0.72 297 3.53

2619619003 Frankia sp. CpI1-P (C-Ia) 2619619003 7.61 6472 0.72 222 3.43

2579778521 Frankia sp. CpI1-S (C-Ia) 2579778521 7.62 6448 0.72 221 3.42

2517572101 Frankia sp. DC12 (C-IV) 2517572101 6.88 5933 0.72 232 3.91

2634166352 Frankia sp. DSM 45899 (C-III) 2634166352 9.53 7874 0.71 277 3.51

641228492 Frankia sp. EAN1pec (C-III) 641228492 8.98 7250 0.71 277 3.82

2636416039 Frankia sp. EI5c (C-III) 2636416039 6.61 5521 0.72 230 4.16

2506381019 Frankia sp. EUN1f (C-II) 2506381019 9.32 7833 0.71 301 3.84

2509887025 Frankia sp. QA3 (C-Ia) 2509887025 7.59 6546 0.73 217 3.31

2645727714 Frankia sp. R43 (C-III) 2645727714 10.44 8596 0.71 300 3.48

2527291627 Frankia sp. Thr (C-Ic) 2527291627 5.30 4870 0.7 183 3.75

2506783011 Frankia symbiont of Datisca glomerata

Dg1 (C-II)

2506783011 5.32 4579 0.7 155 3.38
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revealed the percentage of shared proteins among the

Frankia strains based on 50/50 Blast analysis (50%

identity match and 50% length identity). The pan-

proteome covers the total theoretical proteome size of

all organisms used, whereas the core protein set is the

set of proteins present among all the strains. Thus, as

the pan-proteome size increases, the core protein set

size decreases with additional organisms (Vesth et al.

2013). These proteins were categorized by the use of

the Cluster of Orthologs (COG) (Tatusov et al. 2003)

analysis, which helps to predict the functional impli-

cations of the different protein sets. For each Frankia

strain, information on the COG category of the

proteins and their CAZymes set was retrieved from

IMG database.

Phylogenetic analysis

Phylogenetic trees were generated by three different

approaches: multi-locus sequence alignment (MLSA),

pan genomic dendrogram and average nucleotide

identity (ANI) (Goris et al. 2007). For the MLSA

tree, five potential housekeeping proteins (ATP

synthase beta subunit AtpB, gyrase subunit alpha

gyrA, cell division protein FtsZ, protein translocase

subunit secA and chaperone protein DnaK) were used

as described previously (Sen et al. 2014). The amino

acid sequences were concatenated and aligned via the

ClustalW program. A phylogenetic tree based on the

neighbor-joining algorithm was generated via Mega

version 4.0 software and had 1000 bootstrap values

(Tamura et al. 2007). Phylogenetic trees using the pan-

core proteins of Frankia theoretical proteomes and the

CAZyme set were generated via CMG biotools (Vesth

et al. 2013; Roy et al. 2015).

For ANI-score-based phylogeny, a matrix was

created containing the ANI scores among the genomes

(Goris et al. 2007). The ANI calculator of the Kotas

Lab (http://enve-omics.ce.gatech.edu/ani/) was

exploited to get the ANI scores among the genomes. A

phylogenetic tree was built depending upon the ANI

matrix by the same Kotas Lab (http://enve-omics.ce.

gatech.edu/ani/) web server using the Neighbour

Joining algorithm.

Fig. 1 COG analysis of investigated frankial CAZyme set
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Evolutionary analysis

A suitable estimator for the evolutionary rate of

organisms is the ratio (x) of non-synonymous muta-

tion (dN) and synonymous mutation (dS). A value of

x[ 1 signifies a diversifying positive Darwinian

selection, whereas x\ 1 indicates a purifying selec-

tion process (Roy et al. 2015). This analysis was

performed based on the MLSA-based tree. The

Codeml algorithm of the PAML package (run-

mode = - 2 and CodonFreq = 1) was utilized to

estimate the evolutionary rates of the Frankia

genomes. Ortholog pairs with dN and dS values more

than 1 were deleted and the rest of the data was used in

further investigation. A comparative account of the

evolutionary analysis of PHX, PLX and CAZymes

genes was done to predict any differential pattern

among them.

Results and discussion

Plant polysaccharide degrading CAZymes are

common among Frankia

Table 1 lists the total number of CAZymes found in

each Frankia strain. The COG analysis of CAZymes

placed them in the ‘‘Metabolism’’ category especially

in carbohydrate metabolism (G) followed by ‘‘Cellular

Processing and Signalling’’ (Fig. 1, ESM 1). More-

over, GH and GT types were found to be prevalent

over other CAZyme categories probably due to their

role in plant polysaccharide degradation (Andrade

et al. 2017). The plant cell wall is mostly composed of

cellulose, hemicellulose, xylan, mannan, pectin, cutin,

chitin, glucan, starch and other complex polysaccha-

rides. Cellulose is one of the major plant cell wall

constituents built up by linear chains of several b-(1-4)
linked D-glucose units and can be degraded by GH-

encoded cellulase enzymes. Cellulases can be further

categorized into endo-b-1,4-D-glucanases,

Fig. 2 Aromatic amino acid enrichment among CAZyme set of selected Frankia
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cellobiohydrolases (exocellulases), and b-1,4-glucosi-
dases (Zerillo et al. 2013) all of which are encoded by

different GH members. Similarly, endoglucanases and

b-glucosidases are also involved in cellulose and

xyloglucan degradation. Xyloglucan is a type of

hemicellulose in the primary cell wall of plants that

remains associated with the cellulose microfibrils

providing structural integrity to the cell wall. GH10

and GH11 are assumed to encode xyloglucan degrad-

ing enzymes. Moreover, endo-b-1,4-xylanase and b-
1,4-D-xylosidase, two well known xylan (abundant in

secondary cell wall of woody plants) degraders are

also encoded by GH CAZymes (Zerillo et al. 2013).

GH2, GH5 and GH25 have been reported to encode

potent mannan degraders for example b-mannosidase

and b-mannase. Likewise, several other enzymes such

as pectin lyase, rhamno-galacturonases, exo- and

endo- polygalacturonases (degrading pectin), cutinase

(cutin degraders), chitinase (involved in chitin break-

down), b-1,3-glucanosyltransglycosylases and b-1,3-
glucanases (associated with the cross-linkage and

modification of linear b-1,3-glucans) are also encoded
by different GH families. Hence, the preponderance of

GH among Frankia may help in plant polysaccharide

degradation. The second most abundant CAZyme

family in Frankia was GT. This result confirms

previously work on soil bacteria where GH numbers

exceed GT numbers; aquatic microbes had GT

surpassing GH (Andrade et al. 2017). GT families

are mainly associated with carbohydrate biosynthesis.

Both UDP-GlcNAc:peptide b-N-acetylglucosaminyl

transferase and UDP-Glc:peptide N-b-glucosyltrans-
ferase are classified as GTs and are involved in

bacterial cell wall formation. Moreover, GTs are also

associated with energy metabolism, cell signalling and

stress response along with the biosynthesis of cellu-

lose, chitin, hyaluronic acid and sucrose (Andrade

Fig. 3 MLSA phylogeny of selected Frankia strains using NJ method and 1000 bootstrap value

cFig. 4 a Average nucleotide identity (ANI) score matrix for

considered Frankia strains. b A phylogenetic tree based on the

ANI matrix
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et al. 2017). Thus, frankial GHs and GTs represent a

large bio-resource of some important enzymes with

both ecological and industrial aspects. The above

findings suggest that carbohydrate-breaking enzymes

in Frankia residing within the actinorhizal root

nodules may aid obtaining nutrition from the plant

hosts.

Codon and amino acid usage analysis predicts

CAZyme to be essential in Frankia

Codon usage indices for CAZymes were compared to

the other annotated protein-coding genes and it

revealed that several crucial parameters govern codon

usage pattern of this specialised gene set (ESM 2).

Persistence of the GC compositional constraint was

clear based on the significant positive correlation

(p\ 0.001) among GC, GC3 and CAI. A significant

negative correlation (p\ 0.001) between GC3 and Nc

revealed the effect of some parameters on CAZymes

other than compositional constraint (Roy et al. 2015).

To understand those other parameters, GC, GC3 and

CAI were correlated with Fop. A strong positive

correlation (p\ 0.001) among these four factors

indicates that Fop is another important factor govern-

ing codon usage prototype. Furthermore, Axis 1 and

Axis 2 of the RSCU were found to be the major axes

having an impact on CAZyme codon usage (ESM 1).

The PHX set for each strains were thoroughly

investigated and a considerable amount (55–63%) of

CAZymes were found to be potentially highly

expressed suggesting their essentiality in the frankial

lifestyle. This result was also validated by analysis of

the microarray data of F. alni ACN14a (ESM 3).

Analysis of the amino acid usage pattern for CAZymes

revealed a significant positive correlation (p\ 0.001)

among CAI, EC and aromaticity indicating a higher

usage of aromatic amino acids (ESM 4). This result is

also supported by a previous study (Sarkar et al. 2018)

where the CAZyme-enriched highly expressed protein

set for Frankia employs more biosynthetic energy due

to enhanced utilization of costly aromatic amino acids.

To further investigate this aspect, a heatmap was

generated on the basis of aromatic amino acid

utilization. The heatmap clearly revealed the enrich-

ment of aromatic amino acid by the frankial CAZymes

(Fig. 2). These aromatic amino acids are mainly

present at the active sites of CAZymes and contribute

to their strong binding capacity to carbohydrates

moieties (Sarkar et al. 2018).

Phylogenomics and comparative CAZyme

analysis revealed similarities within different

Frankia cluster

Previously, Frankia was grouped into four clusters

(Ghodhbane-Gtari et al. 2010). All the four clusters

were completely recovered from the MLSA phy-

logeny (Fig. 3). Moreover, results obtained from the

MLSA tree were supported by the ANI scores and ANI

matrix based tree (Fig. 4a, b), Blast matrix (ESM 5a)

and pan proteomic dendrogram (Fig. 5a). In all cases,

Frankia strains were grouped in 4 distinct clusters

according to their host plant range. Since CAZymes

are also important in plant–microbe interactions, we

performed a comparative CAZyme profiling for

Frankia. Interestingly, the Blast matrix (ESM 5b)

and core-CAZyme dendrogram (Fig. 5b) recovered

four Frankia clusters indicating a role of CAZymes in

polysaccharide degradation of specific host plant. To

further investigate whether any distinct evolutionary

facet persists over these specialised enzymes or not we

accomplished a comprehensive evolutionary analysis.

Evolutionary analysis exposed strong purifying

selection on modulating Frankia strains

A comparative evolutionary analysis among PHX,

PLX and CAZymes for Frankia strains was per-

formed. Results clearly revealed that CAZyme genes

were statistically (p\ 0.001) evolving less than the

PLX set. The PHX category contained a considerable

amount of the CAZyme genes in all of the strains

suggesting that purifying selection will persist over

them. A previous report supports these results (Roy

et al. 2015).

However, comparison of the evolutionary rates of

the PHX and CAZyme sets obtained interesting results

(Table 2). The dN/dS values for the CAZymes were

lower (at p\ 0.001 level) than those values for the

other PHX genes among effectively nodulating

Frankia Cluster I, II and III strains. In contrast, no

cFig. 5 a Pan-genomic phylogeny of selected Frankia strains.

b Pan-cazyme phylogeny of considered Frankia
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statistical difference was found between the PHX and

CAZyme sets for non-nodulating or ineffectively

nodulating Frankia cluster IV. A possible reason is

hypothesised to explain these results. The strong

purifying selection on CAZymes for plant-root-colo-

nizing strains may be due to this gene set being

essential in plant host association and effective

nodulation. Frankia from Cluster IV, which are

incapable of nodulating plants, or nodulate plants

ineffectively (Tisa et al. 2016), exhibited a CAZyme

set that showed no difference in evolutionary rate

when compared to the other PHX genes. Moreover,

carbohydrates are not only important in the nodulation

process. They also play a crucial role in nitrogen

fixation and assimilation processes (Gibson 1966).

Thus, the impact of carbohydrate degrading CAZyme

set is more on nodulating, nitrogen fixing and assim-

ilating Frankia strains rather than non-nodulating or

ineffectively nodulating Frankia.

Conclusion

Frankia sp. strains are well known for their symbiotic

association with actinorhizal plants. Carbohydrate

active enzymes are helpful for breaking down com-

plex polysaccharides to simple di- and mono- saccha-

rides. This study on CAZymes of Frankia showed that

GH and GT category CAZymes predominated in

selected strains and may be required for plant

polysaccharide degradation. A comprehensive bioin-

formatics analysis on the frankial CAZyme set has

revealed GC compositional constraints, Fop, Axis 1

and Axis 2 of RSCU as major indices governing their

codon usage pattern. Most of the CAZyme genes were

also found to be highly expressed in Frankia. More-

over, amino acid usage analysis revealed higher

exploitation of aromatic amino acids in CAZyme

proteins elevating their biosynthetic energy cost.

Phylogenetic investigation on the CAZyme set indi-

cated the effect of host plant polysaccharide on

Frankia life style. Further, evolutionary analysis

revealed the persistence of a very strong purifying

selection on this particular gene set indicating a vital

role of these enzymes in plant host association, nodule

formation, nitrogen fixation and assimilation. Thus,

the notable role of CAZymes in nodulation, nitrogen

fixation and plant host alliance is clearly evident.

Table 2 Comparative evolutionary account of frankial CAZyme set along with PHX and PLX gene sets of the respective genomes

Out group Target genome dn/ds

PHX S CAZyme S PLX

Frankia alni ACN14a (C-Ia) Frankia sp. AvcI.1 0.19 [ 0.14 \ 0.26

Frankia sp. QA3 (C-Ia) Frankia sp. ACN1ag 0.22 [ 0.12 \ 0.29

Frankia sp. CpI1-P 0.24 [ 0.11 \ 0.35

Frankia sp. CpI1-S 0.20 [ 0.16 \ 0.34

Frankia sp. Thr (C-Ic) Frankia casuarinae CcI3 0.20 [ 0.15 \ 0.23

Frankia sp. BR (C-Ic) Frankia sp. Allo2 0.22 [ 0.15 \ 0.26

Frankia sp. CcI6 0.18 [ 0.09 \ 0.22

Frankia sp. CeD (C-Ic) Frankia sp. BMG5.23 0.20 [ 0.12 \ 0.24

Frankia coriariae BMG5.1 (C-II) Frankia Datisca glomerata Dg1 0.13 [ 0.05 \ 0.17

Frankia sp. EAN1pec (C-III) Frankia discariae BCU110501 0.15 [ 0.09 \ 0.22

Frankia sp. EI5c (C-III) Frankia sp. BMG5.12 0.14 [ 0.08 \ 0.19

Frankia sp. EUN1f (C-III) Frankia sp. DSM 45899 0.14 [ 0.07 \ 0.22

Frankia sp. R43 0.17 [ 0.09 \ 0.23

Frankia sp. CN3 (C-IV) Frankia sp. DC12 0.18 N 0.17 \ 0.24

Frankia inefficax EuI1c 0.16 N 0.15 \ 0.22

S Statistically significant (p\ 0.001)

N Not statistically significant
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Abstract
Mycobacterium is an interesting genus which not only includes intimidating pathogens, associated with severe devastations 
globally, but also comprises of non-pathogenic eco-friendly members that detoxify environmental pollutants. Secretory 
proteins of the mycobacterial communities are essential components which are firmly believed to facilitate proper cross-talk 
and apt communication with host cellular surroundings and environmental niche. Secretory elements also play vital roles in 
mycobacterial pathogenesis. In the present endeavor, an extensive profiling of mycobacterial secretomes, considering both 
pathogenic and non-pathogenic members, has been executed. Thorough analysis on amino acid composition and functional 
behavior of the mycobacterial secretory proteins has also been performed. In-depth scrutiny of biosynthetic cost of the secre-
tory proteins with respect to the non-secretory ones indicated that the genus Mycobacterium strictly follows the policy of 
cost-minimization among the sets of imperative secretory proteins. Comprehensive assessment of potential virulence among 
the key secretory components signified that the pathogenic mycobacterial members possess a larger share of potentially 
virulent secretory elements in comparison to their non-pathogenic counterparts. Present analysis also revealed contrasted 
evolutionary features of the secretomes wherein secretory proteins were found to evolve faster than non-secretory proteins 
in mycobacterial pathogens but not in the concerned non-pathogens. Outcomes of present investigation promise to provide 
novel insights into the enigma of mycobacterial pathogenesis, bioremediation and adaptation in diverse niche and aid further 
scientific investigations associated with concerned research area.

Keywords Mycobacterium · Secretomes · Protein biosynthetic cost · Potentially virulent secretory proteins · Evolution

Introduction

Mycobacterium has drawn a lot of attention from the bio-
medical perspective as well as the environmental aspect. 
The genus not only includes menacing pathogens, associ-
ated with severe infections in a wide range of hosts, but 
also encompasses eco-friendly non-pathogenic members 
involved in detoxification of the environment. Mycobacte-
rial members, associated with a wide range of functionali-
ties, sustain smoothly in diverse environmental niche and 

different geographic locations (Rahman et al. 2014). Dis-
crepancies among the members of Mycobacterium in their 
genomic traits, phenotypic attributes, mode of lifestyle and 
residing niche establish the genus as an ever-interesting one 
and evoke the demand to be explored extensively.

Gram-positive Mycobacterium forms a monophyl-
etic taxon within Actinobacteria and contains an unusual 
mycolic acid containing cellular envelop (Embley and Stack-
ebrandt 1994). Presence of mycolic acid confers the alcohol 
and acid fast staining properties of the genus. Successful 
obligate pathogens like M. tuberculosis and Mycobacterium 
leprae have marked dreadful impact on human health glob-
ally and are believed to be well-equipped with a variety of 
pathogenic tricks (Brosch et al. 2000). Members of the viru-
lent M. tuberculosis complex (MTC) i.e., M. tuberculosis, 
Mycobacterium africanum, Mycobacterium bovis, Myco-
bacterium microti and Mycobacterium canetti pose seri-
ous threat to global health. Studies have revealed 85–100% 
DNA–DNA relatedness (Imaeda 1985) among the members 
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of MTC. However, certain differences exist in their patterns 
of epidemiology (Frothingham et al. 1994). M. tuberculosis 
is the causal agent of tuberculosis in human beings world-
wide (Brosch et al. 2000) whereas, M. africanum causes 
the same in human populations of Africa (Mostowy et al. 
2004). M. canetti has also been reported to be associated 
with human tuberculosis in Horn of Africa (Koeck et al. 
2011). M. bovis causes tuberculosis in cattle and also infects 
human beings who live in animal–human interface (Zakham 
et al. 2012). M. microti causes tuberculosis in wild rodents 
(Frothingham et al. 1994). M. leprae is another threaten-
ing intracellular pathogen associated with leprosy in human 
beings throughout the world (Brosch et al. 2000). Buruli 
ulcer, the third most common mycobacterial infection in 
humans, is caused by Mycobacterium ulcerans (Demangel 
et al. 2009). Mycobacterium marinum has been observed to 
develop granulomatous lesions in zebrafish and cause fish 
tank granuloma in human beings (Wu et al. 2012). Members 
of the Mycobacterium avium complex (MAC) i.e., M. avium 
104, Mycobacterium intracellulare MOTT-02 and Mycobac-
terium sp. MOTT36Y behave as opportunistic pathogens 
that cause pulmonary infections and chronic lung diseases 
in immune-compromised individuals (Horsburgh Jr 1991). 
Mycobacterium abscessus infects immune-suppressed 
patients and develops pulmonary and cutaneous infections 
(Mueller and Edson 2001).

Apart from the pathogens, the genus Mycobacterium 
also comprises of free living non-pathogens like Mycobac-
terium gilvum, Mycobacterium vanbaalenii, Mycobacterium 
chubuense, Mycobacterium sp. JLS, Mycobacterium sp. 
KMS and Mycobacterium sp. MCS that actively participate 
in bio-remediation process by detoxifying the environmental 
pollutants (Miller et al. 2004). They possess the ability to 
degrade toxic polycyclic aromatic hydrocarbons and thus, 
exhibit eco-friendly behavior (Miller et al. 2004). Interest-
ingly, Mycobacterium indicus pranii, the immediate evo-
lutionary ancestor of the members of pathogenic M. avium 
complex has been suggested to be a non-pathogen due to the 
absence of essential components associated with successful 
infection of host (Saini et al. 2012).

Protein secretion in bacteria plays an imperative role in 
efficient transport of protein cargo from the cytoplasm into 
other cellular compartments of the same bacterial cell, other 
bacterial and eukaryotic cells, host surroundings and envi-
ronmental niche. Secretomes refer to the complete set of 
proteins secreted by a cell (Ranganathan and Garg 2009) and 
execute an array of crucial biological functions that include 
cell-to-cell communication, cellular cross-talks, cell migra-
tion, bacterial adaptation to environmental niche and exer-
tion of virulence and pathogenesis associated with manifes-
tation of several diseases (Tjalsma et al. 2004). Secretory 
proteins comprise of a signal peptide part and a mature 
peptide component. Signal peptides, generally composed 

of around 30 amino acid residues, mediate the transfer of 
newly synthesized proteins to the protein-conducting SecE 
and SecY channels associated with the plasma membrane 
(Leversen et al. 2009). Signal peptides contain three func-
tional domains: a positively charged n-terminus (n-region), 
a stretch of hydrophobic residues (H-region), and a region 
of mostly small uncharged residues which possesses a char-
acteristic site for cleavage by a specific signal peptidase 
(SPase)- either Type I or Type II (von Heijne 1990). Signal 
peptides present in bacterial populations are mainly classi-
fied on the basis of SPase cleavage sites and export path-
ways by which the proteins are transported. The major types 
include secretory signal peptides (Sec type), Twin arginine 
signal peptides (TAT type), lipoprotein signal peptides (Lipo 
type), pseudopilin-like signal peptides, and bactericin and 
pheromone type signal peptides (Tjalsma et al. 2004). Sec, 
TAT and Lipo types of signal peptides have been reported to 
be prevalent in Gram-positive bacteria (Pallen et al. 2003). 
Furthermore, certain Gram-positive bacteria like Myco-
bacterium and Corynebacterium have also been observed 
to contain Type VII secretion system associated with pro-
tein transport across densely lipidated cell wall layer called 
mycomembrane (Green and Mecsas 2016). Type VII secre-
tion system influences bacterial physiology and pathogenesis 
(Green and Mecsas 2016). Gram-negative bacteria execute 
protein secretion employing specialized secretion machiner-
ies such as Type I (ABC transporters), Type II (associated 
with protein transport from periplasm to extracellular envi-
ronment), Type III (flagellar-type), Type IV (conjugation 
related), Type V (secretion system devoid of any dedicated 
secretion machinery or membrane channel) and Type VI 
(involved in transport of effector proteins from one bacte-
rium to another in a contact-dependent fashion) secretion 
systems (Green and Mecsas 2016; Saier 2006).

Non-pathogenic members of the genus Mycobacterium 
possess sophisticated secretory apparatus that facilitates 
adaptation to environmental niche by successful interac-
tion and cross-talk (Champion and Cox 2007). On the 
other hand, mycobacterial pathogens utilize their secretory 
proteins for effectual pathogenesis and infection in con-
cerned host systems (Mattow et al. 2003). Secretory pro-
teins of pathogenic Mycobacterium are assembled in the 
ribosome and transported to the extracellular environment 
with the aid of specific secretion systems. The extracel-
lular secretory components are targeted to attack the host 
cell and suitably modify host cellular microenvironment 
for proper infection (Foster et al. 1970). Thus, thorough 
identification and analysis of mycobacterial secretomes 
appears to be of immense purpose and interest for bio-
medical as well as environmental research sectors. Sig-
nificant information about diversity of secretory systems 
in Mycobacterium has been provided by Champion and 
Cox (2007) and Gomez et al. (2000). Secretory elements 
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of mycobacterial pathogens have also been inferred to play 
vital roles in virulence and infection (Malen et al. 2007). 
A set of experimentally validated signal peptides in path-
ogenic M. tuberculosis H37Rv strain has been reported 
by Leversen et al. (2009). Recently, our group developed 
a database for mycobacterial secretome analysis- Myco-
sec (Roy et al. 2013), involving in silico identification of 
secretomes in a wide range of mycobacterial pathogens 
and non-pathogens. Thorough identification of extracel-
lular secreted proteins in the pathogenic M. tuberculosis 
H37Rv strain has also been achieved employing com-
putational and experimental techniques (Vizcaíno et al. 
2010). Comprehensive profiling of secretory components 
in virulent M. tuberculosis CPT31 has been instrumental 
in elucidating the crucial role of the secretomes in intra-
cellular acclimatization of the bacterium in host microcel-
lular environment and subsequent progress of infection 
(Vargas-Romero et al. 2016). Cornejo-Granados and col-
leagues recently proposed an efficient scheme to predict 
and filter secretory components in two clinical isolates of 
M. tuberculosis and certain other pathogenic members like 
M. tuberculosis H37Ra, M. tuberculosis H37Rv and Myco-
bacterium bovis, where the efficacy of prediction has been 
reported to be most accurate till date (Cornejo-Granados 
et al. 2017). Tremendous efforts have been undertaken for 
in-depth genomic analysis and phylogenetic and evolution-
ary investigations of the genus Mycobacterium (Prasanna 
and Mehra 2013; Wang et al. 2015; Zakham et al. 2012). 
However, global profiling of the mycobacterial secretory 
elements and comparative know-how regarding their func-
tional and evolutionary traits still remain unaccomplished. 
Accordingly, in the present approach an extensive analysis 
of amino acid composition, biosynthetic cost of production 
and detailed functional characterization of the secretory 
elements in Mycobacterium has been executed. Probable 
role of the secretory proteins in virulence has also been 
assessed with an insight to explore the molecular under-
pinnings of mycobacterial pathogenesis. We have also 
addressed the impact of evolutionary constraints among 
the secretory components with respect to the non-secretory 
elements in the concerned mycobacterial members. In this 
pretext, it would be worthwhile to mention that earlier 
Thakur et al. (2013) explored the evolutionary signatures 
of secretory proteins in selected members of Actinobac-
teria which included few pathogens and non-pathogens 
from the genus Mycobacterium. However, present analysis 
involves a much larger dataset comprising of a comprehen-
sive list of pathogens and non-pathogens from the genus 
representing diverse niche. Present endeavour promises 
to divulge an extensive body of information pertaining to 
the behavioral, functional and evolutionary attributes of 
the mycobacterial secretory proteins and accelerate global 
health and environmental research.

Materials and methods

Retrieval of genomic and proteomic data

Extensive analysis pertaining to identification and pro-
filing of secretomes in pathogenic and non-pathogenic 
mycobacterial members has been executed in the present 
work. Genomic and proteomic sequences of 28 strains of 
Mycobacterium comprising of selected pathogens as well 
as eco-friendly non pathogens (Table 1a) were retrieved 
from the Integrated Microbial Genomes (IMG) database 
(http://img.jgi.doe.gov/cgi-bin/w/main.cgi). The final set 
of microbes (used for our investigation) included only 
those for which genome sequencing has been accom-
plished and has been assigned ‘Finished’ status in IMG 
database during execution of the present work.

Prediction scheme for identification 
of mycobacterial secretomes

Secretomes are defined as the overall set of secretory 
proteins that are associated with cellular cross-talks and 
communication with the host environment (Ranganathan 
and Garg 2009). Recently, Cornejo-Granados et al. (2017) 
identified extracellular secretory elements in some mem-
bers of M. tuberculosis and M. bovis. The sophisticated 
prediction scheme has been found to be highly efficient and 
accurate in proper identification of secretomes in Myco-
bacterium. Cornejo-Granados and colleagues (Cornejo-
Granados et al. 2017) compiled a set of 338 experimentally 
validated secretory proteins in M. tuberculosis and com-
pared the predicted secretome sets with the experimen-
tal dataset. It has been reported that around 70% of the 
proteins representing the experimental dataset were also 
present in their predicted repertoire of secretomes. Such 
high correlation with experimentally validated secretome 
dataset for M. tuberculosis signifies the precision of the 
prediction approach. The same prediction methodology 
has been employed in the present work.

SignalP (v4.1) (Petersen et al. 2011) server was used 
for the prediction of the classical secretory proteins (Sec-
dependent) in the concerned members of Mycobacterium. 
The proteomic sets of the concerned bacterial strains were 
fed to SignalP server and protein sequences predicted to 
be signal peptides by both Artificial Neural Network and 
Hidden Markov model (HMM) of the SignalP server 
were filtered. SecretomeP 2.0 (Bendtsen et al. 2005a) was 
employed to identify the non-classical secretory compo-
nents in the mycobacterial members, with default param-
eters for Gram-positive bacteria. Protein sequences with 
a predicted N–N score ≥ 0.5 were only considered for 

http://img.jgi.doe.gov/cgi-bin/w/main.cgi
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further investigation. Prediction of Lipoprotein type of 
signal peptides (Lipo type) was performed using LipoP 1.0 
web-based server (Juncker et al. 2003). Proteins that were 
predicted to be “cytoplasmic” were not considered for fur-
ther analysis. Rest of the proteins were considered as posi-
tives and subsequently formed the set for further inves-
tigations. Twin arginine (RR/KR) signal peptides (TAT 
type), involved in TAT signaling pathway, were identified 
employing TatP 1.0 server (Bendtsen et al. 2005b). Protein 
sequences with a recognised TAT motif were screened for 
the next phase of analysis. The positives from all the men-
tioned servers comprised the initial dataset and were fed 
to TMHMM server (v2.0) (Krogh et al. 2001) for the pre-
diction of transmembrane helices. Protein sequences that 
were devoid of any transmembrane helices were directly 
screened as secretory proteins and comprised a part of 
the final secretome set for every concerned mycobacte-
rial member. Proteins that were found to possess one or 
more transmembrane helices were then processed through 
Phobius server (Käll et al. 2007) to assess the presence of 
possible α-helical conformations, a characteristic signature 
of signal peptides. Proteins sequences that were found to 
bear a signal sequence were filtered and added to the final 
set of secretomes for all concerned members of Mycobac-
terium. The prediction scheme has been detailed in Fig. 1.

Estimation of amino acid usage of mycobacterial 
secretomes

CodonW (v1.4.4) software (http://www.molbiol.ox.ac.uk/
cu) (Peden 2000) was employed to calculate relative amino 
acid usage (RAAU) of the mycobacterial secretomes. Rela-
tive frequencies of the respective amino acids were used to 
generate amino acid usage based heatmap of the secretory 
proteins in the concerned strains of Mycobacterium. Heat-
map is a graphical display of data that uses colour codes 
to represent individual values of the concerned data, thus, 
highlighting the variations in the dataset. Amino acid usage 
based heatmap was plotted using CMG Biotools-package 
(http://www.cbs.dtu.dk/staff/dave/CMGtools/) (Vesth et al. 
2013).

Calculation of protein energetic cost (PEC) 
of the secretomes

Biosynthesis of amino acids involve energy expenses 
(Akashi and Gojobori 2002; Seligmann 2003). PEC, com-
monly termed as biosynthetic cost, refers to the total amount 
of energy consumed (in terms of ATPs and GTPs) for the 
biosynthesis of each amino acid constituting the protein 
(Wagner 2005). PEC of secretomes (in terms of high energy 
phosphate bonds) of the concerned mycobacterial members 
was calculated using DAMBE software (Xia 2013). The Ta
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software employs the calculation scheme introduced by 
Akashi and Gojobori (2002).

Determination of Clusters of Orthologous Groups 
(COG) category

COG are defined as the collection of orthologous proteins 
from similar phylogenetic lineages (Tatusov et al. 2003). 
Information regarding the COG categories of the secretory 
proteins was obtained from IMG database (http://img.jgi.
doe.gov/cgi-bin/w/main.cgi). Mentioned proteins were cat-
egorized into various COG categories such as ‘Information 
Storage and Processing’, ‘Cellular Processes and Signal-
ing’, ‘Metabolism’, and ‘Poorly Characterized’ and respec-
tive sub-categories in accordance with the classification 
scheme followed by Hsiao et al. (2005).

Construction of secretome‑based BLAST matrix

BLAST matrix, a comparison of proteomes (proteins from a 
genome), is used to estimate the common share of proteins 
between the concerned organisms of interest (Zakham et al. 

2012). Secretomes of the concerned mycobacterial mem-
bers were compared employing BLASTP using the ‘50/50’ 
rule to categorize secretory components into gene families. 
Secretome-based BLAST matrix was generated using CMG 
Biotools-package (http://www.cbs.dtu.dk/staff/dave/CMG-
tools/) (Vesth et al. 2013).

Identification of the sets of potentially virulent 
secretory proteins

VirulentPred server (http://bioinfo.icgeb.res.in/virulent/) 
(Garg and Gupta 2008) was employed to identify the poten-
tial virulent components among the secretory proteins 
of the mycobacterial members. Cascaded SVM module, 
incorporated in the mentioned web-server, was used for 
the execution of the task. Cascaded SVM classifier has 
been reported to efficiently predict virulent protein sets in 
prokaryotic organisms with high accuracy of around 81% 
and uses pre-defined set of experimentally validated virulent 
proteins for prediction analysis (Garg and Gupta 2008). In 
order to assess whether the frequencies of potential virulent 
proteins among the predicted secretome datasets were in 

Fig. 1  Flowchart displaying the 
prediction scheme employed 
for identification of secretory 
proteins in Mycobacterium 

http://img.jgi.doe.gov/cgi-bin/w/main.cgi
http://img.jgi.doe.gov/cgi-bin/w/main.cgi
http://www.cbs.dtu.dk/staff/dave/CMGtools/
http://www.cbs.dtu.dk/staff/dave/CMGtools/
http://bioinfo.icgeb.res.in/virulent/
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significantly different from random, 1000 protein datasets 
of the same number of randomly selected proteins as the 
respective secretomes were constructed for all concerned 
members of Mycobacterium. Frequencies of putative viru-
lent components among the random secretome datasets for 
all mycobacterial members were estimated and compared 
with the respective frequencies of potential virulent elements 
in the predicted secretomes employing Mann–Whitney sta-
tistical test.

Furthermore, frequencies of putative virulent elements 
among the non-secretory proteins were calculated for all 
strains of Mycobacterium and were compared statistically 
(Mann–Whitney statistical test) with the frequencies of 
potential virulent proteins among the respective secretomes.

Generation of multilocus sequence analysis 
(MLSA) based phylogeny among pathogenic 
and non‑pathogenic members of Mycobacterium

MLSA based phylogenetic trees were constructed separately 
for the pathogenic and non-pathogenic members of the genus 
Mycobacterium. One strain representing each mycobacterial 
species, under scrutiny, was considered for the phylogenetic 
investigation. Mega7.0 software (Kumar et al. 2016) was 
employed for the purpose. Kimura two-parameter model 
and Neighbour Joining algorithm with bootstrap value of 
1000 replicates was considered for generating the respective 
phylogenetic trees. Several conserved housekeeping genes 
like ATP synthase beta subunit, DNA gyrase subunit A, 
cell division protein FtsZ, protein translocase subunit secA, 
chaperone protein DnaK, etc., were aligned using Clustal 
Omega software package (http://www.ebi.ac.uk/Tools/
msa/clustalo/). Subsequently, the aligned sequences were 
trimmed and concatenated and served as input for generat-
ing MLSA based phylogenetic trees of interest.

Assessment of evolutionary patterns 
of the secretory proteins

The ratio (ω) of rate of non-synonymous substitutions per 
non-synonymous site (Ka) to rate of synonymous substitu-
tions per synonymous site (Ks) has been an apt estimator 
of the evolutionary forces of selection on a protein-cod-
ing gene. ω > 1 indicates diversifying (positive) Darwin-
ian selection whereas, ω < 1 signifies purifying (negative) 
selection.

The evolutionary rates of the secretory proteins were esti-
mated separately among the pathogenic and non-pathogenic 
members of Mycobacterium in order to compare their evo-
lutionary dynamics and assess whether they exhibit differ-
ential evolutionary patterns. Codeml program included in 
the PAML software package (ver. 4.5) (http://abacus.gene.

ucl.ac.uk/software/paml.html) was used for estimating the 
evolutionary rates using runmode = − 2 and CodonFreq = 1.

Pairs of orthologous sequences with ω, Ka and Ks val-
ues, evocative of saturation, were not considered for further 
analysis. Evolutionary rates of the signal peptide and the 
mature parts of the extracellular secretory components were 
also assessed among all concerned mycobacterial members 
employing the same approach.

Statistical analysis

Correlation analysis (Spearman’s rank correlation) and sta-
tistical test of significance were performed (at levels of sig-
nificance P < 0.01 and P < 0.05) using SPSS software pack-
age (version 15.0).

Results and discussion

Enriched repertoire of secretomes in Mycobacterium

Secretory proteins perform vital cellular activities that 
include cellular adhesion, migration, communication, pro-
liferation, morphogenesis and differentiation (Ranganathan 
and Garg 2009; Tjalsma et al. 2004). It is believed that 
proteins secreted by the mycobacterial pathogens establish 
the basic platform for successful interaction with respec-
tive host, thus, paving way for proper infection (Malen et al. 
2007). Extracellular protein components of the free-living 
non-pathogenic mycobacterial members have also been 
reported to carry out essential functions that facilitate suc-
cessful abode in environmental niche (Champion and Cox 
2007; Roy et al. 2013).

Members of the genus Mycobacterium were found to 
employ a large repository of secretory proteins for proper 
execution of cellular cross-talks and interaction with the 
host and environmental niche. The frequencies of predicted 
secretomes in all concerned mycobacterial members have 
been enlisted in Table 1a. Additionally, the complete set 
of predicted secretomes for all concerned mycobacterial 
members have been provided in Electronic Supplementary 
Material 1 [ESM1]. Interestingly, it was evident from our 
analysis that there was a significant positive correlation 
between respective proteome size and frequency of pre-
dicted secretomes (r = 0.84, P < 0.01) among the mycobac-
terial members (see Electronic Supplementary Material 2 
[ESM2]). A distinct pattern was evident that the frequency 
of secretomes increased with the increase in proteome size. 
Another striking feature was also prominent that the average 
secretome size of the mycobacterial pathogens (~658) was 
significantly lesser than that of the non-pathogens (~851) 
(P < 0.01). However, the proportion of secretomes relative to 
the proteome size was found to be nearly same for both the 

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://abacus.gene.ucl.ac.uk/software/paml.html
http://abacus.gene.ucl.ac.uk/software/paml.html
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pathogenic (15.01%) and non-pathogenic (14.94%) mem-
bers of the genus (Table 1a). Earlier, it has been reported 
that the non-pathogenic members of the genus Mycobacte-
rium generally possess larger genomes in comparison to the 
pathogens (Rahman et al. 2014). Thus, secretome size was 
found to be a distinct reflection of the genome size of the 
mycobacterial members. Presence of an enriched pool of 
secretory proteins among the genus Mycobacterium signi-
fied the strategy of efficient communication with host and 
environmental vicinity.

Amino acid usage of mycobacterial secretomes

Detailed investigation of amino acid usage pattern of the 
secretory proteins was carried out among the members of the 
genus Mycobacterium. Heatmap based on the relative fre-
quencies of amino acids, employed by the secretory proteins, 
was generated and has been shown in Fig. 2a. The intensity 
of colour gradually changed from bright red to yellow in the 
concerned heatmap with increase in frequency of a particu-
lar amino acid. It was noticeable that there was a distinct 
bias towards the usage of specific amino acids like Alanine 
(A), Glycine (G), Leucine (L), Valine (V), Proline (P) and 
Serine (S). These amino acids were used in high frequencies 
by the secretomes, unanimously among all concerned myco-
bacterial strains. Another trend was also well evident that 
aromatic amino acids like Phenylalanine (F), Tyrosine (Y) 
and Tryptophan (W) were avoided by the secretomes, uni-
versally among the mycobacterial members, as was reflected 
from their relatively lower amino acid usage patterns. Bulky 
and heavy chain amino acids like Arginine (R), Methionine 
(M) and Histidine (H) were also employed in very low fre-
quencies among the sets of secretory proteins. Amino acid 
usage analysis of the non-secretory proteins among the con-
cerned mycobacterial members also revealed similar ten-
dencies (Fig. 2b). However, amino acids like Alanine (A), 
Glycine (G), Proline (P) and Serine (S) were found to be 
significantly more prevalent (P < 0.01) among the secretory 
components in comparison to the non-secretory ones (see 
Electronic Supplementary Material 3 [ESM3]). On the other 
hand, non-secretory elements were found to display a higher 
share of bulky and heavy chain amino acids like Histidine 
(H) and Arginine (R) in comparison to the secretory proteins 
(P < 0.01).

Biosynthetic cost of the mycobacterial secretomes

PEC (biosynthetic cost) of the secretory proteins was 
assessed for all concerned members of the genus Mycobac-
terium and was compared with the non-secretory elements of 
the respective proteomes (Table 1a). It was apparent that the 
biosynthetic cost of the secretory proteins was significantly 
lower than the non-secretory cellular components.

Amino acid usage patterns of the secretomes and non-
secretomes (Fig. 2a, Fig. 2b and ESM3) revealed that the 
extracellular secretory proteins preferred employing less 
expensive amino acids like Alanine (A), Glycine (G), Pro-
line (P) and Serine (S) more frequently than the non-secre-
tory components (P < 0.01). Simultaneously, there was a 
universal trend among the secretomes to avoid the usage of 
expensive bulky amino acid residues like Arginine (R), and 
Histidine (H) more strictly than their non-secretome coun-
terparts (P < 0.01). Enrichment of simple and biosyntheti-
cally cheaper amino acids and restraint from the usage of 
economically costly amino acids (in terms of ATP consump-
tion) like Histidine and Arginine might have acted as the 
major force driving cost reduction among the secretory pro-
teins. Reduced synthetic cost of secretory proteins appeared 
well justified from the perspective that protein secretion is 
often a ‘one-way’ street due to the absence of protein import 
systems (Saier 1994). Loss of extracellular proteins is likely 
irreparable and there is least possibility of re-cycling these 
proteins by the cell’s chaperon and protease systems (Saier 
1994). Accordingly, it would be economic and pragmatic 
for the microbial systems to employ cheaper amino acids 
which are metabolically less taxing for the cell to produce, 
especially in case of secretomes that are lost permanently 
(Smith and Chapman 2010). Microbes tend to curtail the 
cost of the secretory proteins for maintaining proper fitness 
and growth rate of the cell (Pintar and Starmer 2003). Thus, 
selection pressure seemed to act on the extracellular secre-
tory components to restrain the cost of their production, 
redeem the loss due to secretion and subsequently lower the 
burden on the cell.

Functional characterization of mycobacterial 
secretory proteins

Analysis of COG categories resulted in a detailed functional 
profiling of the secretomes in Mycobacterium. COG catego-
ries of secretory proteins among the mycobacterial members 
were estimated and have been displayed in the form of a 
heatmap (Fig. 3a). There was a gradual change of colour 
shade from bright yellow to dark orange with increase in fre-
quency of a particular COG category in the heatmap. It was 
evident that the ‘Metabolism’ COG category (19.11%) and 
‘Cellular Processes and Signaling’ COG category (14.98%) 
were prevalent, invariably among the mycobacterial mem-
bers. Few proteins were poorly categorized. Hypotheti-
cal proteins with undetermined COG categories were not 
taken into consideration. Further COG category inspection 
revealed that ‘Cell wall/membrane/envelope biogenesis [M]’, 
‘Defense mechanisms [V]’ and ‘Post-translational modifi-
cation, protein turnover, chaperones [O]’ sub-categories, 
representing the ‘Cellular Processes and Signaling’ COG 
category, were present in high frequencies (data not shown 
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Fig. 2  Amino acid usage based 
heatmaps of the a secretory 
proteins of the concerned 
mycobacterial members b non-
secretory proteins of the con-
cerned mycobacterial members 
—intensity of colour gradually 
changed from bright red to yel-
low in the concerned heatmaps 
with increase in frequency of a 
particular amino acid. P Patho-
gen, NP Non-pathogen
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Fig. 3  Heatmaps based on 
COG categories of a secretory 
proteins in concerned myco-
bacterial members b non-
secretory proteins in concerned 
mycobacterial members—in 
the concerned heatmaps, ISP 
refers to Information Storage 
and Processing, CPS refers to 
Cellular Processes and Signal-
ing, Met refers to Metabolism, 
PC refers to Poorly Character-
ized COG categories. There 
has been a gradual change of 
colour shade from bright yellow 
to dark orange with increase in 
frequency of a particular COG 
category in the heatmaps. P 
Pathogen, NP Non-pathogen
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and available on request). Among the ‘Metabolism’ COG 
category, ‘Carbohydrate transport and metabolism [G]’, 
‘Amino acid transport and metabolism [E]’ and ‘Inorganic 
ion transport and metabolism [P]’ sub-categories were pre-
sent in considerable share. COG categories of the non-secre-
tory proteins (Fig. 3b) were also estimated to assess whether 
certain COG functional categories were differentially used 
among the secretomes and non-secretomes. It was evident 
that ‘Metabolism’ COG category was highly prevalent 
(38.92%) among the non-secretory elements. Thus, it was 
an overall trend (both the secretory and non-secretory pro-
teins) of the mycobacterial members to possess a genomic 
architecture aimed at metabolic precision. However, the pro-
portions of ‘Metabolism’ and ‘Information Storage and Pro-
cessing’ COG categories among the non-secretory proteins 
(38.92 and 12.68%) were found to be significantly higher 
(P < 0.01) than the respective COG categories among the 
secretory proteins (19.11 and 3.30% respectively). Interest-
ingly, ‘Cellular Processes and Signaling’ COG category 
was observed to be significantly higher (P < 0.01) among the 
secretomes (14.98%) in comparison to the non-secretomes 
(11.27%). Such an observation seemed logically justified 
from the perspective that secretory proteins are more effi-
ciently suited and devised for cell signaling and cellular 
cross-talks in comparison to the non-secretory components 
(Ranganathan and Garg 2009; Tjalsma et al. 2004).

Thus mycobacterial secretomes were found to execute 
several fundamental biological processes like biogenesis of 
cell membranes, efficient cell signaling, post-translational 
modifications, cellular defense and transport of carbo-
hydrates and amino acids. Such observations can be well 
explained in the light of the fact that secretory proteins are 
effectively involved in several ‘remote-control’ functions 
that include provision of nutrients, cellular cross-talks, cell 
signaling and morphogenesis and are subsequently associ-
ated with the robustness of the microorganisms (Tjalsma 
et al. 2004).

Secretome‑based comparison of pathogenic 
and non‑pathogenic Mycobacterium

BLAST matrix, displaying the similarity between the myco-
bacterial secretomes, based on a pair-wise comparative scru-
tiny, has been depicted in Electronic Supplementary Mate-
rial 4 [ESM4]. The percentages within the matrix signified 
the amount of secretory proteins shared between two con-
cerned organisms. For easier visual inspection, the cells in 
the matrix were coloured darker as the fraction of similarity 
increased. The percentage of similarity between secretory 
proteins of concerned mycobacterial members has been pre-
sented by green colour in ESM4. Hits identified within the 
secretome set of the same organism were displayed in red 
colour. It was prominent from the BLAST matrix that the 

pathogenic members of the genus Mycobacterium shared 
high degrees of similarity among them. Same was the case 
when the non-pathogenic members were compared amongst 
themselves. Interestingly, percentage of resemblance tended 
to decrease when a pathogenic member was compared with a 
non-pathogenic one. On further scrutiny, it was palpable that 
the strains representing same species had the highest degrees 
of similarity between them e.g., strains reflecting M. tuber-
culosis showed highest degrees of secretome-based match.

Thorough inspection of the secretory proteins among 
pathogenic Mycobacterium revealed that members of M. 
tuberculosis complex. i.e., M. tuberculosis, M. africanum, 
M. bovis and M. canetti displayed high secretome-based 
similarity among themselves and exhibited high frequencies 
of shared protein families. Similarly, members of M. avium 
complex i.e., M. avium 104, M. intracellulare MOTT-02 and 
Mycobacterium sp. MOTT36Y were found to show strong 
similitude among them (Choo et al. 2016). Interestingly, M. 
intracellulare MOTT-02, Mycobacterium sp. MOTT36Y 
and M. avium 104 exhibited significant match with non-
pathogenic Mycobacterium indicus pranii which might 
seem logical as M. indicus pranii has been suggested as the 
evolutionary progenitor of the pathogenic M. avium complex 
(Saini et al. 2012). High proteome-based homology between 
M. indicus pranii and M. intracellulare, reported earlier by 
Rahman and colleagues (Rahman et al. 2014), tended to 
support our observation of high secretome-based similarity 
between the two concerned mycobacterial species. It was 
also evident that M. marinum, M. ulcerans and M. liflandii 
displayed high degrees of resemblance with each other based 
on their secretory machinery. M. leprae was found to show 
weak degrees of secretome-based similarity with the other 
members of the genus Mycobacterium. Heavy gene dele-
tion and considerable genome decay in M. leprae might be 
accountable for such an observation (Eiglmeier et al. 2001).

Non-pathogenic members of Mycobacterium also 
reflected considerable degrees of similarity based on their 
secretory elements. Eco-friendly environmental strains 
like Mycobacterium sp. JLS, Mycobacterium sp. KMS 
and Mycobacterium sp. MCS were found to display strong 
resemblance among themselves. It was also noticeable that 
hydrocarbon degraders like M. gilvum, M. vanbaalenii and 
M. chubuense (Coleman et al. 2011; Kim et al. 2007; Wil-
lumsen et al. 2001) exhibited significant match with each 
other.

Core secretory components of the pathogenic mycobacte-
rial members were mainly found to be cell elongation fac-
tors, ABC transporter substrate-binding proteins, putative 
secreted hydrolases, peptidases and some hypothetical pro-
teins. On the other hand, non-pathogenic members of Myco-
bacterium comprised of hydrolases, carboxypeptidases, 
acyltransferases, glycosyltransferases and some uncharac-
terized proteins in their core secretory machinery.
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Thus, a clear trend was evident that the secretory appa-
ratus of the pathogenic members differed significantly from 
the secretomic composition of the environmental non-path-
ogens of the genus Mycobacterium which might emphasize 
their pathogenic or non-pathogenic mode of lifestyle.

Assessment of potentially virulent secretory 
proteins among pathogenic and non‑pathogenic 
members of Mycobacterium

Estimation of potential virulent proteins among the 
secretomes in pathogenic and non-pathogenic Mycobacte-
rium revealed that the share of probable virulent secretory 
elements was significantly higher among the pathogenic 
members (56.21%) in comparison to the non-pathogenic 
ones (49.73%) (P < 0.01) (Table 1b). Detailed information 
pertaining to the frequencies of the potential virulent secre-
tory proteins among all concerned members of Mycobacte-
rium has been enlisted in Table 1b. Frequencies of potential 
virulent elements in the randomly constructed 1000 protein 
datasets were estimated for all concerned mycobacterial 
members and were compared with the frequencies of puta-
tive virulent components among the predicted secretome 
sets (Table 1b). It was observed that the predicted sets of 
secretomes were significantly more virulent (average propor-
tion of potential virulent components 53.89%) than the 1000 
random secretome dataset (average proportion of potential 
virulent components 27.70%) for all mycobacterial mem-
bers (Mann–Whitney test, P < 0.00001). An interesting fea-
ture was revealed that the secretomes in general (for both 
pathogens as well as non-pathogens) possessed significantly 
higher share of potential virulent elements (56.21% for path-
ogens and 49.73% for non-pathogens) in comparison to the 
non-secretory proteins (27.01% for pathogens and 22.82% 
for non-pathogens) (P < 0.01) (Table 1b). Such a trend signi-
fied the fact that the mycobacterial secretomes, in general, 
might have a tendency towards being virulent.

Members of M. tuberculosis complex and M. avium 
complex had substantial proportion of putative virulent 
proteins among their secretomes. Pathogenic microbes like 
M. abscessus, M. marinum, M. liflandii, M. ulcerans and M. 
leprae also displayed high frequencies of potentially virulent 
secretory proteins. On the contrary, non-pathogenic myco-
bacterial members, obtained from environmental sources, 
like Mycobacterium sp. JLS, Mycobacterium sp. KMS, 
Mycobacterium sp. MCS, M. sinense JDM601, Mycobac-
terium neoaurum VKM Ac-1815D and M. smegmatis MC2 
155 were found to exhibit low share of probable virulent 
secretory components. Interestingly, saprophytic M. indi-
cus pranii was observed to bear a high amount of putative 
virulent secretory proteins which might be attributed to the 
fact that M. indicus pranii has been the immediate predeces-
sor of mycobacterial members of the pathogenic M. avium 

complex (Saini et al. 2012). In this context, it would be rel-
evant to mention that M. indicus pranii shares antigens with 
M. leprae and M. tuberculosis (Saini et al. 2012). It is often 
assumed to be at a state of transition towards pathogenic-
ity due to its high antigenic potential (Rahman et al. 2014; 
Saini et al. 2012). Furthermore, it exhibits immunomodula-
tory activities and triggers cell mediated immune responses 
against M. leprae (Rahman et al. 2014; Saini et al. 2012). 
Comparative analysis with Virulence Factors Database 
(VFDB) revealed the presence of a large proportion of genes 
in M. indicus pranii whose orthologs have been reported to 
impart virulence in several mycobacterial pathogens (Chen 
et al. 2005; Saini et al. 2012). However, absence of certain 
crucial elements promoting pathogenesis and infection like 
mce2 and mce3 operons, associated with macrophage infec-
tion (Marjanovic et al. 2010), and devS/devR two-component 
system, involved in maintenance of dormant state of the bac-
terial members in depleted oxygen concentrations (Gomez 
et al. 2001), might be accountable for the non-pathogenic 
nature of M. indicus pranii.

Mycobacterium chubuense is generally considered to be a 
non-pathogenic microorganism (Choo et al. 2016). Surpris-
ingly, it was found to bear an enriched pool of secretomes 
predicted to be potentially virulent. Such an observation 
tended to be in complete accordance with previous find-
ings from Das et  al. (2015) where it was reported that 
M. chubuense possesses several proteins associated with 
virulence and defense. Pathogenesis and infection largely 
depends on the ability of the infectious agent to attach, 
infect, survive, flourish and eventually circulate profusely 
inside the host system (Saini et al. 2012). Incompetence 
in any of these vital factors might be responsible for the 
non-pathogenic behavior of M. chubuense. Strikingly, non-
pathogenic environmental members M. gilvum and M. van-
baalenii were also found to bear considerable proportion of 
predicted virulent elements among their secretomes which 
might suggest that these environmental organisms, though 
non-pathogenic, might be well adapted for pathogenicity.

Higher share of probable virulent secretory components 
might have been responsible for the infective behavior of 
the mycobacterial pathogens as bacterial secretomes have 
been unanimously believed to be associated with pathogenic 
manifestations and successful infection of host systems 
(Ranganathan and Garg 2009).

Evolutionary dynamics of secretory proteins 
in pathogenic and non‑pathogenic Mycobacterium

MLSA based phylogenetic trees (Fig. 4a, b) were generated 
separately for the pathogenic and non-pathogenic members 
of Mycobacterium with a motif to execute a comparative 
evolutionary analysis of their secretory elements. Phyloge-
netic tree based on the concatenated housekeeping genes 
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of the pathogenic members has been displayed in Fig. 4a. 
It was evident that there were four distinct clades (Clades 
A–D) separating the pathogenic members. Members of the 
pathogenic M. tuberculosis complex i.e., M. tuberculosis, 

M. africanum, M. bovis and M. canetti clustered together in 
Clade A in which M. kansasii formed the outgroup. Clade 
B consisted of the members of pathogenic M. avium com-
plex i.e., M. avium 104, M. intracellulare MOTT-02 and 

Fig. 4  MLSA based phylogenetic trees of a pathogenic members of Mycobacterium b non-pathogenic members of Mycobacterium 
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Mycobacterium sp. MOTT36Y. M. avium 104 was consid-
ered to be the outgroup member for the following clade. M. 
abscessus and M. massiliense represented Clade C in the 
concerned phylogenetic tree. Clade D was found to be com-
prised of M. marinum, M. liflandii and M. ulcerans in which 
M. leprae was found to be the outgroup member. The con-
cerned MLSA based phylogenetic tree seemed to be in com-
plete accord with previous findings by Prasanna and Mehra 
(2013), Wang et al. (2015) and Zakham et al. (2012) and 
tended to support our earlier observations pertaining to the 
similarity analysis performed on secretome-based BLAST 
matrix (see ESM4 in supplementary Material).

MLSA based phylogenetic tree of the non-pathogenic 
members of Mycobacterium has been displayed in Fig. 4b. 
It was perceptible that the non-pathogenic members were 
separated in three different clades (Clades A–C). Environ-
mental non-pathogens like Mycobacterium sp. KMS, Myco-
bacterium sp. MCS, Mycobacterium sp. JLS and M. smeg-
matis were found to group together in Clade A in which M. 
neoaurum VKM Ac-1815D was found to be the outgroup 
member. Clade B consisted of M. gilvum and M. vanbaalenii 

with M. chubuense as the outgroup member for the respec-
tive clade. M. indicus pranii and M. sinense JDM601 were 
found to represent Clade C of the respective phylogenetic 
tree. Similar inferences pertaining to phylogenetic profile 
of non-pathogenic mycobacterial members have been previ-
ously inferred by several researchers (Prasanna and Mehra 
2013; Wang et al. 2015; Zakham et al. 2012).

Respective MLSA based phylogenetic trees for the path-
ogenic and non-pathogenic members of Mycobacterium 
served as the platform for evolutionary investigations. Evo-
lutionary rates of the secretory and non-secretory protein 
components of the pathogenic and non-pathogenic mycobac-
terial members of every clade, in the concerned phylogenetic 
trees, were estimated with respect to the outgroup mem-
ber of that particular clade. Extensive analysis revealed an 
interesting evolutionary pattern of the secretory proteins that 
tended to differ between the pathogenic and non-pathogenic 
members. It was evident from comparative evolutionary 
scrutiny (Table 2) that the evolutionary rates of the secretory 
proteins in pathogenic members of Mycobacterium differed 
significantly from the non-secretory proteins. However, such 

Table 2  Comparative display of evolutionary rates for secretory and non-secretory proteins of pathogenic and non-pathogenic members of 
Mycobacterium 

SP signal peptide part of secretory protein, MP mature part of secretory protein, S statistical significance at P < 0.01, X Statistically Insignificant

Pathogenic Mycobacterium

Outgroup member Organism Ka/Ks(ω)

Secretory 
proteins

S Non-secretory 
proteins

SP S MP

M. abscessus CIP 104536 M. massiliense GO 06 0.12 > 0.08 0.29 > 0.07
M. kansasii ATCC 12478 M. africanum GM041182 0.10 > 0.07 0.36 > 0.09

M. bovis AF 2122/97 0.10 > 0.07 0.38 > 0.09
M. tuberculosis CDC1551 0.10 > 0.07 0.37 > 0.09
M. canettii CIPT 140070008 0.10 > 0.07 0.36 > 0.08

M. leprae TN M. liflandii 128FXT 0.09 > 0.06 0.49 > 0.08
M. marinum M 0.09 > 0.06 0.41 > 0.08
M. ulcerans Agy99 0.09 > 0.06 0.36 > 0.08

M. avium 104 M. intracellulare MOTT-02 0.09 > 0.05 0.30 > 0.06
Mycobacterium sp. MOTT36Y 0.09 > 0.05 0.27 > 0.06

Non-pathogenic Mycobacterium

Outgroup member Organism Ka/Ks(ω)

Secretory 
proteins

S Non-secretory 
proteins

SP S MP

M. neoaurum VKM Ac-1815D Mycobacterium sp. JLS 0.05 X 0.05 0.22 > 0.06
Mycobacterium sp. KMS 0.05 X 0.05 0.25 > 0.06
Mycobacterium sp. MCS 0.05 X 0.05 0.26 > 0.06
M. smegmatis MC2 155 0.05 X 0.05 0.25 > 0.06

M. chubuense NBB4 M. gilvum PYR-GCK 0.05 X 0.05 0.29 > 0.06
M. vanbaalenii PYR-1 0.05 X 0.05 0.29 > 0.05

M. indicus pranii MTCC 9506 Mycobacterium sinense JDM601 0.06 X 0.06 0.34 > 0.06
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a trend was absent in the non-pathogens where there was no 
significant difference in evolutionary rates of the secretory 
and non-secretory protein sets. Secretory elements of the 
pathogenic mycobacterial members were found to evolve 
faster than the non-secretory components and were found to 
be under much relaxed evolutionary constraints compared 
to the non-secretory counterparts. Similar findings were 
earlier reported by our group in selected members of Act-
inobacteria which included few pathogenic and free-living 
non-pathogenic mycobacterial members also (Thakur et al. 
2013). However, present analysis is a more comprehensive 
one dealing with a large number of mycobacterial pathogens 
as well as non-pathogens.

It has been reported that pathogenic microbes employ 
cooperative secretions to modify their environment, extend 
the range of their susceptible hosts and infect multiple spe-
cies (McNally et al. 2014). Rapid evolution of the extra-
cellular secretion elements has been suggested to facilitate 
bacterial adaptation (Nogueira et al. 2012). Dynamic evo-
lutionary traits of secretory proteins of pathogenic Myco-
bacterium might confer them an extra edge to dodge host 
immune responses and widen the range of susceptible hosts 
to infect. Our observation of varying evolutionary features 
of the secretory proteins among the pathogenic and non-
pathogenic members of Mycobacterium might be indicative 
of the adaptive strategy of the pathogens for a better interac-
tion and cross-talk with a diverse range of host community. 
Relaxed forces of selection on the secretory components of 
the pathogenic mycobacterial members might provide an 
opportunity to the pathogens for apt communication with 
host cellular environment and successful evasion of host 
immune responses by accumulation of substitutions.

Contrasted evolutionary attributes of signal 
peptides and mature regions of the secretory 
elements in Mycobacterium

Secretory proteins are composed of a signal peptide part 
and a mature region (Tjalsma et al. 2004). The signal pep-
tide part plays crucial role in successful translocation of 
the protein to the target cellular compartment by travers-
ing the membrane barrier after which it is cleaved from the 
mature part by specific signal peptidases (von Heijne 1990). 
It is generally believed that the signal peptide part executes 
important functions that are unrelated to the function of the 
rest of the protein (Hegde 2002). It has been observed that 
after facilitating protein translocation, signal peptides act 
as hormones, neurotransmitters and self-antigens (Hegde 
2002). Thus, signal peptides perform an array of imperative 
functions associated with cellular robustness.

Impact of evolutionary forces might vary across dif-
ferent regions of a gene depending upon the functional 
constraint (Graur and Li 2002). Evolutionary rates of the 

signal peptide and mature parts of the secretory proteins 
were estimated among all concerned mycobacterial mem-
bers with an objective to explore whether evolutionary 
impact varies across different regions of the secretory 
proteins. A unique trend was evident that the signal pep-
tide parts appeared to evolve significantly faster than the 
mature regions suggesting relaxed evolutionary constraints 
on them (Table 2). This trend was consistent among myco-
bacterial pathogens as well as non-pathogens. Similar find-
ings have been earlier reported in prokaryotic and eukary-
otic systems (Buggiotti and Primmer 2006; Li et al. 2009). 
It has been inferred that rapid evolution of the functionally 
dynamic signal peptides appear as upshot of relaxed puri-
fying selection on the non-synonymous and synonymous 
sites and might be directed towards enhancing translation 
precision (Li et al. 2009). Relaxed evolutionary signatures 
of signal peptides in Mycobacterium might accentuate the 
efficient tactics of the microbes to hone secretion efficacy 
and communicate better with their host or environmental 
niche where they dwell.

Conclusion

Systematic identification of secretory proteins in Myco-
bacterium and methodical inspection of their functions and 
attributes led to the revelation of various interesting fea-
tures of extracellular protein secretion of the genus. Reduced 
biosynthetic cost of the secretory proteins with respect to 
the non-secretory counterparts implied that the members of 
the genus Mycobacterium stringently obey the strategy of 
cost-minimization during synthesizing the crucial secretory 
elements. The tendency of curbing the biosynthetic cost of 
secretory proteins seemed reasonable from the perspective 
of ‘microbial economy’ as protein secretion is assumed to 
be an irrevocable process and the secretory proteins once 
transported are not further re-cycled by the cellular chaper-
ons. Functional profiling of the secretory proteins revealed 
their association in various essential activities like transport 
of carbohydrates and amino acids, cellular signaling and bio-
genesis of cell membranes. Higher proportion of potentially 
virulent secretory components among the mycobacterial 
pathogens in comparison to the non-pathogenic members 
tended to support their pathogenic and virulent mode of 
lifestyle. A definite trend apparent from the evolutionary 
analysis was that the secretory proteins evolved faster than 
the non-secretory elements in the pathogenic members of 
the genus Mycobacterium. However, such an evolutionary 
contrast was not evident among the non-pathogens. Rapid 
evolution of secretory proteins might aid the mycobacterial 
pathogens to extend the range of susceptible hosts and effi-
ciently elude host immune responses.
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Abstract Since the recognition of the name Frankia

in the Approved Lists of bacterial names (1980), few

amendments have been given to the genus description.

Successive editions of Bergey’s Manual of Systemat-

ics of Archaea and Bacteria have broadly conflicting

suprageneric treatments of the genus without any

advances for subgeneric classification. This review

focuses on recent results from taxongenomics and

phenoarray approaches to the positioning and the

structuring of the genus Frankia. Based on phyloge-

nomic analyses, Frankia should be considered the

single member of the family Frankiaceae within the

monophyletic order, Frankiales. A polyphasic strat-

egy incorporating genome to genome data and

omniLog� phenoarrays, together with classical

approaches, has allowed the designation and an

amended description of a type strain of the type

species Frankia alni, and the recognition of at least 10

novel species covering symbiotic and non symbiotic

taxa within the genus. Genome to phenome data will

be shortly incorporated in the scheme for proposing

novel species including those recalcitrant to isolation

in axenic culture.

Keywords Frankia genus � Taxonomy � Genome to

genome data � Phenotype microarray �
Chemotaxonomy � Symbiosis

In the last edition of the Bergey’s Manual of System-

atic Bacteriology, Frankia Brunchorst 1886, 174AL

(resurrected by Becking 1970; Skerman et al. 1980;

Lechevalier and Lechevalier 1989) was treated as the

sole genus found in the family Frankiaceae, Becking

1970, 201AL (amended Hahn et al. 1989, 241;

amended Normand, et al. 1996, 8, amended Stacke-

brandt et al. 1997, 487) and within the order

Frankiales (Normand and Benson 2015). This poly-

phyletic assemblage was created by elevation of the

suborder Frankineae Stackebrandt et al. 1997

(amended Zhi et al. 2009) that was slightly supported

M. Gtari (&) � F. Ghodhbane-Gtari

Institut National des Sciences Appliquées et de
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by 16S rRNA gene sequences. The genus description

(Normand and Benson 2015) was consistent with that

first provided in the Bergey’s Manual of Systematic

Bacteriology volume 4 by Lechevalier and Lecheva-

lier (1989). As well as the 16S rRNA gene sequence-

based phylogeny of the genus Frankia (Normand et al.

1996), multi-locus sequence analysis (MLSA) (Gtari

et al. 2015) and core genome (Tisa et al. 2016)

phylogenies, and several DNA:DNA relatedness stud-

ies (Akimov and Dobritsa 1992; Akimov et al. 1991;

Fernandez et al. 1989; Lumini et al. 1996), were found

to marginally overlap with phenotypic-based grouping

such as morphology, chemotaxonomic properties

(Lechevalier 1994), host specificity (Baker 1987),

mode of infection (Berry and Sunell 1990) and

physiological traits (Dobritsa 1998; Lechevalier

1994). Even so, the heterogeneity of the genus Frankia

has been clearly demonstrated. However, because of

the limited number and variability of sets of strains,

these groupings have not moved forward toward

species delineation (Gtari et al. 2013). The only

approved species name, before 2016, was that of

Frankia alni (Woronin 1866) Von Tubeuf 1895

(Skerman et al. 1980), designated one century before

based on the description of an uncultivable symbiont

in the root of alder.

From 2016 onwards, both the availability of many

Frankia genomes (Tisa et al. 2016) covering most of

the diversity observed to date (Gtari et al. 2013), and

the incorporation of taxongenomics and phenoarray

approaches, have helped to advance long-expected

species definitions according to conventional nomen-

clature. Because of the genome sequence database,

genome-to-genome alignments are possible and allow

phylogenomic analyses, digital calculation of whole-

genome average nucleotide identity (ANI; Konstan-

tinidis and Tiedje 2005) and of digital DNA:DNA

hybridization (dDDH) values (Auch et al. 2010). The

threshold for 16S rRNA gene similarity to delineate an

actinobacterial species was also revised in light of

taxongenomics (Meier-Kolthoff et al. 2013). Thus, a

threshold of 99.0% (with a maximum probability of

error of 1.0%; Meier-Kolthoff et al. 2013) for 16S

rRNA sequence similarities and DDH values above

the 70% cut-off point are recommended to delineate a

prokaryotic species (Wayne et al. 1987). Moreover,

classical and time-consuming bacteriological tech-

niques for polyphasic taxonomy have been revolu-

tionised. The omniLog� phenotype microarray allows

the assessment of cultural and physiological properties

of cells based on their ability to reduce an indicator

dye rather than an estimation of growth (Miller and

Rhoden 1991). A polyphasic strategy, which incorpo-

rates these two approaches, together with chemotax-

onomy and host specificity, has allowed speciation of

the genus Frankia.

Frankia Brunchorst, 1886, 174AL is the type genus

that represents the currently monogeneric family

Frankiaceae (Becking 1970) which is the only mem-

ber of the order Frankiales as amended by Sen et al.

(2014). Based on phylogenomic treeing using 54

concatenated conserved proteins retrieved from gen-

omes of 35 families and 17 orders of the class

Actinobacteria, permitted to restructure the order

Frankiales as monophyletic assemblage to only con-

tain Frankiaceae as type family (Sen et al. 2014). The

other previously incorporated taxa were reclassified

into three new orders Geodermatophilales (type

family Geodermatophilaceae), Acidothermales (type

family Acidothermaceae) and Nakamurellales (type

family Nakamurellaceae). This analysis was recently

supported by the extensive phylum level phyloge-

nomic study of Nououi et al. (2018d).

The genus Frankia encompasses a heterogeneous

assemblage of actinobacteria that may be asymbiotic

or facultative symbiotic of taxonomically disparate

host plant species named actinorhizal plants (Lecheva-

lier 1994). These associations result in plant root

structures, designated nodules or actinorhiza. The

actinobacteria are housed and fed inside the nodules,

where they fix nitrogen and make it accessible to the

host plant (Fig. 1). After the successful isolation of

Frankia strains from 1978 onwards (Callaham et al.

1978), microsymbionts of several actinorhizal plants

have been readily isolated in axenic condition

(Lechevalier and Lechevalier 1990) and a few strains

have been directly isolated from soil without passing

through a plant trapping assay and following a

complex protocol (Baker and O’Keefe 1984). Indeed,

virtually all Frankia strains appear to be cultivable

under appropriate axenic conditions including those

still considered to be uncultivable or obligate

microsymbionts. Genome analysis and physiological

bioassays have recently resulted in the isolation of

previously recalcitrant strains (Gtari et al. 2015;

Gueddou et al. 2018), opening the possibility of

extending this approach to the isolation of other

Frankia strains.
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Members of the genus Frankia are Gram-positive,

aerobic, chemoorganoheterotrophs and may fix dini-

trogen in culture and in association with the host plant.

Colonies (Fig. 2a) are ovoid or circular with a network

of highly branched hyphae that can be compact or

diffuse in liquid and solid media. Morphologically,

most strains are developmentally complex and are

characterised by three morphological cell structures.

These are rudimentary to highly branched hyphae

(0.3–0.5 lm in diameter), which are the primary

vegetative state, that may bear two additional unique

developmental structures, sporangia and vesicles,

which are found attached to the hyphae either

terminally or in an intercalary position (Fig. 2b, c).

Sporangia are multi-locular, ovate to spherical

(5–100 lm in diameter), contain non-motile spores

and may be abundant for some species.Some can be

very large sized (Normand and Lalonde 1982; Nor-

mand et al. 2018) whereas they may be completely

suppressed for other strains (Gtari et al. 2015; Nouioui

et al. 2017a; Gueddou et al. 2018). Vesicles, also

called diazovesicles, walled swollen cells (0.6–2.0 lm

diameter), are unique hopanoid-enveloped cellular

structures (0.6–2.0 lm diameter) that provide a barrier

to oxygen diffusion for nitrogenase activity (Berry

et al. 1993). Vesicles, are formed inside the plant cells

of the nodule or in culture under aerobic conditions of

low nitrogen availability. Their shape is strain-depen-

dent and host plant-influenced. They may be present

for some strains of Frankia cluster 3 (see below) in the

presence of a fixed nitrogen source (Tisa and Ensign

1987) or totally absent in some asymbiotic strains

(Baker et al. 1980; Gueddou et al. 2017; Nouioui et al.

2017b, 2018b).

Current chemotaxonomy is in good agreement with

previously reports (for a review see Lechevalier 1994).

The cell wall composition of members of the genus

Frankia is of type III, i.e. containing meso-di-

aminopimelic acid, alanine, glucosamine, glutamic

acid and muramic acid (Lechevalier et al. 1982;

Lechevalier and Lechevalier 1990; Nouioui et al.

2016a). Glucose, galactose, mannose and ribose, with

other species-specific sugars, are present in whole

organism hydrolysates (Lechevalier and Lechevalier

1979; Lechevalier et al. 1983; Lechevalier and Ruan

1984; Nouioui et al. 2016a, b, c, Normand et al. 2018).

Their phospholipid pattern is PI, consisting of phos-

phatidylinositol (PI), phosphatidylglycerol (PG) and

diphosphatidylglycerol (DPG) (Lechevalier et al.

1983; Lechevalier and Lechevalier 1979; Nouioui

et al. 2016a, b, c, Normand et al. 2018). Fatty acids

present in members of the genus include iso-C16:0 and

C17:1 x8c (Simon et al. 1989; Nouioui et al.

2016a, b, c; Normand et al. 2018), while their

menaquinones are predominantly MK-9(H8), MK-

9(H4) and MK-9(H6) (Lechevalier 1994; Nouioui et al.

2016a, b, c, Normand et al. 2018). Frankia genome

sizes range from 4.9 to 11.2 Mb with 67.6 to 72.8%

GC content (Tisa et al. 2016; Nouioui et al. 2016a, b, c,

Normand et al. 2018).

The two physiological groups A and B previously

proposed (for a review see Lechevalier 1994) have

been recovered with recent cultural and metabolic

peculiarities as revealed by omniLog� microarray

(Nouioui et al. 2016a, b, c). Group A strains lack one

Fig. 1 Root nodules of Casuarina (a). Cross section through

Coriaria myrtifolia nodule showing infected cells (IC) (b)
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Frankia species are listed below according to their

phylogenetic clustering (Fig. 3).

Type species Frankia alni (Woronin 1866) Von

Tubeuf (1895) amended Nouioui et al. (2016a)

The species name refers to the alder plant. The original

description in roots of alder occurred well before the

ability to isolate cultivated strains of the genus. F. alni

is a diazotrophic actinobacterium forming three types

of cell structures: substrate hyphae, multilocular

sporangia and vesicles. Grows optimally at 28 �C
and from pH 6.3–6.8. It is able to metabolise D-

fructose 6-phosphate, D-glucose 6-phosphate, fusidic

acid, malic acid and methyl pyruvate and grows in the

presence of guanidine hydrochloride, lithium chloride,

potassium tellurite, propionate, sodium bromate, 1%

sodium lactate and Tween 40. The type strain is

resistant to lincomycin, minocycline, vancomycin and

nalidixic acid and up to 5 mM biphenyl and polychlo-

rinated biphenyl. The whole cell sugars are galactose,

glucose, mannose, rhamnose, ribose and xylose. The

predominant menaquinone is MK-9(H 8). The major

fatty acids are iso-C 16:0 and C 17:1 x8 c, whereas the

polar lipids are PI, DPG, three glycophospholipids

(GPL1–3), PG and an unidentified lipid (L). The

species belongs to phylogenetic cluster 1a (Fig. 3).

The G ? C content of type strain is 72.8 mol% and its

total genome size is 7.50 Mb (Normand et al. 2007).

The type strain is ACN14aT (= DSM 45986T =

CECT 9034T) which was isolated from Alnus viridis

ssp. crispa (Tadoussac, Canada; Normand and

Lalonde 1982) and is able to infect Alnus and

Myricaceae species.

Based on its dDDH (94.3%) and ANI (99.49%)

values in comparison with the type strain, strain

AvcI1, isolated A. viridis subsp. crispa (Baker and

Torrey 1980) is a member of F. alni. The strain has the

same host range, infecting Alnus, Comptonia and

Myrica (Baker and Torrey 1980). Its genome size is

7.7 Mbp with a G ? C content of 72.4 mol% (Swan-

son et al. 2015b).

Frankia torreyi Nouioui et al. (2018a)

The species was named for John G. Torrey, who

worked at Harvard University, MA USA, in

recognition of his great contributions to Frankia

research including the isolation of the first Frankia

strains.

Nitrogen-fixing, with three types of cell structure:

substrate hyphae, multilocular sporangia and vesicles.

Able to metabolise propionate, a-keto-butyric acid, D-

gluconic acid, p-hydroxy-phenylacetic acid, citric

acid, bromo-succinic acid and a-keto-glutaric acid.-

and the type strain is able to grow in the presence of

aztreonam, lincomycin, minocycline, nalidixic acid,

troleandomycin and vancomycin. The cell wall con-

tains meso-diaminopimelic acid, galactose, glucose,

mannose, rhamnose, ribose and xylose. The polar lipid

profile contains PI, DPG, GPL1–3, PG, an aminophos-

pholipid (APL) and unidentified phospholipids (PL1-

2) and lipids (L). The predominant menaquinone is

MK-9 (H8), while the major fatty acids are composed

of iso-C16:0 and C17:1 x 8c. The species belongs to

phylogenetic cluster 1a (Fig. 3). The genome size of

the type strain is 7.6 Mb and its DNA G ? C content

is 72.4%.

The type strain CpI1T (= DSM 44263T = CECT

9035T) was isolated from the root nodules of Comp-

tonia peregrina (Callaham et al. 1978) and is able to

nodulate Alnus, Comptonia and Myrica species.

Based on its dDDH value (94.2%) and ANI score

(99.5%) with CpI1T, strain ACN1ag is a member of F.

torreyi. The strain was reported as a re-isolate from

root nodules of Alnus glutinosa (Lalonde et al. 1981)

inoculated with a strain originally isolated from A.

viridis spp. crispa collected from Atikokan, Ontario,

Canada (Baker et al. 1979). Its genome is of 7.5 Mbp

with a G ? C content of 72.3 mol% (Swanson et al.

2015a).

Strain CpI-P was reported by Tisa et al. (1983) as a

derivative of the original strain CpI1 (Callaham et al.

1978). CpI1-P does not use succinate, in contrast to the

original isolate, but can use propionate. The genome of

the original strain CpI1T and its derivative CpI-P have

100% similarity of 16S rRNA gene sequences, 99.6%

dDDH value and 99.9% ANI score, indicating that

they are indeed very closely related and members of

the same species.

It is notable that the two genomes (both of 7.6 Mb

with G ? C content of 72.3 mol%) reported by

Oshone et al. (2016) both contain exactly the same

genes (in term of number and sequence similar-

ity = 100%) that are related to propionate and succi-

nate metabolism (results not shown). Cumulatively,

123

Antonie van Leeuwenhoek



T
a

b
le

1
P

h
en

o
ty

p
in

g
p

ro
p

er
ti

es
fo

r
F
ra
n
ki
a

sp
ec

ie
s

(N
o

u
io

u
i

et
al

.
2

0
1

6
a,

b
,

2
0

1
8

c;
N

o
rm

an
d

et
al

.
2

0
1

8
)

F
ra
n
ki
a
a
ln
i

A
C

N
1

4
A

T
F
ra
n
ki
a

to
rr
ey
i

C
p

I1
T

F
ra
n
ki
a
ca
n
a
d
en
si
s

A
R

g
P

5
T

F
ra
n
ki
a

ca
su
a
ri
n
a
e

C
cI

3
T

F
ra
n
ki
a
co
ri
a
ri
a
e

B
M

G
5

.1
T

C
o
lo

n
y

co
lo

u
r

W
h
it

e
W

h
it

e
W

h
it

e
W

h
it

e
B

ro
w

n

V
es

ic
le

s/
N

2
-fi

x
at

io
n

?
?

?
?

?

S
p
o
ra

n
g
ia

?
?

?
?

-

C
a
rb
o
n
so
u
rc
e

D
ex

tr
in

-
-

?
-

-

D
-c

el
lo

b
io

se
-

-
-

-
?

b
-g

en
ti

o
b
io

se
-

-
-

?
-

D
-g

lu
co

se
-6

-p
h
o
sp

h
at

e
?

w
?

-
-

D
-f

ru
ct

o
se

-6
-p

h
o
sp

h
at

e
?

w
?

-
?

a-
h
y
d
ro

x
y
-b

u
ty

ri
ca

ci
d

-
-

-
?

?

b
-h

y
d
ro

x
y
-b

u
ty

ri
ca

ci
d

-
-

-
-

-

a-
ke
to

-b
u
ty

ri
ca

ci
d

-
?

?
?

-

A
ce

to
-a

ce
ti

ca
ci

d
-

-
?

?
?

M
et

h
y
l

p
y
ru

v
at

e
?

-
-

?
?

D
-g

lu
co

n
ic

ac
id

-
?

-
-

-

L
-l

ac
ti

ca
ci

d
-

-
?

-
?

L
-m

al
ic

ac
id

?
?

-
-

-

D
-m

al
ic

ac
id

-
w

-
-

-

C
it

ri
ca

ci
d

-
?

?
-

?

B
ro

m
o
-s

u
cc

in
ic

ac
id

-
?

-
-

-

p
-h

y
d
ro

x
y
-p

h
en

y
l

ac
et

ic
ac

id
-

?
-

?
?

L
-p

y
ro

g
lu

ta
m

ic
ac

id
-

?
-

-
-

a
-k
et
o

-g
lu

ta
ri

ca
ci

d
-

?
-

-
?

G
lu

cu
ro

n
am

id
e

-
-

-
-

?

G
ro
w

in
p
re
se
n
ce

o
f

A
ce

ti
c

ac
id

-
?

?
?

?

1
%

so
d
iu

m
la

ct
at

e
?

?
?

?
?

F
u
si

d
ic

ac
id

?
?

?
?

-

L
it

h
iu

m
ch

lo
ri

d
e

?
w

?
-

-

P
o
ta

ss
iu

m
te

ll
u
ri

te
?

?
?

?
-

S
o
d
iu

m
b
ro

m
at

e
?

?
?

-
-

N
it
ro
g
en

so
u
rc
es

G
u
an

id
in

e
h
y
d
ro

ch
lo

ri
d
e

?
w

?
-

-

D
-s

er
in

e
?

?
?

-
-

A
n
ti
b
io
ti
c
re
si
st
a
n
ce

to
#

123

Antonie van Leeuwenhoek



T
a

b
le

1
co

n
ti

n
u

ed

F
ra
n
ki
a
a
ln
i

A
C

N
1

4
A

T
F
ra
n
ki
a

to
rr
ey
i

C
p

I1
T

F
ra
n
ki
a
ca
n
a
d
en
si
s

A
R

g
P

5
T

F
ra
n
ki
a

ca
su
a
ri
n
a
e

C
cI

3
T

F
ra
n
ki
a
co
ri
a
ri
a
e

B
M

G
5

.1
T

L
in

co
m

y
ci

n
R

R
R

S
S

N
al

id
ix

ic
ac

id
R

R
R

R
S

M
in

o
cy

cl
in

e
an

d
v
an

co
m

y
ci

n
R

R
R

R
S

M
aj

o
r

fa
tt

y
ac

id
s

([
1
5
%

)
is
o

-C
1
6
:0

,
C

1
7
:1
x

8
c

is
o

-C
1
6
:0

,
C

1
7
:1
x

8
c

is
o

-C
1
6
:0

,
C

1
7
:1
x

8
c

is
o

-C
1
6
:0

,
C

1
7
:1
x

8
c

C
1
8
:1
x

9
c,

C
1
6
:0

P
re

d
o
m

in
an

t
m

en
aq

u
in

o
n
es

([
2
0
%

)
M

K
-9

(H
8
),

M
K

-9
(H

4
)

M
K

9
(H

8
)

M
K

-9
(H

8
)

M
K

-9
(H

6
),

M
K

-9
(H

8
)

M
K

9
(H

6
),

M
K

9
(H

4
)

H
o
st

p
la

n
t

o
ri

g
in

A
ln
u
s
vi
ri
d
is

ss
p
.c
ri
sp
a

C
o
m
p
to
n
ia

p
er
eg
ri
n
a

A
ln
u
s
in
ca
n
a
ss
p
.
ru
g
o
sa

C
a
su
a
ri
n
a
cu
n
n
in
g
h
a
m
ia
n
a

C
o
ri
a
ri
a
ja
p
o
n
ic
a

H
o
st

p
la

n
t

ra
n
g
e

A
ln
u
s,
C
o
m
p
to
n
ia
,
M
yr
ic
a

A
ln
u
s,
C
o
m
p
to
n
ia
,
M
yr
ic
a

A
ln
u
s,
C
o
m
p
to
n
ia
,
M
yr
ic
a

A
ll
o
ca
su
a
ri
n
a
,
C
a
su
a
ri
n
a

,
M
yr
ic
a
ce
a
e

C
o
ri
a
ri
a
ce
a
e,

D
a
ti
sc
a
ce
a
e

G
en

o
m

ic
G

?
C

co
n
te

n
t

(%
)

7
2
.8

7
2
.4

7
2
.4

7
0
.1

7
0
.2

F
ra
n
ki
a
el
a
ea
g
n
i

B
M

G
5

.1
2

T
F
ra
n
ki
a
d
is
ca
ri
a
e

B
C

U
1

1
0

5
0

1
T

F
ra
n
ki
a
ir
re
g
u
la
ri
s

G
2

T
F
ra
n
ki
a

in
ef
fi
ca
xE

u
I1

cT
F
ra
n
ki
a
a
sy
m
b
io
ti
ca

M
1

6
3

8
6

T
F
ra
n
ki
a

sa
p
ro
p
h
yt
ic
a

C
N

3
T

C
o
lo

n
y

co
lo

u
r

R
ed

Y
el

lo
w

R
ed

W
h
it

e
W

h
it

e
W

h
it

e
g
re

y
is

h

V
es

ic
le

s/
N

2
-fi

x
at

io
n

?
?

?
-

?
-

S
p
o
ra

n
g
ia

?
?

?
?

?
?

C
a
rb
o
n
so
u
rc
e

D
ex

tr
in

-
-

-
?

-
-

D
-c

el
lo

b
io

se
?

?
?

-
?

?

b
-g

en
ti

o
b
io

se
-

-
-

-
-

?

D
-g

lu
co

se
-6

-p
h
o
sp

h
at

e
?

?
-

-
-

?

D
-f

ru
ct

o
se

-6
-p

h
o
sp

h
at

e
?

?
-

?
-

?

a-
h
y
d
ro

x
y
-b

u
ty

ri
ca

ci
d

-
?

w
-

?
-

b
-h

y
d
ro

x
y
-b

u
ty

ri
ca

ci
d

?
-

-
-

?
-

a-
ke
to

-b
u
ty

ri
ca

ci
d

?
-

?
-

?
?

A
ce

to
-a

ce
ti

ca
ci

d
-

-
w

-
-

?

M
et

h
y
l

p
y
ru

v
at

e
-

-
?

-
?

?

D
-g

lu
co

n
ic

ac
id

-
-

?
-

?
-

L
-l

ac
ti

ca
ci

d
?

?
?

-
-

-

L
-m

al
ic

ac
id

-
-

w
-

-
?

D
-m

al
ic

ac
id

-
-

w
?

-
?

C
it

ri
ca

ci
d

-
?

-
?

-
?

B
ro

m
o
-s

u
cc

in
ic

ac
id

-
?

?
?

-
?

p
-h

y
d
ro

x
y
-p

h
en

y
l

ac
et

ic

ac
id

-
-

-
-

-
-

L
-p

y
ro

g
lu

ta
m

ic
ac

id
-

-
-

-
-

-

a
-k
et
o

-g
lu

ta
ri

ca
ci

d
-

-
w

?
-

?

123

Antonie van Leeuwenhoek



T
a

b
le

1
co

n
ti

n
u

ed

F
ra
n
ki
a
el
a
ea
g
n
i

B
M

G
5

.1
2

T
F
ra
n
ki
a
d
is
ca
ri
a
e

B
C

U
1

1
0

5
0

1
T

F
ra
n
ki
a
ir
re
g
u
la
ri
s

G
2

T
F
ra
n
ki
a

in
ef
fi
ca
xE

u
I1

cT
F
ra
n
ki
a
a
sy
m
b
io
ti
ca

M
1

6
3

8
6

T
F
ra
n
ki
a

sa
p
ro
p
h
yt
ic
a

C
N

3
T

G
lu

cu
ro

n
am

id
e

-
-

w
?

-
?

G
ro
w

in
p
re
se
n
ce

o
f

A
ce

ti
c

ac
id

?
?

?
-

?
?

1
%

so
d
iu

m
la

ct
at

e
-

?
?

?
-

?

F
u
si

d
ic

ac
id

-
?

w
?

-
?

L
it

h
iu

m
ch

lo
ri

d
e

-
?

w
?

-
?

P
o
ta

ss
iu

m
te

ll
u
ri

te
-

?
?

?
?

?

S
o
d
iu

m
b
ro

m
at

e
-

-
w

?
?

?

N
it
ro
g
en

so
u
rc
es

G
u
an

id
in

e
h
y
d
ro

ch
lo

ri
d
e

-
?

?
?

-
-

D
-s

er
in

e
-

-
w

?
?

?

A
n
ti
b
io
ti
c
re
si
st
a
n
ce

to
#

L
in

co
m

y
ci

n
R

R
R

R
S

S

N
al

id
ix

ic
ac

id
S

R
R

R
R

R

M
in

o
cy

cl
in

e
an

d

v
an

co
m

y
ci

n

S
R

R
R

S
R

M
aj

o
r

fa
tt

y
ac

id
s

([
1
5
%

)
is
o

-C
1
6
:0

,
C

1
6
:0

,
C

1
7
:1
x

8
c

is
o

-C
1
6
:0

,
C

1
7
:1
x

8
c,

C
1
6
:0

is
o

-C
1
6
:0

,
C

1
7
:1
x

8
c,

C
1
5
:0

is
o

-C
1
6
:0

,
C

1
7
:1
x

8
c,

C
1
7
:0

,
is
o

-C
1
6
:0

,
C

1
7
:1
x

8
c

is
o

-C
1
6
:0

,
C

1
7
:1
x

8
c,

C
1
5
:0

P
re

d
o
m

in
an

t
m

en
aq

u
in

o
n
es

([
2
0
%

)

M
K

-9
(H

4
),

M
K

-9
(H

6
)

M
K

-9
(H

4
)

M
K

-9
(H

4
);

M
K

-9
(H

6
)

M
K

-9
(H

6
),

M
K

-9
(H

4
)

M
K

-9
(H

4
),

M
K

-9
(H

6
)

M
K

-9
(H

6
)

H
o
st

p
la

n
t

o
ri

g
in

E
la
ea
g
n
u
sa
n
g
u
st
if
o
li
a

D
is
ca
ri
a
tr
in
er
vi
s

ca
su
a
ri
n
a
eq
u
is
et
if
o
li
a

E
la
ea
g
n
u
su
m
b
el
a
ta

M
o
re
ll
a
ca
li
fo
rn
ic
a

C
o
ri
a
ri
a
n
ep
a
le
n
si
s

H
o
st

p
la

n
t

ra
n
g
e

E
la
ea
g
n
a
ce
a
e,

C
o
ll
et
ie
a
e,

M
o
re
ll
a

C
o
ll
et
ie
a
e,

E
la
ea
g
n
a
ce
a
e

M
o
re
ll
a

E
la
ea
g
n
a
ce
a
e,

C
o
ll
et
ie
a
e,

M
o
re
ll
a

E
la
ea
g
n
a
ce
a
e,

C
o
ll
et
ie
a
e,

M
o
re
ll
a

-
-

G
en

o
m

ic
G

?
C

co
n
te

n
t

(%
)

7
1
.7

7
2
.3

7
0
.9

7
2
.3

7
2
.0

7
1
.8

?
p

o
si

ti
v

e
re

ac
ti

o
n

,
-

n
eg

at
iv

e
re

ac
ti

o
n

,
w

w
ea

k
re

ac
ti

o
n

,
R

re
si

st
an

ce
,
S

se
n

si
ti

v
e

123

Antonie van Leeuwenhoek



Cluster 1

Cluster 4

Cluster 3

Cluster 2

1c

1b

1a

A

B

Frankia sp. KB5
Frankia sp. Cg70
Frankia sp. CgIS1
Frankia sp. CcI156
Frankia sp. BR
Frankia sp.  CeD
Frankia sp. Allo2
Frankia sp. CcI6
Frankia sp. BMG5.23
Frankia casuarinae CcI3T
Frankia sp. Thr
Frankia sp. CgIM4

Frankia canadensis ArgP5
Frankia sp. QA3

Frankia alni ACN14AT
Frankia sp AvcI.1

Frankia torreyi CpI1T
Frankia sp. CpI1/P

Frankia sp. ACN1ag

Frankia sp. EAN1pec
Frankia sp. NRRL B/16219
Frankia discariae BCU110501T
Frankia elaeagni BMG5.12T
Frankia sp. Cc1.17
Frankia sp. EI5c

Frankia sp. R43
Frankia sp. CcI49
Frankia irregularis G2T
Frankia sp. EUN1f

Frankia inefficax EuI1cT
Frankia sp. DC12

Frankia asymbiotica NRRL B/16386T
Frankia sp. BMG5.36

Frankia saprophytica CN3T
Frankia sp. EUN1h

Candidatus Frankia californiensis Dg2
Candidatus Frankia datiscae Dg1
Frankia coriariae BMG5.1T
Frankia sp. BMG5.30

Acidothermus cellulolyticus 11BT
Jatrophihabitans endophyticus DSM 45627T

99/-
99/-

100/100

100/100
75/82

100/100

69/72

100/100

96/100

99/98

100/100

68/92

100/100

100/100

100/100

55/67

84//95

100/100

100100

100/100

100/100

100/100

68/55

81/72
77/70

96/92

100/100

100/100

0.05

Cluster 1

Cluster 4

Cluster 3

Cluster 2

1c

1b

1a

Fig. 3 Maximum-

likelihood phylogenetic tree

based on 16S rRNA gene

sequences (a). Maximum-

likelihood phylogeny based

on concatenated amino acid

sequences from atpI; gyrA;

ftsZ; secA and dnaK

proteins (b). Maximum-

likelihood phylogenomic

tree based on core genome

sequences (c). The numbers

above the branches are

bootstrap support values ML

(left) and MP (right) only

values greater than 60% for

(a) and 50% for (b and c) are

shown

123

Antonie van Leeuwenhoek



16S rRNA gene sequence analyses, MLSA and pan-

genome phylogenies (Fig. 3), together with other

genome comparisons (data not shown), indicate that

these two isolate represent the same strain.

Frankia canadensis Normand et al. (2018)

The species was named in reference to the country,

Canada, from which the type strain was isolated.

Nitrogen-fixing actinobacterium forming three cell

structures: septate hyphae, vesicles and multilocular

sporangia. Optimum growth of the strain was observed

after 3–4 weeks of incubation at 28 �C in BAP

medium. Whole cell hydrolysates are rich in meso-

diaminopimelic acid, glucose, mannose, ribose and

xylose, with a trace of rhamnose; the polar lipids

profile contains PI, DPG and GPL. The predominant

menaquinone ([ 25%) is MK-9(H8) and the major

fatty acids ([ 30%) consist of iso-C16:0 and C17:1x8c.

This species belongs to phylogenetic cluster 1b

(Fig. 3). The DNA G ? C content of the type strain

is 72.4 mol

The type strain ARgP5T (= DSM 45898T = CECT

9033T) was isolated from an Alnus incana ssp rugosa

tree growing on a roadside ditch bank in Quebec city,

Province of Quebec, Canada (Normand and Lalonde

1982) and is able to nodulate Alnus and Myricaceae

species.

Cluster 2

Cluster 1 

Cluster 3

Cluster 4C

Fig. 3 continued
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Frankia casuarinae Nouioui et al. (2016a)

The species was named for Casuarina, referring to the

source of the isolate. Diazotrophic actinobacterium.

Multilocular sporangia are formed either terminally or

at intercalary positions on substrate hyphae, while

vesicles are formed terminally. Metabolises acetic

acid, acetoacetic acid, butyric acid, fusidic acid, b-

gentiobiose, methyl pyruvate, propionic acid, sodium

lactate, a-hydroxybutyric acid, p-hydroxypheny-

lacetic acid, a-ketobutyric acid, potassium tellurite

and Tween 40. A positive reaction is observed in the

presence of tetrazolium violet and tetrazolium blue.

The type strain is resistant to nalidixic acid, minocy-

cline, vancomycin and to polychlorinated biphenyl at

concentrations up to 5 mM. The major fatty acids are

iso-C16:0 and C17:1 x8 c. The predominant menaqui-

none is MK-9(H 6). The polar lipids are PI, DPG, PG,

three GPL and an unidentified lipid. The cell sugars

are galactose, glucose, mannose, rhamnose, ribose and

xylose. F. casuarinae belongs to phylogenetic cluster

1c (Fig. 3). The G ? C content of the type strain is

70.1 mol and its genome size is 5.3 Mb (Normand

et al. 2007).

The type strain CcI3T (= DSM 45818T = CECT

9043T) was isolated from Casuarina cunninghamiana

(Florida, USA; Zhang et al. 1984) and the host plants

include Casuarinaceae (except Gymnostoma) and

Myricaceae.

As expected for earlier work (Dobritsa 1998),

strains isolated world-wide from Allocasuarina and

Casuarina species belong to the species F. casuarinae

based on dDDH and ANI values that range from 94.6

to 95.7% and 99.3 to 99.9% respectively. These

include isolates from Australia (KB5, Rosbrook et al.

1989), India and Senegal (Cg70.9 and CeD, Diem

et al. 1982), Brazil and Tunisia (BR and BMG5.23,

Ghodhbane-Gtari et al. 2010) and several strains from

Egypt (CgIM4, CgIS1, CcI156 and CcI6,Mansour and

Moussa (2005); Allo2 and Thr, Girgis and Schwencke

(1993). The genome sizes of these strains range from

4.9 to 5.6 with G ? C contents of 69.3–70.1 mol%

(Ghodhbane-Gtari et al. 2014; Hurst et al. 2014;

Mansour et al. 2014; D’Angelo et al. 2016; Ngom et al.

2016; Pesce et al. 2017).

Frankia coriariae Nouioui et al. (2017b)

The name of species refers to the host origin of

isolation, Coriaria japonica, of the type strain. Mildly

alkaliphilic, and slow growing actinobacterium that

forms two unique cell structures: dense mycelium

forming brownish colonies and spherical or oval

vesicles produced under nitrogen-fixing conditions.

No sporangia have been detected. Grows well at

25–30 �C and pH 7–9.5. Optimal growth temperature

and pH are 28 �C and 9.5, respectively. Metabolises

acetic acid, acetoacetic acid, citric acid, cellobiose, D-

fructose 6-phosphate, glucuronamide, L-lactic acid,

methyl pyruvate, p-hydroxyphenylacetic acid, propi-

onate, pyruvate, Tween 40, a-hydroxybutyric acid, a-

ketoglutaric acid and 1% sodium lactate. Tolerates up

to 2% (w/v) NaCl. Whole cell hydrolysates contain

meso-diaminopimelic acid, galactose, glucose, man-

nose and a trace of ribose. The polar lipids profile

contains PI, PG, DPG, GPL1–3 and unidentified lipids

(L1–3). The major fatty acid ([ 30%) and the

predominant isoprenolog ([ 30%) are C18:1 x9c and

MK-9(H6) (44.7%) respectively. F. coriariae belongs

to cluster 2 (Fig. 3). The G ? C content of the type

strain is 70.1 mol% (Gtari et al. 2015).

The type strain, BMG5.1T (= CECT 9032T = DSM

100624T), was isolated from a root nodule of C.

japonica (Gtari et al. 2015) and was able to re-

establish effective symbiosis with Coriaria spp. and

Datisca spp.

Based on 16S rRNA gene similarity (100%), dDDH

value (95.6%) and ANI score (99.71%) with

BMG5.1T, strain BMG5.30 is a new member of F.

coriariae. This strain was isolated from soil collected

in Tunisia using Coriaria myrtifolia in a plant trapping

bioassay (Gueddou et al. 2018). Its genome size is 5.8-

Mbp with a G ? C content of 70 mol%.

Frankia elaeagni Nouioui et al. (2016a)

The name of species refers to Elaeagnus, the host plant

source of the isolation of the type strain. Forms

vegetative hyphae with a septate mycelium differen-

tiated into sporangia and vesicles. The type strain fixes

nitrogen and grows well on BAP medium producing a

red pigment. Metabolises acetic acid, butyric acid,

cellobiose, D-fructose 6-phosphate, D-glucose 6-phos-

phate, L-lactic acid, b-hydroxybutyric acid, Tween 40,
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a-ketobutyric acid, propionic acid, tetrazolium blue

and tetrazolium violet. The type strain is resistant to

lincomycin. The whole cell sugars are galactose,

glucose, mannose, rhamnose, ribose and xylose, while

the predominant menaquinone is MK-9(H 4). The

major fatty acids are iso-C16:0, C16:0 and C 17:1 x8 c

and the polar lipids are PI, DPG, GPL1–3, PG and an

unidentified lipid (L). The species belongs to phylo-

genetic cluster 3 (Fig. 3). The G ? C content of the

type strain is 71.7 mol% and its genome size is 7.6 Mb

(Nouioui et al. 2013).

The type strain BMG5.12T (= DSM 46783T =

CECT 9031T) was isolated from Elaeagnus angusti-

folia (Gafsa, Tunisia; Gtari et al. 2004) and the host

plant range includes members of Elaeagnaceae and

Myricaceae.

Frankia discariae Nouioui et al. (2017d)

The species was named for Discaria, the host plant

origin of isolation of the type strain. It is a diazotrophic

actinobacterium that grows as substrate hyphae,

vesicles and multilocular sporangia which appeared

in terminally or at intercalary positions on the hyphae.

Uses D-cellobiose, D-glucose-6-phosphate, D-fructose-

6-phosphate, a-hydroxy-butyric acid, L-lactic acid,

citric acid, bromosuccinic acid, fusidic acid, acetic

acid, lithium chloride, potassium tellurite and sodium

lactate as carbon source and guanidine hydrochloride

as nitrogen compound. The type strain is resistant to

lincomycin, nalidixic acid, minocycline and van-

comycin. Cell walls contain meso-diamino acid,

galactose, glucose, mannose, xylose and ribose. The

fatty acid profile ([ 5%) is composed of iso-C16:0,

C17:1 x8c, C15:0, C17:0, C16:0, C16:1x7c C18:1x9c and

C18: 0. The predominant quinone ([ 50%) is MK-

9(H4). The polar lipids pattern consists of PI, DPG,

PG, GPL1–3 and an unidentified lipid (L). The species

belongs to phylogenetic cluster 3 (Fig. 3). The type

strain genome size is 7.89 Mb and its GC content is

72.4% (Wall et al. 2013).

The type strain BCU110501T (= DSM 46785T =

CECT 9042T) was isolated from a nodule of Discaria

trinervis (Chaia 1998) and its host plants include

Rhamnaceae and Elaeagnaceae species.

Frankia irregularis Nouioui et al. (2018c)

The species name refers to irregular, meaning the

inability of the species to infect its original host plant

and to infect taxonomically disparate host plants. A

diazotrophic actinobacterium that grows as red-pig-

mented colonies forming the three cell structures:

substrate hyphae, multilocular sporangia and vesicles.

It is able to oxidise D-cellobiose, a-keto-butyric acid,

methyl pyruvate, L-lactic acid, bromo-succinic acid,

acetic acid, guanidine hydrochloride; grows in pres-

ence of sodium lactate, potassium tellurite. The type

strain is resistant to lincomycin, minocycline and

vancomycin. Whole cell hydrolysates contain meso-

diaminopimelic acid, galactose, glucose, mannose,

rhamnose, ribose and xylose. The predominant

menaquinones ([ 20%) are MK-9 (H4) and MK-9

(H6) while the major fatty acids ([ 15%) are com-

posed of iso-C16:0, C17:1 x8c and C15:0. The polar

lipids pattern consists of PI, DPG, PG, GPL1–3, APL

and unidentified lipids. The species belongs to phylo-

genetic cluster 3 (Fig. 3). The size of the type strain

genome is 9.5 Mb and digital DNA G ? C content is

70.9% (Nouioui et al. 2016b).

The type strain G2T (= DSM 45899T = CECT

9038T) was isolated from Casuarina equisetifolia

(Diem et al. 1982) while the host range includes

Elaeeagnaceae, Rhamnaceae and Myricaceae

species.

Frankia inefficax Nouioui et al. (2017a)

The species name refers to inefficient, which means

the inability of the bacterium to form effective

nitrogen-fixing symbiosis with its plant host. Grows

as extremely branched substrate hyphae with multi-

locular sporangia while vesicles are not produced,

consistent with its inability to fix nitrogen. Metabo-

lises D-dextrin, D-glucose-6-phosphate, D-fructose-6-

phosphate, D-malic acid, citric acid, bromo-succinic

acid, glucuronamide and a-ketoglutaric acid. Toler-

ates fusidic acid, lithium chloride, potassium tellurite,

sodium bromate, 1% sodium lactate and niaproof.

Guanidine hydrochloride and D-serine are usable

nitrogen sources. The cell sugars are galactose,

glucose, mannose, ribose, rhamnose and also fucose,

which is a diagnostic sugar of this species. The major

fatty acids include iso-C16:0, C17:1 x8c and C15:0 and
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C17:0. The major menaquinones are MK-9(H6) and

MK-9(H4) while polar lipids are composed of PI,

DPG, two GPL, PG and an unidentified lipid. The

species belongs to phylogenetic phylogenetic cluster 4

(Fig. 3). The GC % content of the type strain is 72.3%

and the total size of its genome is 8.82 Mb (Tisa et al.

2016).

The type strain EuI1cT (= DSM 45817T = CECT

9037T) was isolated from Elaeagnus umbellata (Baker

et al. 1980) and forms ineffective nodules on Elaeag-

naceae and Morella species.

Frankia asymbiotica Nouioui et al. (2017c)

The naming of the species refers to the asymbiotic

lifestyle of the type strain. It is a diazotrophic

actinobacterium which grows as branched substrate

hyphae, vesicles and multilocular sporangia. Metabo-

lises acetic acid, butyric acid, cellobiose, a- and b-

hydroxybutyric acid, D-glucose, a-ketobutyric acid,

methyl pyruvate, maltose, trehalose, sucrose, tura-

nose, D-mannose, L-rhamnose, D-gluconic acid and

propionic acid. The type strain is resistant to trolean-

domycin, rifamycin SV and aztreonam. Whole cell

hydrolysates contain meso-diaminopimelic acid iso-

mers; galactose, glucose, mannose, rhamnose and

ribose as sugars. The major menaquinones are MK-

9(H4) and MK-9(H6). The polar lipids are composed of

PI, PG, DPG, a phosphoglycolipid (PGL) and a

phospholipid. Fatty acids include iso-C16: 0 and

C17: 1w8c. The species belongs to phylogenetic cluster

4 (Fig. 3). The DNA G ? C content of the type strain

M16386T genome is 71.8% (Gueddou et al. 2017).

The type strain M16386T (= DSM 100626T =

CECT 9040T) was isolated from Morella californica

located in Westport-Legget, CA (Lechevalier 1986)

and is able to fix dinitrogen but unable to nodulate its

host plant of origin or any of the tested actinorhizal

plant species.

Frankia saprophytica Nouioui et al. (2018b)

The species name refers to the asymbiotic lifestyle of

the type strain. Forms branched substrate hyphae and

multilocular sporangia. No vesicles are formed, con-

sistent with its inability to fix nitrogen. Metabolises

propionate, D-fucose, b-gentiobiose (disaccharide),

acetoacetic acid, butyric acid and L-malic acid

(organic acids) and D-serine (nitrogen source). Grows

in the presence of sodium bromate (salt), tetrazolium

blue and tetrazolium violet (redox indicators). The

type strain is resistant to rifamycin SV, minocycline,

nalidixic acid and potassium tellurite. Whole cell

hydrolysates contain meso-diaminopimelic acid,

galactose, glucose, mannose, rhamnose and ribose

(in traces) as cell wall sugars. The predominant

menaquinone is MK-9(H6). The polar lipids profile

contains PI, PG, DPG, two PGL, a phospholipid, six

uncharacterised glycolipids (GL1-6) and two unchar-

acterised lipids (L1-2). The major fatty acids are iso-

C16:0, C17:1 x8c and C15:0. The species belongs to

phylogenetic cluster 4 (Fig. 3). The type strain

genome size is 10 Mb with a G ? C content of

71.8 mol% (Ghodhbane-Gtari et al. 2013).

The type strain is CN3T (= DSM 105290T = CECT

9314T), isolated from Coriaria nepalensis by Mirza

et al. (1994) and is unable to nodulate any actinorhizal

plant species tested.

Based on 16S rRNA gene similarity (100%), dDDH

value (99.7%) and ANI score (99.9%) with CNT, strain

EUN1 h, isolated from soil collected in Tunisia using

E. umbellata as a plant trapping assay (Gueddou et al.

2017), is a member of F. saprophytica.

Conclusion

Polyphasic taxonomy of actinobacteria from the genus

Frankia has been hampered for a long time due to

persistent problems when using traditional bacterio-

logical techniques (Benson et al. 2011). Recently, a

polyphasic strategy that incorporates genome to

genome data, omniLog� phenoarray, morphology,

chemotaxonomy and host plant range together, has

permitted the description of several species with

effective or validly published names. This ‘‘heyday

of Frankia taxonomy’’ will no doubt continue with

further species proposals but also will further incor-

poration of genome to phenome data for species

delineation purposes. The prediction of chemotaxo-

nomic and cultural features is at present being

explored through the use of annotated genomes

(Riesco et al. 2018; Pujalte et al. 2018). This approach

may be applied in the future to as yet uncultured spore

positive microsymbionts (Torrey 1987) or Candidatus

strains such as Candidatus Frankia discarea (Persson
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et al. 2011) and Candidatus Frankia californiensis

(Normand et al. 2017; Nguyen et al. 2016) of cluster 2.
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should a DDH experiment be mandatory in microbial

taxonomy? Arch Microbiol 195:413–418

Miller JM, Rhoden DL (1991) Preliminary evaluation of Biolog,

a carbon source utilization method for bacterial identifi-

cation. J Clin Microbiol 29:1143–1147

Mirza MS, Hameed S, Akkermans AD (1994) Genetic diversity

of Datisca cannabina-compatible Frankia strains as

determined by sequence analysis of the PCR-amplified 16S

rRNA gene. Appl Environ Microbiol 60:2371–2376

Ngom M, Oshone R, Hurst SG, Abebe-Akele F, Simpson S,

Morris K et al (2016) Permanent draft genome sequence for

Frankia sp. strain CeD, a nitrogen-fixing actinobacterium

isolated from the root nodules of Casuarina equistifolia

grown in Senegal. Genome Announc 4(2):e00265-16

Nguyen TV, Wibberg D, Battenberg K, Blom J, Heuvel BV,

Berry AM, Kalinowski J et al (2016) An assemblage of

Frankia Cluster II strains from California contains the

canonical nod genes and also the sulfotransferase gene

nodH. BMC Genom 17:796

Normand P, Benson DR (2015) Frankia Brunchorst 1886,

174AL. In: Whitman WB, Rainey F, Kämpfer P, Trujillo M,
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