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Abstract 

The development and spread of antibiotic-resistant bacteria are now recognised as a key 

threat to our community, public health and domestic animal. A small number of antibiotics 

imipenem and meropenem are considered to be the drugs of ‘last resort’ in the treatment of 

bacterial infection. Now a day’s MBLs producing bacteria easily hydrolyse carbapenem 

drug-like imipenem and meropenem and bacterial cells become resistant against of these 

antibiotic groups. In this study, we have investigated the incidence of metallo-β-lactamase 

(MBL) producing bacteria (specially blaNDM producing strains) within abundantly 

occurring carbapenem-resistant bacterial population in two river water samples, collected 

in the pre-monsoon (March and April) and post-monsoon (November and December) 

months of two significant rivers, Mahananda and Karala, bisecting two most populous 

town, Siliguri and Jalpaiguri respectively, in northern West Bengal, India. Before this 

study, the presence and significance of MBL producing eubacterial isolates in Mahananda 

and Karala River remained elusive. MBL-producing bacteria were screened out from 

imipenem resistant bacteria isolates by the phenotypic (Carba NP test and EDTA inhibition 

test) and genotypic (multiplex PCR) methods. Overall, 7/1,237 (0.56%) and 8/1,593 

(0.50%) MBL -producing bacteria were detected in Mahananda and Karla river water 

samples respectively. Remarkably, all MBL producing isolates were obtained only from 

mid-stream (city-based sampling point) sampling point of both the river water samples and 

conspicuously absent in isolates of up and downstream of both the river.  In antimicrobial 

susceptibility testing, all 15 MBL producing isolates have shown resistance against the 10 

different groups of antibiotics and the highest MIC values were observed in all MBL 

positive isolates against ampicillin molecules. The MDR pattern was detected in all 15 

MBL-producing bacterial isolates of both rivers. The metallo-β-lactamase activity shown 

that the MBLs producing gene appears to be the main reason for carbapenem-resistance in 

all bacterial isolates. Based on 16S rRNA gene sequences, three different genera among 

MBL-producers, Pseudomonas, Myroides (pathogenic organism) and Acinetobacter were 

identified in Mahananda River water samples, and in Karala River water samples, four 

different genera among MBL-producers, Pseudomonas, Proteus, Escherichia and 

Acinetobacter were detected. Overall, the Acinetobacter is the most abundant and common 

MBL producing genus in both river water samples. PCR products of the MBL-producing 



xx 
 

gene were generated and sequenced using primer targeting New Delhi Metallo-β-lactamase 

(blaNDM) genes. The complete ORF sequence analysis of blaNDM genes showed that the 

most common MBLs are blaNDM-1 10/15 (73.34%) observed in both river water samples 

and blaNDM-7 was observed only in the genus, Escherichia , of Karala River isolates 3/15 

(20%). The result suggests that blaNDM-1 types of MBLs are common for carbapenem 

resistance within MBL-producing bacteria present in both the rivers. Class 1 integrons with 

the frequent presence of aadA and aac(6´)-Ib gene cassettes in 50 % of NDM-1 bearing 

isolate is indicative of selective pressures generated out of unregulated use of 

streptomycin, in agriculture field, owned by the tea cultivators living in locales, drained by 

these two rivers, in their up and downstream; and amikacin remains as one of the most 

often prescribed drugs in the highly-crowded government-sponsored ‘Sadar’ and district 

hospitals of Siliguri and Jalpaiguri. The isolate, Pseudomonas sp. MR 02 was used as a 

model strain. Whole genome sequence of MR 02 was explored to understand why it was 

resistant to most of the antibiotic groups. Genome sequence analyses revealed the carriage 

of 100 distinct genes contributing to antibiotic resistance that made MR 02 a pandrug 

resistant organism (PDR). Among these 100 genes, 64 genes were identified as an 

antibiotic-related efflux pump, 14 genes related to OprD porin, 18 genes related to 

antibiotics hydrolysis and modification, and 4 genes were related to target site 

modification. Three chromosomally located genes coding for β-lactamases belonging to 

class A extended-spectrum β-lactamase blaPME-1, subclass B1 Metallo-β-lactamase blaNDM-

1 and class C β-lactamase blaPDC respectively were identified in MR 02 strain. Hence, MR 

02 was established as a PDR strain. The antibiotic susceptibility profile of MR 02 

correlated with the analyses of antibiotic-resistance genes present in its genome. Another 

significant attribute of the NDM-producing strain, Pseudomonas sp. MR 02, not reported 

earlier for any PDR or MDR bacterial strain, is its ability to utilize ampicillin molecule as a 

sole source of carbon, nitrogen and energy source. It was hypothesized that the elevated 

catalytic efficiency of NDM-1 towards ampicillin leading to very high minimum inhibitory 

concentration (MIC) might render the host bacterium an opportunity to utilize the drug as a 

sole source of carbon, nitrogen, and energy. Despite having a 6-aminopenicillanic acid 

core containing nitrogen in all β-lactam antibiotics, ampicillin possesses a side chain with 

an additional amino group. From the results derived out of this study, it was revealed that 
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ampicillin is also being used by MR 02 as a nitrogen source. When MR 02 confronts a new 

environment where no easily metabolizable carbon and energy source like glucose is 

available, it confronts a survival challenge and takes an extended lag phase to focus and 

synthesize enzymes for the utilization of inactivated-ampicillin resource disposed of with 

the aid of NDM-1. This study has demonstrated that only by the expression of blaNDM-1 

in E. coli DH5α strain, it was capable of utilizing ampicillin as a carbon source to grow in 

a minimal medium for β-lactam catabolism. RNA-Seq was used to generate a differential 

gene expression profile in ampicillin and glucose, grown MR 02 cells and it revealed that 

the expression of blaNDM-1 was significantly higher [upregulated (log2 fold change 

2.00088)]. For ampicillin catabolism to take place, three genetic components are required: 

(i) New Delhi Metallo-β-lactamase genes (blaNDM) (ii) amidase gene and (iii) PAA 

pathway-related genes; and absence of any one of the three components would not support 

bacteria to utilize β-lactam antibiotics as carbon and energy source.   
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Preface 

Each year, we produce, protect and use more antibiotics than the previous year, because 

these drugs are saving millions of lives from infections. Although these drugs have 

protective roles against infectious bacteria, due to overuse of it pollution has been speeded 

in the environment. One of the most noted consequences of overuse or misuse of antibiotic 

pollution is the increased frequency of antibiotic-resistant bacteria in a different 

environment.  

The river is the main places where bacteria can mingle in a diluted bisque of antibiotics 

and resistance genes are the recipe for transmitting resistance between different species and 

potentially converted into new multidrug-resistant (MDR), extensively drug-resistant 

(XDR) and pandrug-resistant (PDR) bacteria. Bacteria in the river water come from the 

city "wastewater treatment plants" (WWTPs) because WWTPs cannot remove all bacteria 

and from villages; and active antibiotic molecules, came from hospital waste, fish farms 

and pharmaceutical factories. That pollution has a huge potential for detrimental effects on 

the ecology of our rivers as well as on human and animal health. Therefore, we should 

monitor antibiotic and antibiotic resistance genes in our river water environment at a 

regular time interval and these steps will help us for dealing with the problem. 

Rivers Mahananda and Karala flow through the middle of Siliguri and Jalpaiguri city 

respectively. Siliguri and Jalpaiguri are a city in the northeast Indian state of West Bengal 

and both cities sit in the foothills of the Himalayas. These both river basins sustain life and 

livelihoods of tea gardeners, fishermen and slum-dwellers. Tea gardeners consume the 

water resource for tea plantation and drain off the utilized excess water, which carries a 

variety of pesticides and fertilizers to those rivers. Slum-dwellers exploit the water 

resource for bathing, washing of clothes etc. Untreated waste water from city, garbage 

from the market and ash of cremation directly mix up with this river. As a result, the 

physicochemical and biological characteristics of the river water are gradually changing 

and producing the harmful effects on aquatic biota and thereby on human beings. Till date, 

no study has been done on the distribution of metallo-β-lactamase amongst the eubacterial 

population, especially the members of Enterobacteriaceae of this river water system. 

Therefore it demands a thorough investigation of a riverine bacterial population.  
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The present study will therefore focus on two city river water environment for studying the 

prevalence and diversity of the metallo-β-lactamase producers and will also try to forecast 

the risk associated with the dissemination of the metallo-β-lactamase genes. This study has 

been undertaken to provide comprehensive descriptive information about the metallo-β-

lactamase producing eubacterial population and also to explore the phenotypic resistance 

pattern. Whole-genome sequencing of NDM-1 producing Pseudomonas sp. MR 02 

bacteria correlate the genotypic and phenotypic characters and another more important 

objective of this work is to reveal the role of blaNDM-1 genes in ampicillin catabolism.
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General introduction 

I.  History of antimicrobial drugs (Antibiotics) 

The word antibiotic was used for the first time by Selman A. Waksman (1888-

1973) in the medical sense in 1943 and they described “antibiotics” as a substance 

produced by a microorganism that is antagonistic to the growth of other microorganisms 

(Waksman, 1947). This definition has excludes synthetic antibacterial compounds 

(compounds that may kill bacteria or inhibits bacterial growth, but not produced by a 

microorganism) such as the sulfonamides (Scholar & Pratt, 2000; Davies & Davies, 2010). 

However, in the present time, the word “antibiotic” is used for any drug or compounds that 

kill bacteria or inhibit bacterial growth.    

In 1928, Alexander Fleming (1881-1955) discovered penicillin and after 12 years of 

discovery, in 1942 three scientists, Ernst Chain, Howard Florey and Edward Abraham 

successfully purified penicillin which began the era of antibiotics (Tan & Tatsumura, 2015; 

Jones & Jones, 2014). However, the discovery of penicillin was not a former contribution 

to the use of antibiotics. There are some good evidences which suggest that antibiotics 

were used since the ancient period of times. In ancient civilizations, a variety of natural 

compounds were used as a treatment for infection, for example, herbs, honey, mouldy 

bread and animal faeces (Keyes et. al., 2003). There are some references, which indicate 

that in ancient Egypt, China, Serbia, Greece and Rome, where the mouldy bread was used 

as a treatment for infection. John Parkinson (1567-1640) had also mentioned the benefits 

of mouldy bread in his book Theatrum Botanicum, which was published in 1640 (Gould, 

2016). Even some modern antibiotics (devolved in the 20th century) may have been 

available in the ancient period. A notch of tetracyclines antibiotic has been detected in 

human skeletons dig out in Nubia and in ancient time Nubia was the part of roman 

occupied Egypt (Bassett et. al., 1980; Nelson et. al., 2010).  

Most people have heard the story of how Alexander Fleming by coincidence 

contaminated his agar plates with mould and discovered penicillin back in 1929, but before 

the invention of penicillin, in 1909 Paul Ehrlich and Sahachiro Hata discovered a novel 

drug salvarsan, which is employed for treating the sexually transmitted disease syphilis 

that’s is caused by the spirochete Treponema palladium (Ehrlich & Hata, 1910). Salvarsan 

was the foremost prescribed drugs until it was replaced by penicillin in the 1940s (Aminov, 
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2010). The systematic screening method used by Ehrlich and Hata in the invention of 

salvarsan became the path for identifying novel drugs and led to the discovery of the first 

sulfa drug (first systematically active antibacterial drug) in 1934, sulfonamidochrysoidine 

(KI-730, Prontosil), a precursor of the active compound sulfanilamide, which inhibits 

bacterial folic acid (vitamin B9) synthesis and de novo synthesis of nitrogen bases like 

purines and pyrimidines (Aminov, 2010; Achari et. al., 1997). 

II. The golden era of antimicrobial drugs 

We usually associate the beginning of the modern “antibiotic era” with the 

discovery of sulfa drug and release of penicillin. After the discovery of both drugs a period 

of 30 years known as the golden age of antibiotics (1940-1970), in which almost the entire 

antibiotic drug classes used in the clinic today was discovered (Figure 1) (Gould, 2016 and 

Clatworthy et. al., 2007).  

 

Figure 1: Timeline of new antibiotics developments and antibiotic resistance         

developments 

The upper panel indicates the time at which antibiotics were discovered. The down panel indicates when 

resistance was observed. Modified from Clatworthy et. al., 2007.   

Most of the antimicrobial compounds discovered in the early days of the golden era 

of antibiotics were isolated from different naturally occurring microorganisms, and this 

type of research work began worldwide after the isolation of an antimicrobial compound 

“streptomycin”. In 1944 streptomycin was isolated from soil growing bacteria 

Streptomyces griseus (Saga, 2009). Eli Lilly had given a good idea and requested Christian 



General introduction 

3 
 

missionaries to send him a sample from every exotic place that they had visited and 

through this way they collected the soil samples from around the world. Among them, one 

soil sample was from Borneo and vancomycin producing bacteria was isolated from these 

soil samples. In 1952 vancomycin producing Streptomyces orientalis was isolated from 

Borneo soil samples and this vancomycin antibacterial compound was released in 1958 for 

clinical use (Levine, 2006). Amidst all of this, Scientists were engaged in improving these 

existing agents so that they could overcome this obstacle of antibiotic resistance. As a 

result in 1959 first penicillinase-resistant β-lactam antibiotic “methicillin” was found. The 

penicillin’s spectrums of activity pharmacodynamics/pharmacokinetics were improved by 

the introduction of ampicillin in 1961.  

Cephalosporin was first introduced in 1960 and their evolution classified into three 

generations, according to their spectrum of activity. Third-generation cephalosporin 

ceftazidime appeared in the late 1970s (Russell, 1957).  

The first β-lactamase inhibitors clavulanic acid was identified in 1976, which was 

isolated from gram-positive bacteria Streptomyces clavuligerus (Drawz & Bonomo, 2010). 

It was introduced for clinical use in combination with amoxicillin and thienamycin. First 

carbapenem antibiotic imipenem was evolved from Thienamycin in 1983 which was very 

effective in vitro condition; however, it had very short half-life in the human body. After 

addition of cilastatin in imipenem, the half-life (t1/2) of imipenem had increased and the 

combination of imipenem + cilastatin was available for clinical use around the world.  

Second, most prescribed carbapenem antibiotics “meropenem” was introduced in 1995 and 

it had similar activity. It was associated with fewer adverse effects (Papp-Wallace et. al., 

2011). 

There were plenty of antibiotic compounds discovered during the golden era, along 

with the start of antibiotics resistant bacteria. However, this was the beginning of the race 

between the evolution of antibiotic resistance and development and discovery of antibiotics 

“a race that currently seems to be led by the microorganism”.  

III. Classification of antibiotics  

There are different classifications of antibiotics according to the mode of action, 

spectrum efficacy, the killing (bactericidal) or inhibitory (bacteriostatic) effects and their  
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Table 1: Classification of antibiotics, based on to their chemical structure and   

mechanism of action 

Class of antibiotics Examples Mechanism of action 

Aminoglycosides  Neomycin Inhibit the bacterial protein synthesis by 

binding to 50S ribosomal subunit. 
Streptomycin 

Beta-lactam antibiotics 

Carbapenems Imipenem  

Inhibit the bacterial cell wall formation by 

inhibiting the cross-linking of stem 

peptides on peptidoglycan chain. 

Cephalosporins Cefepime 

Monobactam  Aztreonam 

Penicillin Ampicillin 

Fluoroquinolones Levofloxacin Inhibit bacterial DNA synthesis by 

binding to  

DNA gyrase enzymes. 
Ciprofloxacin 

Folate pathway inhibitors Trimethoprim 

Sulphamethaxazole 

Folate pathway inhibitors. 

Furanes Nitrofurantoin Damage bacterial DNA. 

Imidazoles Metronidazole Inhibit bacterial DNA synthesis. 

Lipopeptides Polymyxins Alters the bacterial membrane functions. 

Lincosamides Clindamycin Interfering bacterial protein synthesis. 

Macrolides Erythromycin  

Inhibition of bacterial protein synthesis. Azithromycin 

Peptides Bacitracin Prevent the bacterial cell wall synthesis. 

Phenicols Chloramphenicol Inhibit the bacterial protein synthesis by 

binding to 50S subunits. 

Phosphonic acids Fosfomycin Prevent the bacterial protein synthesis.  

Polymyxins Colistin Destroying bacterial outer membrane 

integrity. 
Polymyxin B 

Tetracyclines Tetracycline Inhibit the bacterial protein synthesis by 

binding to 30S subunits. 
Doxycycline 

structural similarities. The classification of antibiotics according to their mode of action 

depends on the inhibition of a cellular structure or a metabolic channel that’s present 

within the bacterial cell but not in the host cell. Several mechanisms have been reported 
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like the inhibition of bacterial cell wall synthesis, obstruction with cell membrane 

functions, inhibition of protein synthesis, and inhibition of nucleic acid synthesis 

(Levinson, 2008). However, the foremost common way of antibiotics classification is 

based on their chemical structure (Table 1), as antibiotics having closely related chemical 

structure tend to have the same antibacterial activity and same spectrum of activity against 

the host. 

IV. Beta-lactam antibiotics  

Beta-lactams are antibiotics that contain a β-lactam ring (2-Azeidinone) in their 

chemical structure (penicillins, cephalosporins, carbapenems and monobactams) (Figure 

2). β-lactam antibiotics have a broad spectrum of antimicrobial activity, including gram-

positive and gram-negative pathogens. Because of their favourable characteristics, β-

lactams are the most broadly used antibiotics worldwide (Livermore et. al., 2006). The β-

lactam ring is essential for the antimicrobial activity and which mimics the D, D-alanyl-

alanine structure of the pentapeptide chain of the bacterial cell wall. The D, D-alanyl-

alanine structure is the site of catalysis for PBPs catalytic domain thus; the β-lactam rings 

of beta-lactam antibiotic binds irreversibly to the PBPs and inhibit the synthesis of the 

peptidoglycan layer in the bacterial cell wall (Konaklieva et. al., 2014). All the β-lactam 

antibiotics are classified into four major groups based on their molecular structure.  

(a) Penicillin: These antibiotics were among the first antibiotics prevalent in the treatment 

of infection caused by gram-positive bacteria. Drugs in the penicillin class work by 

indirectly bursting the bacterial cell walls. The basic structure of the penicillin group of 

antibiotics must contain a heterocyclic thiazolidine nucleus which is attached with a β-

lactam ring and a side chain at the C6 position (Dalhoff et. al., 2006). Based on the 

molecular composition of penicillin’s side chain represent a different group of penicillin’s: 

benzylpenicillin (Penicillin G), phenoxymethylpenicillin (Penicillin V), Penicillin O etc. 

However, due to the extensive use of natural penicillin, frequent resistance was observed. 

Also, the natural penicillins have a limited scope of use due to stability and extraction 

process.  
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Figure 2: Beta-lactam antibiotics core structure. All β-lactam antibiotics contain the  

     same core structure (highlighted in red) 

(b) Cephalosporin: Groups of cephalosporin antibiotics are considered as the largest 

group of broad-spectrum antibiotics and cephalosporin antibiotic was discovered by the 

Italian pharmacologist Giusseppe Brotzu from the mould Cephalosprium (Torok et. al., 

2016). They contain a nucleus (7- Aminocephalosporanic acid), which is fused with the β-

lactam ring. Based on the antimicrobial activity, development period and modification of 

cephalosporin, the group has been subdivided into four generations (Table 2). 

(c) Carbapenem: These antibiotics are the broad-spectrum β-lactam antibiotics used 

against all types of multidrug-resistant bacteria. All the carbapenem antibiotics are the 

most effective against both types of drug resistance microorganism (gram-positive and 

gram-negative bacteria) and therefore, often it is called the last resort of antibiotics. The 

widely used carbapenems are imipenem (developed in 1980 by Merck & Co.), meropenem 

(discovered by Dainippon Sumitomo Pharma).  

(d) Monobactam: These antibiotics are the compounds which have a single β-lactam ring 

without any fused ring (Figure 2). It is narrow-spectrum β-lactam and they are active 

against only gram-negative bacteria. MBL (blaNDM) positive strains are only sensitive 

against (Aztreonam) monobactam antibiotics (Aztreonam is the only monobactam 

antibiotics which is used presently in clinical practices).    
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Table 2: Generations of cephalosporin antibiotics 

1st generation  2nd generation 3rd generation 4th generation 5th generation 

Cefadroxil 

Cephalothin 

Cephalexin 

Cefapirin 

Cefaclor 

Cefotetan 

Cefoxitin 

Cefprozil 

Cefotaxime 

Cefixime 

Cefoperazone 

Ceftazidime 

Cefepime 

Cefpirome 

Cefquinome 

Ceftaroline 

Ceftobiprole 

Ceftolozane 

Effective against 

gram positive 

bacteria and less 

effective against 

gram negative 

Effective against 

gram negative 

bacteria and 

moderate against 

gram positive 

Effective against 

gram negative 

bacteria and less 

effective against 

gram positive 

Effective against 

gram negative 

bacteria and less 

effective against 

gram positive 

Less susceptible to 

the development of 

resistance when 

combined with β-

lactamase 

inhibitors. 

 

V. Mechanism of resistance to β-lactams  

Bacteria employ multiple mechanisms to resist β-lactam antibiotics. These 

resistance mechanisms have developed in bacteria either via mutation in the bacterial gene 

or by the acquisition of resistance genes from other bacteria. Bacteria can avoid the 

bactericidal effect of β-lactam antibiotics by several mechanisms; active efflux pumps 

promoting the efflux of the antibiotic out of the cell, a mutation in the penicillin-binding 

protein, lack/reduced the expression of porin channels, inactivation of β-lactam antibiotics 

by chromosomally encoded β-lactamases or through acquired specific β-lactamases gene 

(Figure 3) (Wanda, 2018). Often, multiple β-lactam resistance mechanisms could be also 

present in a single bacterial organism and some cases, they will work synergistically.   

i. Reduced permeability: Porin is a channel, present in the outer membrane of a bacterial 

cell and it facilitates the transport of β-lactam antibiotic molecules across the cell 

membrane. Mutated porin channel can be reduced or lost to inhibit β-lactam invasion into 

the cell. Pseudomonas aeruginosa OprD porin is the substrate-specific porin and it 

facilitates the diffusion of imipenem.  Modified/mutated OmpC and OmpF outer 

membrane Porins are a common in E. coli and Enterobacter spp. and increase the MIC 

value of antibiotics (Ochs et. al., 1999; Wozniak et. al., 2012; Novais et. al., 2012). 

ii. Efflux pumps: Efflux pumps actively transport antibiotics and toxic substrates across 

the cell membrane to outside of the cell. Thus increase the expression of efflux pump genes 
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in bacterial cell increase the MIC values of antibiotics and decrease the level of antibiotics 

inside the cell. Total six different types of antibiotic resistance efflux pump have been 

reported and among them, RND efflux pumps are responsible for β-lactam antibiotic 

resistance in gram-negative bacteria.  MexAB-OprM RND type efflux pump played an 

important role in carbapenem resistance in Pseudomonas spp. (Fernandez and Hancock, 

2012). 

 

Figure 3: Mechanisms of resistance of β-lactam antibiotics in gram-negative bacteria  

This diagram shows the mechanism used by gram-negative bacteria confer resistance to β-lactam antibiotics, 

which include enzymatic inactivation, activation of different types of efflux pumps, porins channel and 

alteration of β-lactam binding sites in the cell (Modified from Wanda, 2018).  

iii. Penicillin-binding protein: Penicillin-binding protein is the first target of β-lactam 

antibiotics and due to mutation in PBP site the antibiotic molecule is unable to bind to 

them and this type of resistance mechanism observed in gram-negative and gram-positive 

bacteria (Zapun et. al., 2018). Due to this alteration or mutation Staphylococcus aureus 

show, methicillin resistance and Pneumococci show penicillin resistance (Grebe and 

Hakenbeck, 1996).  
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VI. Beta-lactamases  

Enzymes are able to reduce the activation barrier of a reaction, thus accelerating 

reaction rates by many orders of magnitude. For this elemental ability, enzymes are both 

essential and ubiquitous in all the kingdoms of life (Wilcox, 1996 and Schenk, et. al., 

2012). Enzymes can catalyze diverse reactions, being involved in a wide range of chemical 

pathways. For example, hydrolases are enzymes that can hydrolyze ester or amide bonds in 

specific substrates. Hydrolytic enzymes are involved in many physiological pathways and 

are necessary to recycle metabolites needed by the cells (Wilcox, 1996; Schenk, et. al., 

2012 and Meyers, et. al., 1996). Among them, the enzyme β-lactamases are produced by 

both gram-positive and gram-negative bacteria and they hydrolyzed amide bond of the 

four-membered β-lactam ring of penicillin, cephalosporin, monobactam and cephalosporin 

group of antibiotics, destroying their antimicrobial activity (Wilcox, 1996; Schenk, et. al., 

2012; Mitic et. al., 2006). In the case of gram-negative bacteria, they accumulate in the 

periplasmic space of cell wall, whereas in the case of gram-positive bacteria, they get 

excreted from the cell (Ghuysen, 1991).  

Presently, more than 850 types of β-lactamases have been recognized, we speculate 

that the fast replication rate, recombination rates, and high mutation frequency allow 

bacteria to adapt to novel β-lactams by the evolution of these β-lactamases (Perez et. al., 

2007).  

VII. Classification of beta-lactamases  

Beta-lactamases have been classified based on various criteria such as relative rates 

of hydrolysis and inhibition of β-lactamases by various compounds and their relation to 

molecular structure and functional properties. The molecular structure (sequenced based) 

classification of β-lactamases enzyme was proposed by Ambler (Ambler, 1980) and also 

called the ambler classification. It is based on amino acid sequence and the nature of the 

catalytic site. It distinguishes four different classes of the β-lactamases, where class A, C 

and D contain evolutionary distinct serine β-lactamases and class B contains Zinc metal 

ions (Table 3) (Ambler et. al., 1991). The second classification of β-lactamases was 

functional classification and it proposed by Bush, Jacoby-Medeiros (Bush and Jacoby 

2010) and known as Bush Jacoby classification. It is more complex and based on substrate 
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affinity and inhibition properties. According to functional classification, the β-lactamases 

enzyme is divided into four major groups (group 1 to 4), with multiple subgroups. On the 

basis of functional classification metallo-β-lactamases placed in group 2f and 3 (Table 3). 

Table 3: Classification of β-lactamase enzymes (Bush et. al., 2010) 

 

Ambler class 

Bush Jacoby-

Medeiros group 

 

Active site 

 

Enzyme Type 

 

Substrate 

 

A 

 

2b, 2be, 2br, 2c, 

2e, 2f 

 

Serine 

ESBL  

(TEM, SHV, CTX-M) 

Penicillins, 3  generation 

Cephalosporins 

Carbapenemase 

(KPC, GES, SME) 

All beta-lactams 

B 3 Zn binding 

thiol group 

Carbapenemases 

(NDM, IMP, VIM) 

All beta-lactams 

 

C 

 

1 

 

 

Serine 

 

AmpC, CMY, FOX 

Cephamycins, 3rd 

Generation cephalosporins 

 

1e 

 

GC1, CMY-37 

Cephamycins, 3rd 

Generation cephalosporins 

 

 

 

D 

 

 

 

2d 

 

 

 

Serine 

ESBL (OXA) Penicillins, 3rd generation 

cephalosporins 

Broad spectrum 

beta-lactamases 

(OXA) 

Oxacillin, 

ampicillin, 

cephalothin 

Carbapenemases 

(OXA) 

All beta-lactams 

VII. Metallo-β-lactamases  

Metallo-β-lactamases are a class of binuclear metallohydrolases and the first 

metallo-β lactamases (B1 types) was reported in gram-positive bacteria Bacillus cereus 

(Sabath et. al., 1966; Hussain et. al., 1985). Metallo-β-lactamases have a broad substrate 

spectrum β-lactamases and it can hydrolyze virtually all β-lactams antibiotics including 

imipenem.  The metallo-β-lactamases enzymes reveal a various range of sequences 

homology with minimum 25% similarity between some enzymes (Garau et. al., 2004). X-

ray crystallographic study of metallo-β-lactamases revealed that the group is structurally 

similar and it has a characteristic αβ/βα sandwich fold with the active site (Ullah et. al., 
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1998; Concha et. al., 1996). The structural fold, a characteristic of MBLs was first 

identified in 1997 (Bebrone, 2007; Neuwald et. al., 1997). This three-dimensional fold 

structure supports up to six amino acids residues at the active site which manages either 

one or two zinc metal ions that are responsible for the catalytic mechanism. Enzymes 

belonging to the MBLs family of β-lactamases share a common three-dimensional 

structure as well as five conserved motifs in their sequences, i.e. Asp84, His116-X-His118-

X-Asp120-His121, His196, Asp221 and His263 (Bebrone, 2007; Crowder et. al., 2006; 

Daiyasu et. al., 2001). 

Based on the structural homology between two halves of the MBL protein, it has 

assumed that MBLs may have developed due to a gene-duplication. But no solid evidence 

has been established yet to substantiate such hypothesis. Rather, a solid authentication has 

been made that such beta-lactamases evolved from an ancient superfamily of 

metallohydrolases with distinct activities, called the MBL superfamily (Daiyasu et. al., 

2001). Moreover, the αβ/βα fold and a metal-binding motif in the active site are more 

conserved across the MBL superfamily, which is assumed to have evolved billions of years 

ago (Daiyasu et. al., 2001). The metal ligands present in MBLs are distinctive to enzymes 

activity, substantiate that this metal-binding motif has been specific for β-lactam hydrolysis 

(Gonzalez et. al., 2012). 

Based on the sequence homology, substrate binding ability and Zinc ion 

requirements, the MBLs are divided into three subgroups (B1, B2 and B3) based on amino 

acid similarity (Bebrone, 2007; Garau et. al., 2004; Heinz et. al., 2004; Page et. al., 2008). 

Among all the three subclasses, B1 subclass is the most prevalent and structurally most 

extensively studied class of MBLs (Bebrone, 2007; Bellais, et. al., 2002; Carfi A., et. al., 

1995). Among the class B β-lactamases the most common and biggest MBLs groups are 

B1 subgroups MBLs, which harbours some good studies MBLs such as Verona integron-

encoded metallo-β-lactamases (VIM-1) from P. aeruginosa, New Delhi metallo-β-

lactamases (NDM-1) K. pneumoniae, CcrA metallo-β-lactamases from Bacteroides 

fragilis, BcII metallo-β-lactamases from Bacillus cereus, and IMP-1 from P. aeruginosa. 

and Sao Paulo metallo-β-lactamases (SPM-1) from P. aeruginosa (Yong et. al., 2009; 

Poirel et. al., 2010; Rolain et. al., 2010; Zhang et. al., 2011; Walsh et. al., 2011; Li et. al., 

2014). Such β-lactamases efficiently hydrolyse various β-lactam antibiotics groups, which 
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included penicillin’s, cephalosporins, and carbapenems. Examples of subclass B2 is ImiS 

metallo-β-lactamases from A. veronii and CphA from A hydrophila (Segatore et. al., 1993; 

Crawford et. al., 2004) which have poor activity towards penicillins and cephalosporins 

groups of β-lactam antibiotics but easily hydrolyses the antibiotics of the carbapenems. 

Finally, subclass B3 is represented by monomeric FEZ-1 metallo-β-lactamases isolated 

from F. gormanii, and L1 metallo-β-lactamases isolated from S. maltophilia, both 

hydrolyse penicillins and cephalosporins groups of β-lactam antibiotics effectively 

(Costello et. al., 2006; Ullah et. al., 1998;  Hu et. al., 2008; Garcia-Saez et. al., 2003). 

The first NDM-1 was reported in 2009, a Swedish patient, who travelled to New 

Delhi and got infected with Klebsiella pneumonia (Yong et. al., 2009). NDM-1 belongs to 

the B1 subclass of Metallo-β-lactamase family containing two zinc ions and other divalent 

cations as cofactors. It catalyses almost all classes of β-lactam antibiotics including 

carbapenems. NDM-1 is more effective and broad in inactivating β-lactam antibiotics than 

known MBLs. The most common bacteria that make this enzyme are gram-negative 

bacteria such Enterobacteriaceae species, Acinetobacter sp., and Pseudomonas aeruginosa 

but the gene of NDM-1 can spread from one species/strain of bacteria to another by 

horizontal gene transfer (Zheng et. al., 2011). 

VIII. Environmental perspective of abundance and spread of metallo-β-lactamases    

The soil and water environment is a repository of antibiotics resistant bacteria and 

antibiotic-resistant genes, where these bacteria transmit antimicrobial resistance genes 

within the same or different genus and species. It is not yet clear whether an antibiotic-

resistant bacterium originated from the clinical setting or environment, but it has been 

confirmed that clinical setting antibiotic-resistant bacteria are also found in the 

environment setting like soil and water. The antibiotic resistance gene of the clinical 

setting and soil share almost 100% similarity and these bacteria are a source of these 

antibiotics resistance genes for human infection (Forsberg et. al., 2012). However, now it 

was confirmed that antibiotic resistance genes are an essential element of bacteria and 

these types of bacteria come from different sources into the soil and water environment and 

where they are exchanged or transfer antibiotic resistance genes within the same species or 

other species. Due to this horizontal gene transformation method, different types of 
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antibiotic-resistant bacteria are evolving and spread in human and between the various 

environments (Figure 4). 

 

Figure 4: Various routes for antibiotic resistant bacteria and gene spread from 

human activity origins to the environment  

The above figure shows the spread and dissemination routes of antibiotic resistant bacteria and gene between 

human and different environment, industry, farm animal and agriculture farm (WWTP= waste water 

treatment plants) (adapted and modified from Berendonk et . al., 2015). 

Antibiotic-resistant bacteria are present in soil and represent the evolutionary 

reservoir of resistance for most bacteria. The soil environment is the largest and most 

divergent among other types of environments. Several studies have provided evidence for 

the transmission of ARGs between soil bacteria and clinical pathogens (D'Costa et. al., 

2006).  

Some of the most dangerous clinical infections are caused by the metallo-β-

lactamase (MBL) producing bacteria (Van Duin & Doi, 2017). Some MBLs genes are 

plasmid-mediated and some are carried on smaller, independent chromosomes (Queenan & 

Bush, 2008). Plasmid-mediated MBLs producing genes include variants of New Delhi 

metallo-β-lactamase (NDM), Verona integron-encoded metallo-β-lactamase (VIM) and 

imipenem resistance metallo-β-lactamase (IMP). These MBLs producing genes are found 

in environmental samples like soil and water but they are typically found in conjunction 

with at least one of the other β-lactamase genes (Diene & Rolain, 2014; Meletis, 2016).  
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The study about MBLs type antibiotic resistance is often focused around clinical 

setting and it is an important source of MBLs and other types of ARGs or ARB and these 

MBLs producing bacteria release to the environment through the hospital sewage system to 

water and soil environment (Ray et. al., 2016; Satlin et. al., 2017). Two independent 

studies, one from Bangladesh and another one from Switzerland have reported increased 

MBLs-producing isolates downstream of hospitals (Islam et. al., 2017; Zurfluh et. al., 

2017). Untreated hospital wastewater has the main source of MBLs producing bacteria in a 

developing country, which has been reported in several studies. NDM types MBLs have 

been isolated from hospital wastewater in Seoul, South Korea (Hwang and Kim, 2018). In 

Saudi Arabia, NDM was detected in municipal wastewater (Mantilla-Calderon et. al., 

2016). In North China, NDM was detected in the final effluent of WWTP and dewatered 

sludge, which is often used in agriculture field. VIM was also identified in freshwater and 

sediment sludge samples of WWTP in Tianjin (Yang et. al., 2017). In India, NDM was not 

detected in WWTP samples, but it was identified in two treated tap water samples from 

around the Delhi city (Walsh et. al., 2011). Water samples from a first Nations Community 

in Canada also detected VIM types of MBLs in their drinking water, (Fernando et. al., 

2016). NDM types of MBLs have been isolated from surface water in the Danube River, 

Brazil (Kittinger et. al., 2016). VIM types MBLs have been isolated from water in Canada, 

Spain and Austria. Sediment sludge is also a reservoir of AR bacteria and a higher 

concentration of AR bacteria are reported than waterways (Yang et. al., 2017). A study of 

sediment soil in Mula Mutha River, India detected MBLs producing genes prevalence in 

the upstream region of a city and within the city. Whereas only one type of MBLs VIM 

was detected in the upstream region of the city and two genes of interest NDM and VIM 

were detected within the city (Marathe et. al., 2017). NDM has been also detected in 

sediment soil samples from the Scioto River watershed in Ohio, USA (Lee et. al., 2019). 

IX. Epidemiology  

Metallo-β-lactamases (MBL) producing bacterial isolates mainly Pseudomonas 

aeruginosa, Enterobacteriaceae, Acinetobacter spp. and other genera have a strong impact 

on clinical and therapeutic decisions. MBL-producing gram-negative bacteria have been 

reported continuously worldwide. Continues emergence and worldwide spreading of 

MBLs producing bacteria are becoming major threats to public health. The current 



General introduction 

15 
 

epidemiology of MBLs identification usually follows a pattern of increasing occurrences 

that are country-specific. Apparently, this depends upon multiple factors, including 

excessive use of antibiotics, dosing procedure, and clinical practices concerning the 

isolation of patients with multidrug-resistant pathogens.  

IMP-4 was the first MBL found in China, which was detected in Citrobacter 

youngae  (Hawkey et. al., 2001) and it was subsequently reported in four different 

unrelated strain of Acinetobacter spp. and Klebsiella pneumoniae (Chu et. al., 2001 and 

Mendes et. al., 2008). IMP-1 has been detected in P. aeruginosa and Enterobacter cloacae 

(Cheng et. al., 2008; Chen et. al., 2009). In 2006 in China the first VIM types MBL VIM-2 

was detected in P. aeruginosa (Wang et. al., 2006). Recently NDM-1, NDM-3 and NDM-5 

producing bacterial strain were detected and these MBLs producing strains was isolated 

from eight city hospital in China from January 2013 to December 2015. (Xiaofeng Hu et. 

al., 2017).  

IMP-1 positive P. aeruginosa and Serratia marcescens which were isolated from 

Japanese patients were first MBL positive strain detected in Japan (Watanabe et. al., 1991; 

Osano et. al., 1994). However, now in Japan, IMP-1 has been found in 

Enterobacteriaceae and other non-fermenting bacterial strain. The VIM type MBLs were 

later identified in Japan with low prevalence than that of the IMP type MBLs.  

A VIM-2 type MBL was common MBL in South Korea and it was detected in 

various gram-negative bacteria such as; P. aeruginosa, Enterobacteriaceae and 

Acinetobacter spp. (Walsh et. al., 2005; Yum et. al., 2002). Various type MBLs like SIM-

1, IMP-1 and NDM-1 were reported from South Korea and first NDM-1 producing 

Klebsiella pneumoniae was detected in 2011. 

In the Middle East region of Asia, the alleles of VIM and NDM-1 MBLs were 

identified. VIM-2 MBLs were detected in P. aeruginosa, which was isolated from Saudi 

Arabia and Iran and first NDM-1 was reported from Oman in 2011 (Al-Agamy et. al., 

2009; Khosravi et. al., 2008). 

NDM-1 and their alleles are widely spread in Indian subcontinents (Pakistan, 

Bangladesh, and Nepal). The NDM-12 and NDM-14 first appeared in Nepal. It has now 

widely identified in P. aeruginosa, Enterobacteriaceae, Acinetobacter spp. and Klebsiella 

pneumoniae (Rolain et. al., 2010; Kumarasamy (a) et. al., 2010 and Kumarasamy (b) et. 
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al., 2010). Several VIM types MBLs like VIM-2, VIM-5, and VIM-11 are highly 

widespread in Pseudomonas spp. (Castanheira et. al., 2009). IMP types MBLs identified in 

Acinetobacter baumannii and Klebsiella pneumoniae (Azim et. al., 2010). In Asian 

countries like China, Japan, Korea, India, Pakistan and Gulf countries the most common 

MBLs are IMP, VIM and NDM-1 among them VIM and NDM most predominant.  

Among the European country, Italy was the first country where MBLs were 

reported, namely the IMP-2 and VIM-1 (Chu et. al., 2001 and Cornaglia et. al., 1999). 

Various type of IMP and VIM were reported from Italy, and among them VIM-1, VIM-2 

and IMP-13 are the most common (Cornaglia et. al., 2007). The novel IMP-12, IMP-13 

and VIM-14 was also reported from Italy (Docquier et. al., 2003; Pagani et. al., 2003 and 

Mazzariol et. al., 2010). NDM-1 positive E. coli have also been reported (Poirel et. al., 

2010).  

The first MBL found in France was VIM-2 and it was detected in P. aeruginosa 

(Poirel et. al., 2000). The novel MBL IMP-19 was also reported from France, which was 

detected in Aeromonas cavial. NDM-1 and VIM-4 have been detected in a C. freundii 

bacterial isolate in a hospital patient (Poirel et. al., 2010).  

A. baumannii derived IMP MBL was detected first time in U.K. (Walsh et. al., 

2005). VIM-2 producing P. aeruginosa was identified during a British Society for 

Antimicrobial Chemotherapy Surveillance Programme (Miriagou et. al., 2010). Two 

novels VIM types MBL VIM-9 and VIM-10 was also reported from UK (49). NDM-1 

producing A. baumannii also reported (Kumarasamy et. al., 2010).  

A novel MBL IMP-5 found in A. baumannii was the first MBLs which were first 

time reported in Portugal (Da Silva et. al., 2002). The multiple MBLs containing strain was 

also reported. VIM-2 MBL was also identified in several isolates of P. aeruginosa in 1995 

(Walsh et. al., 2005). 

In Germany VIM-1 producing P. aeruginosa and Enterobacteriaceae was reported 

(Valenza et. al., 2010; Weile et. al., 2007). GIM-1 was detected in five isolates of P. 

aeruginosa from different patients in Dusseldorf (Castanheira et. al., 2004) and it’s highly 

widespread in Pseudomonas spp. and Enterobacteriaceae bacterial isolates.  
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In European countries, the most common MBLs are IMP, VIM, DIM, SIM and 

NDM and among them, VIM-2 and NDM are most common MBLs widely distributed in 

European subcontinents.   

X. Aims and Objectives 

1. To investigate the existence of imipenem resistance bacteria in river water of Karala and 

Mahananda of Jalpaiguri and Siliguri respectively, in the northern West Bengal, India. 

2. To enumerate the incidence of metallo-β-lactamase resistant bacteria in both river water 

of Karala and Mahananda. 

3. To ascertain molecular phylogeny of the metallo-β-lactamase genes carrying isolates. 

4. To characterize metallo-β-lactamase genes using molecular techniques of PCR, cloning 

and sequencing. 

5. To ascertain of metallo-β-lactamase genes with mobile DNA elements like integrons. 

6. To sequence the entire genome of a selected metallo-β-lactamase-producing bacterial 

strain Pseudomonas sp. MR 02. 

7. To elucidate additional role of blaNDM-1 genes, if any, in ampicillin catabolism.
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1.1 Introduction 

Rivers are the lifeline for all living organisms on our planet earth and they are the 

veins of our planet, through which life flows. Rivers are not only making our planet 

livable, but they also make it grossly beautiful, because they are the main important source 

of freshwater on our planet and the water of the river are invaluable useful for all living 

things such as man, animals, and plants. It is the source of drinking water, agriculture 

irrigation, power generation, transport, etc. Since human’s life depends so much upon 

rivers, it is his bounden duty to keep them clean and pollution-free. However, due to rapid 

industrialization and poor maintenance, rivers become highly polluted. Now they are 

transformed into a huge dumping area of the city and polluted rivers water are highly 

dangerous for the human race because it has become a reservoir of pathogenic microbes 

which can directly affect the human and animals.  

The river water environment is one of the most important natural bacterial habitats, 

which harbour richest bacterial diversity and it is also a major way of spreading of 

microorganisms in nature (Tamames et. al., 2010). The river is a dumping area for all types 

of wastewater and human excreta. A man-made environment like, wastewater treatment 

plant (WWTP) are the most important elements which are responsible for increasing 

pathogenic bacterial population in river water. Human waste and wastewater are 

recognized as a major source of antibiotic-resistant bacteria (ARBs) and antibiotics-

resistance genes (ARGs). In urban areas, wastewater treatment plant (WWTP) used for the 

treatment of sewage water, community and household wastewater. Wastewater treatment 

plants are removed chemical, organic and biological wastes from wastewater and sewage 

water. WWTPs are the most important collector and distributor of antibiotics resistant 

bacteria and antimicrobial resistance (AMR) genes because WWTP can only reduce the 

concentration of antibiotic resistant bacteria. WWTP is the hotspot for pathogenic 

microbes and spreader of those types of microbes because they collect microbes from 

hospital and health care sectors and dump into the river after treatment (Jury et. al., 2011; 

Bouki et. al., 2013).  

As a result of decades of use and misuse of antibiotics and other antimicrobial 

compounds, their functional metabolites, antibiotics and AMRs gene are common and 

easily distributed in the river water environments. Where they can persist for long periods 
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many enteric pathogenic bacteria and faecal bacteria, such as E. coli and Enterococci, are 

now become multiple drug-resistant, with some high drug-resistance such that infections 

cannot be easily treated. Several reports have linked hospital isolates of carbapenemase-

producing enteric bacteria to the same bacteria found in the river water that was implicated 

in a possible waterborne community salmonellosis outbreak (Akinyemi et. al., 2011) and 

recently a study of Suzuki has been found that a carbapenem resistant isolates E. coli 

belonging to CC10 and K. pneumoniae belonging to ST147 and ST11 in hospital sewage 

as well as in river water (Suzuki et. al., 2020). Water environment is not only reservoirs of 

both ARBs and ARGs rather it is also a hot spot for horizontal gene transfer enabling the 

spread of ARGs between bacterial strain and develop new antibiotics-resistant bacteria of 

human health concern and they are spreading globally, thus posing increased human health 

risks (Karkman et. al., 2018).  

Some of the most dangerous antibiotic-resistant infections are caused by MBLs 

producing Enterobacteriaceae (lactose fermenting and non-lactose fermenting), 

Pseudomonas and Acinetobacter spp., and is found worldwide (Van Duin & Doi, 2017; 

Iovleva & Doi, 2017). These MBL positive bacterial strains showed resistance against the 

antibiotics of the carbapenem group. As carbapenems (including imipenem, ertapenem, 

meropenem and doripenem) belongs to the group of β-lactam antibiotics, so the 

development of resistance to carbapenems by enzyme hydrolysis mechanism is associated 

with resistance to other β-lactam groups of antibiotics (including penicillin and all types of 

cephalosporins) (Queenan & Bush, 2007). The research work of carbapenem resistance in 

aquatic environment and hospital has shown some relationship levels of resistance. 

Harmon and his co-workers (2019) found widespread carbapenem resistant bacterial 

isolates in water obtained from the different aquatic environment including ponds, lakes 

and dam in West Coast of the United State. They identified MBLs producing isolates 

of Enterobacter asburiae and Stenotrophomonas maltophilia.  

MBLs producing bacteria have also been reported from environments other than the 

clinical (Isozumi et. al., 2012). The incidence of NDM-1 metallo-β-lactamase producing 

bacteria in environmental samples (drinking water), as  found in New Delhi has important  

implications  for  people  living  in  the  city  who  are  dependent  on  public  water  and 

sanitation facilities (Walsh et. al., 2011). The reality is that a substantial proportion of 
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urban populations dwelling in several old and sprawling new cities of India does not have 

proper sanitation system and access to clean potable water (highlighted by a recent UN 

report, accessed March 25, 2011). The existing sewerage system in urban centers in a 

metropolis like New Delhi can cater to only 60% of the population (Cairncross, 2003; 

Ensink et. al., 2008; Jamwal et. al., 2009; Baruah, 2009; Jamwal; Mittal, 2010). The rate of 

potential risks associated with the ‘oral-faecal’ transmission of bacteria accelerates with 

the standards of sanitation and facilitates the continuous spread of genetic pools carrying 

antibiotic resistance genes from one human sector to another (Mukherjee et. al., 2005; 

Mukherjee & Chakraborty 2006; Mukherjee & Chakraborty 2007). Identification of a 

significant number of NDM-1 in E. coli is an additional source of concern as it suggests 

that the resistance is being disseminated in the environment as well as in hospitals 

(Nordmann et. al., 2011).  NDM-1 producing bacteria are mainly spread via the ‘fecal-

oral’ route, the distribution of NDM-1 within the Indian subcontinent is extremely high 

may be due to poor sewage systems and pollution of rivers by city wastes (especially 

hospital wastes).  

India has become the focal point of global interest on antibiotic resistance as the 

detection of class B metallo-β-lactamases (MBLs) NDM-1 containing bacteria elsewhere 

(Walsh & Toleman, 2011). The study of Deshpande et. al., (2010) showed that NDM-1 is 

widely disseminated in the Indian subcontinent. Several studies have reported the presence 

of NDM-1 producers from different parts of India (Roy et. al., 2011; Castanheira et. al., 

2011; Sarma et. al., 2011). Several reports from many parts of India have shown the 

increasing co-production of NDM-1 with other carbapenemases among the isolates of 

Enterobacteriaceae and Acinetobacter sp. (Karthikeyan et. al., 2010; Karthikeyan et. al., 

2010; Poirel et. al., 2011, Lascols et. al., 2011). 

Pressing demand of the present time is to evaluate the spread of Metallo-β-

lactamase among both the hospital-acquired and community-acquired pathogens in the 

Indian subcontinent. It is also very much essential to extend the search in different 

environmental settings that facilitates both the evolution and trans-boundary dissemination 

of drug-resistant microbes.  

The first aim of this chapter was to isolate the imipenem resistance bacteria and 

screen MBL-producing strains from imipenem resistance isolates from Mahananda and 
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Karala River flowing through Siliguri and Jalpaiguri city respectively of West Bengal, 

India. The second aim was to phenotypically characterizing the MBLs producing bacterial 

strains.   
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1.2. Materials and Methods  

1.2.1 Work plan  

A flow diagram depicting the workflow for the sequence of the microbiological 

analysis of both river water samples has been shown in the Figure 1.1 

 

Figure 1.1: Flow diagram depicting the work flow for the methodology used in this 

study 
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1.2.2 Sampling station and sample collection from river water 

The samples were collected from different locations (n= 6) in both cities Siliguri 

and Jalpaiguri, West Bengal India. Three locations were selected from Mahananda River 

representing upstream (SSM I), midstream (SSM II) and downstream (SSM III) for Karala 

River representing upstream (SSK I), midstream (SSK II) and downstream (SSK III). Four 

river water samples from each the sampling site were collected [two samples were 

collected before the monsoon season (March and April) and two samples were collected 

after the monsoon season (November and December)]. Three grab samples, from each 

sampling site, were collected from the left, right and middle of the river. All three 

samples were mixed in equal proportion and treated as a single sample. Altogether twenty-

four composite water samples [6 sampling sites (3 sites on individual river × 2 rivers) × 1 

composite sample from each site × 4 times sampling] were collected.  

1.2.2.1 Selection of sampling station on Mahananda River 

After examination of the topographic map of Mahananda River of Northern West 

Bengal, three sampling stations were selected individually on the river (upstream, 

midstream, and downstream) for the isolation of MBLs producing strains (Figure 1.2).   

The sampling sites were the following: 

SSM I (upstream, the entry point of the river into Siliguri city and less populated urban 

region) – near Champasari (26°79´22.72″ N, 88°42´85.31″ E); the sampling site is weakly 

affected anthropogenically and less polluted. 

SSM II (midstream, under the Mahananda bridge in Siliguri city) – under the Mahananda 

bridge (26°71'97.20" N, 88°41'96.07" E) situated in the middle of the city; the influx of 

household, hospital effluents, other forms of city wastes get mixed with the midstream 

through the several city drainage outlets.  

SSM III (downstream, a point where the river leaves the main township) – under the 3rd 

Mahananda bridge Babupara (26°70'22.62″ N, 88°40'88.64″ E); at Siliguri city. 
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Figure 1.2: Geographical map showing sampling location in Siliguri West Bengal,  

         India 

(SSM I) upstream, (SSM II) midstream and (SSM III) downstream of Mahananda River 

1.2.2.2 Selection of sampling station on Karala River 

After examination of the topographic map of Karala river of Northern West Bengal, 

three sampling stations were selected individually on the river (upstream, midstream, and 

downstream) for the isolation of MBLs producing strains (Figure 1.3).  

The sampling sites were the following: 

SSK I (upstream; entry point of the river into Jalpaiguri city) – near Mohitnagar 

(26°53'10.29″ N, 88°67'02.04″ E); the sampling site is a less populated rural region. 

SSK II (midstream; the midpoint of the river in Jalpaiguri city) – near the Karala river 

bridge (26°52'80.11″ N, 88°72'60.15″ E) situated very near to the district hospital, the 
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influx of household, hospital effluents, other forms of city wastes get mixed with the 

midstream through the several city drainage outlets.  

SSK III (downstream; a point where the river leaves the main town) – near Moulayi para 

(26°48'92.01″ N, 88°73'66.68″ E) of Jalpaiguri city. 

 

Figure 1.3: Geographical map showing sampling location in Jalpaiguri West Bengal,  

         India 

(SSK I) upstream, (SSK II) midstream and (SSK III) downstream of Karala River 

1.2.2.3 Collection and transportation of water samples to the laboratory   

For sampling, sterilized screw-capped water bottles were used. The 

bottles were opened underwater, rinsed thoroughly with the river water even it was pre-

cleaned and were half-filled by opening and closing the bottles underneath the water. Total 

0.5 liter water sample was collected from each sampling point. After collection, the 

collected samples were kept in the icebox during transportation to the laboratories. The 
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minimum elapsed time between collection and analysis was not exceeding more than 24 

hrs and samples were kept in the refrigerator at 4°C, after reaching the laboratory.  

1.2.3 Preparation of antibiotic stock solutions and antibiotic plates 

The stock solutions of antibiotics were prepared by dissolving the measured 

amount of the antibiotic powder in either in sterile water or ethanol or DMSO as per the 

manufacturer’s instructions. The solutions were stored at least once a month at 20°C (Table 

1.1). 

Table 1.1: Antibiotics solution preparation 

 

Antibiotics 

 

Solubility 

Stock 

concentration 

(mg/ml) 

Working concentration 

(µg/ml) 

Imipenem Water 10 50 

Meropenem Water 20 50 

Cefepime Water 50 100 

Ceftazidime Water 50 100 

Aztreonam Water 50 50 

Ampicillin Water 100 100 

Tetracycline Ethanol 50 50 

Chloramphenicol Ethanol 50 50 

Piperacillin/Tazobactam Water 50 50 

Trimethoprim DMSO 50 50 

Levofloxacin Water 50 50 

Ciprofloxacin  Water  25 50 

1.2.4 Isolation of imipenem resistance bacteria from river water samples 

The samples were manipulated under aseptic conditions inside the laminar airflow. 

Before inoculation of the samples on to culture agar plates, water samples were 10-fold 

serially diluted using phosphate-buffered saline starting from the undiluted specimen 100 

down to 10-3. Then 100 μl from each dilution was plated onto Luria agar plates 

supplemented with imipenem (20 mg/L). This isolation technique was performed to enable 
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the isolation of the imipenem resistance. Cultured plates were incubated at 37°C for 20-24 

hrs. The resulting isolated colonies were then counted for each dilution. 

1.2.5 Screening of metallo-β-lactamase-producing eubacterial strains from imipenem-

resistant colonies 

Phenotypic and genotypic methods are used for the screening of metallo-β-

lactamases-producing eubacterial strain from imipenem resistance eubacterial isolates. The 

genotypic method remains the gold standard for the detection of MBLs. Although 

genotypic method gives more reliable and satisfactory results phenotypic methods are a 

simple and inexpensive method for the detection of MBLs producers. Whatever but I have 

used both methods for the MBLs screening in this study. Several different and modified 

phenotypic and genotypic methods have been reported but in this study, I have used two 

different phenotypic and one multiplex PCR based genotypic methods for the detection of 

MBLs positive strain. 

1.2.5.1 Phenotypic Screening 

1.2.5.1.1 Carbapenemase inhibition test 

Replica plating method was employed for phenotypic screening of MBL positive 

isolates. Discrete colonies evident on imipenem (20 µg/ml) containing MHA plates were 

numbered serially (1, 2, 3.. n). Approximately, 50 ±10 random numbers (out of >150 

discrete colonies) were generated using a research Randomizer tool 

(https://www.randomizer.org). Colonies corresponding to the random numbers were then 

picked up with the help of sterile loop and transferred to the respective grids of the first 

generation master plates of MHA plates containing imipenem (20 µg/ml). The first 

generation master plates were then replicated on the EDTA impregnated (200µl of 50mM 

EDTA solution was used) imipenem (20 µg/ml) plates and incubated at 37ºC for 24 hrs. 

Isolates that did not show any growth on EDTA impregnated plates after proper incubation 

were considered as potential MBL producers. A schematic representation of the 

carbapenemase inhibition test method shown in Figure 1.4A.  

https://www.randomizer.org/
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Figure 1.4: Schematic representation of the phenotypic screening protocol for 

metallo-β-lactamase positive bacteria  

(a) Carbapenemase inhibition test (b) Carba NP-test 

1.2.5.1.2 Carba NP test 

Carba NP test was used for phenotypic screening of MBL positive isolates, CLSI 

recommends Carba NP test as a confirmatory test for detection of metallo-β-lactamases 

enzyme production in gram-negative bacteria. Carba NP test based on the principle of 

acidimetry has been previously described by Nordmann et. al., 2013. This test is based 

on in-vitro hydrolysis of imipenem antibiotics by bacterial carbapenemase enzyme which 

is detected by a change in pH value using the indicator phenol red and the colour of the 

tube turned red to orange or yellow. 
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For Carba NP test two solutions are required one for control (solution A) and 

another one for the experiment (solution B) condition. The solution A was prepared by 

adding phenol red (0.05%) and ZnSO4.7H2O (0.1 mmol/L) to sterile double distilled water; 

pH was adjusted to 7.8 ± 0.1, and the solution was stored at 4°C. The solution B was 

freshly prepared by adding 6 mg/ml imipenem powder (in case of imipenem + cilastatin, 

the amount of imipenem standard grade powder will be double 12 mg/ml) to solution A 

and stored at 4°C till it is used. 

For Carba NP test purified one loop imipenem resistant bacteria culture was taken 

from 18 to 24 hrs grown Luria agar plates and were resuspended in 100 μl solution A (tube 

labelled as A) and one loop bacterial culture were resuspended in 100 μl solution B (tube 

labelled as B) and vortex for 30 sec. after vortexing, both the sample tube were incubated 

at 37°C for 2 hrs. The test was considered positive when solution of tube A was become 

red and solution of tube B was orange/yellow. E. coli DH5α was used as a negative control 

and schematic representation of the Carba NP test method was shown in Figure 1.4B. 

1.2.5.2 Genotypic Screening 

Multiplex PCR was used for further confirmation of MBL positive phenotype of 

the isolates that did not grow on EDTA impregnated imipenem plates and gave positive 

results in Carba NP test. This reaction refers to the use of polymerase chain reaction to 

amplify different DNA targets (genes) simultaneously (as if performing many separate 

PCR reactions all together in one reaction). This process amplifies conserved DNA 

segments of different MBL genes using multiple primers and a temperature-mediated DNA 

polymerase in a thermal cycler. All carbapenems primers pairs have to be optimized so that 

all primer pairs can work at the same annealing temperature during multiplex PCR.  

The DNA templates for multiplex PCR amplification were prepared as described by 

(Chakraborty et. al., 2013). Phonotypic MBLs positive bacterial isolates were grown in 5 

ml LB in presence of ampicillin (50 μg/ml) at 37°C for overnight, then 1 ml of overnight 

bacterial culture was centrifuged at 6000 rpm for 10 minutes, and the supernatant was 

removed and wash the bacterial pellets. The equal volume of sterile double distilled water 

was added, and mixed with the vortex. The bacterial suspension was added to boiling water 
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bath for 10 minutes, then centrifuge at 6000 rpm for 5 minutes. Finally, the supernatant 

was used as a template for PCR amplification.  

Table 1.2: Primer used in multiplex PCR for different MBLs genes screening 

Target gene Primer 

Name 

Sequence (5' to 3') Amplicon size 

(bp) 

blaIMP IMP-F GGAATAGAGTGGCTTAAYTCTC 232 

IMP-R GGTTTAAYAAAACAACCACC 

blaSPM SPM-F AAAATCTGGGTACGCAAACG 271 

SPM-R ACATTATCCGCTGGAACAGG 

blaAIM AIM-F CTGAAGGTGTACGGAAACAC 322 

AIM-R GTTCGGCCACCTCGAATTG 

blaVIM VIM-F GATGGTGTTTGGTCGCATA 390 

VIM-R CGAATGCGCAGCACCAG 

blaOXA OXA-F GCGTGGTTAAGGATGAACAC 438 

OXA-R CATCAAGTTCAACCCAACCG 

blaGIM GIM-F TCGACACACCTTGGTCTGAA 477 

GIM-R AACTTCCAACTTTGCCATGC 

blaBIC BIC-F TATGCAGCTCCTTTAAGGC 537 

BIC-R TCATTGGCGGTGCCGTACAC 

blaSIM SIM-F TACAAGGGATTCGGCATCG 570 

SIM-R TAATGGCCTGTTCCCATGTG 

blaNDM NDM-F GGTTTGGCGGATCTGGTTTTC 621 

NDM-R CGGAATGGCTCATCACGATC 

blaDIM DIM-F GCTTGTCTTCGCTTGCTAACG 699 

DIM-R CGTTCGGCTGGATTGATTTG 

blaKPC KPC-Fm CGTCTAGTTCTGCTGTCTTG 798 

KPC-Fm CTTGTCATCCTTGTTAGGCG 

Eleven pairs of primers were designed to amplify conserved fragments of carbapenem 

resistance genes with sizes from 232 to 798 bp (Table 1.2). For the blaIMP, blaSPM, blaVIM, 

blaGIM and blaSIM genes, the primers used were those as previously  
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Table 1.3:  Multiplex PCR reaction mixture  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction mixture  

set-A 
Amount(l) 

      1X PCR buffer 

(1.5mM MgCl2) 

4.5 

dNTPs mix 1.5 

IMP-F (238 pmol) 2 

IMP-R (95 pmol) 5 

VIM-F (276 pmol) 1.8 

VIM-R (66.4 pmol) 7 

SPM-F (144.5 pmol) 3.5 

SPM-R (195.7 pmol) 2.5 

Taq polymerase (2U) 2 

DNA Template 10 

ddH2O 7.2 

Total reaction mixture 50 

 
Reaction mixture  

set-C 
Amount (l) 

1X PCR buffer 

(1.5mM MgCl2) 

4.5 

dNTPs mix 1.5 

AIM-F (137 pmol) 3.5 

AIM-R (259 pmol) 2.0 

GIM-F (202 pmol) 2.5 

GIM-R (292 pmol) 1.6 

SIM-F (227 pmol) 2 

SIM-R (109 pmol) 4.5 

DIM-F (142 pmol) 3.5 

DIM-R (103 pmol) 4.5 

DMSO 3 

Taq polymerase (2U) 2 

DNA Template 10 

ddH2O 7.2 

Total reaction mixture 50 

        

Reaction mixture 

 set-B 
Amount(l) 

1X PCR buffer 

(1.5mM MgCl2) 

4.5 

dNTPs mix 1.5 

NDM-F (303 pmol) 1.5 

NDM-R (131 pmol) 3.5 

KPC-F (268 pmol) 2 

KPC-R (169 pmol) 3 

BIC-F (223 pmol) 2 

BIC-R (195 pmol) 2.5 

OXA-F (183 pmol) 2.5 

OXA-R (94 pmol) 5 

Taq polymerase (2U) 2 

DNA Template 10 

ddH2O 7.2 

Total reaction mixture 50 
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described by Ellington et. al., 2007. Another set of primers blaKPC, blaNDM, blaAIM, 

blaDIM, blaBIC, and blaOXA-48 genes are designed by Poirel et. al., 2011 (Table 1.2). 3 

multiplex reactions were defined, with no. 1 including detection of blaIMP, blaVIM, and 

blaSPM, no. 2 including detection of blaNDM, blaKPC, and blaBIC, no. 3 including the 

detection of blaAIM, blaGIM, blaSIM, and blaDIM. The reaction mixture is shown in (Table 1.3 

A, B, & C). The PCR was done in a Veriti 96 well Thermal cycler (ThermoFisher 

Scientific). The PCR was done by following the thermal-cycle profile as shown in Figure 

1.5. The chemical used in PCR reaction were purchased from Genei labs and 

ThermoFisher Scientific.    

 

Figure 1.5: polymerase chain reaction setup for multiplex PCR 

After PCR amplification, 8 μl of the amplified DNA product was electrophoresis on 

a 2.0% (w/v) agarose (Seakem LE Agarose, Loanza) gel at 100V for one hour in 1X TAE 

buffer, and a 500 bp ladder (Promega, Medison, WI), was used as a molecular size marker. 

Gels were stained with ethidium bromide for visualization. 

1.2.6 Subculturing of MBLs positive strain using Luria broth 

After the genotypic screening, all the MBL positive colonies, every single colony 

obtained from the imipenem containing plates were subcultured onto the same type of 

plates. The subculture plates of MBL positive isolates were then stored at 4°C and used 

within a month of sub culturing.   
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1.2.7 Determination of oligotrophic nature of metallo-β-lactamases positive isolates 

For determination of oligotrophic nature of MBL positive strain, the inoculums 

were prepared by transferring a single colony of 24 hrs old cultures of MBL positive 

isolates into 10 ml sterile LB in 100 ml Erlenmeyer flask. The inoculated flask was 

incubated at 37°C for overnight at shaking incubator. The culture was harvested by 

centrifuging at 3000 rpm for 5 min at 4°C and washed twice with sterile distilled water to 

remove traces of media. The washed pellet was finally suspended in 1 ml sterile distilled 

water. Aliquots of 100 µl of concentrated (1 × 108 cells/ml) cell suspension (s) were added 

separately to 10 ml of 0.1X and 0.01X Luria Broth in 10 ml Erlenmeyer flasks. The flasks 

were incubated at 37°C (without shaking). Growth was observed continuously up to 48 hrs.  

1.2.8 Antibiotics susceptibility profile of metallo-β-lactamase producing strains from 

Mahananda and Karala Rivers 

1.2.8.1 Disk diffusion assay    

Disk diffusion assay of 15 metallo-β-lactamase positive isolates (7 isolates from 

Mahananda River and 8 isolates from Karala River) was done by Kirby-Bauer method 

(Bauer et. al., 1966). For disc diffusion assay, were using 22 different antibiotics disc 

(showing in table 2.1) and each antibiotic disc were dispensed on MH (Muller-Hinton) 

agar plates inoculated with different MBL positive strains. The impregnated disc 

containing a standard amount (concentration shown in table 2.1) of each of the antibiotics 

were placed on MHA plates seeded with the MBLs positive isolates. As the bacteria grow 

during overnight incubation, the antibiotics molecules diffuse into the agar medium. The 

resistance pattern of the test organism is proportional to the zone of inhibition produced by 

the antibiotics used. According to EUCAST breakpoint (EUCAST, 2013), an isolate is 

considered resistance or sensitive to the all 22 antibiotics used and zone size ranged of 

particular antibiotics shown in table 1.4. A reference strain of E. coli DH5α MTCC 1652 

was used as a negative control. 

For disc diffusion assay commercially available antibiotic discs (HiMedia Co., 

India) were used, which was shown in table 1.4. 
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Table 1.4: List of antibiotic discs and its concentration used in this study 

 

 

Antimicrobial 

category 

 

 

Antimicrobial 

agents 

 

 

 

Antibiotics 

abbreviation 

/ Disc 

concentration 

Interpretative Criteria 

Enterobacteriaceae Acientobacter 

spp. 

Pseudomonas 

spp. 

Sen-sitive Resi-

stant 

Sen-

sitive 

Res-

istant 

Sen-

sitive 

Res-

istant 

mm  

or more 

mm  

or 

less 

mm 

or 

more 

mm 

or 

less 

mm 

or 

more 

mm 

or 

less 

 

Aminoglycoside 

Amikacin AK30 17 14 18 15 18 15 

Tobramycin TOB10 15 12 17 17 16 16 

 

 

Carbapenems 

Doripenem DOR10 NA* NA NA NA 25 22 

Ertapenem ETP10 25 22 NA NA NA NA 

Imipenem IPM10 22 16 23 17 20 17 

Meropenem MRP10 22 16 21 15 24 18 

 

 

Cephalosporins 

Cefepime CPM30 24 21 19 19 19 19 

Cefotaxime CTX30 26 22 23 14 23 14 

Cefoxitin CX30 19 19 NA NA NA NA 

Ceftazidime CAZ30 21 17 21 17 21 17 

Ceftriaxone CTR30 23 20 21 13 21 13 

 

 

Fluroquinolones 

Ciprofloxacin CIP5 22 19 21 21 25 22 

Lomefloxacin LOM10 22 18 NA NA 22 18 

Levofloxacin LE5 22 19 18 15 20 17 

Ofloxacin OF5 16 12 16 12 16 12 

Glycylcyclines Tigecycline TGC15 18 15 18 15 18 15 

penicillins  Ampicillin  AMP10 14 14 NA NA NA NA 

Ticarcillin TI75 23 23 20 14 17 17 

Amoxyclav AMC30 19 19 NA NA NA NA 

penicillins + β-

lactamase 

inhibitors 

Piperacillin-

tazobactam 

PIT100/10 21 17 21 17 21 14 

Monobactam Aztreonam AT30 24 21 NA NA 50 16 

Polymyxins Colistin CL10 NA NA 11 10 11 10 

(*NA = Not Applicable) 
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1.2.8.2 Determination of minimal inhibitory concentration (MIC) 

As the isolation concentration for imipenem resistance in this study was 20 μg/ml, 

it was important to determine the resistance levels of isolated bacteria from both river 

water samples. The antibiotic susceptibility of the metallo-β-lactamase producing strains 

was quantified through minimum inhibitory concentration (MIC) determination by broth 

dilution method, as per EUCAST 2013 and CLSI guidelines and breakpoints (EUCAST, 

2013; Wayne, 2017). In addition, positive reference strains Klebsiella pneumoniae 

producing NDM-1 and negative reference strain of E. coli DH5α MTCC 1652 were 

included. MICs of a different group of antibiotics (β-lactams, aminoglycosides, 

cephalosporins, carbapenems, chloramphenicol, fluoroquinolone, sulfonamides, and 

tetracycline) were determined by a standard broth macro dilution method, in Mueller-

Hinton broth, following CLSI guidelines and breakpoints (Wayne, 2017). The test tube 

was prepared and incubated for 24 hrs at 37°C. The inoculums used per experiment was 

104 to 105 cells /ml. MIC was determined as the lowest concentration of antibiotics that 

completely inhibited growths of the MBL producing bacterial strain in the test tube, and 

bacterial growth  detected by turbidity measurements.  

1.2.9 Study of metallo-β-lactamase activity  

The metallo-β-lactamse (blaNDM-1) activity in bacterial isolates was confirmed by 

the micro-broth-dilution method, in Mueller Hinton broth. It is based upon the comparative 

MIC values of carbapenem (imipenem and meropenem) and cephalosporin (cefepime and 

ceftazidime) were also determined in the presence of 0.4 mM EDTA and absence of 

EDTA. The test tube was prepared with Mueller Hinton broth, antibiotics, EDTA and 

MBL producing bacterial cells and test tube incubated for 24 hrs at 37°C. The inoculum 

used per experiment was 104-105 cells/ml. The metallo-β-lactamase activity was 

determined as the lowest concentration of antibiotics with fixed concentration of metal 

chelating agent that completely inhibited growths of the MBLs producing bacterial strain 

in the test tube, and bacterial growth detected by turbidity measurements. To validate the 

effect of EDTA or to serve as a control experiment, MBL positive strain were grown in 

antibiotic-free Luria broth with or without 0.4 mM EDTA (Figure A1.5 and A1.6).  
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1.2.10 Statistical analysis 

Statistical analysis (significance tests), including the t-test and standard deviation 

were done using GraphPad Quick Calcs (https://www.graphpad.com) and Excel 2016 

respectively. The t-test is used to compare whether there are significant differences 

between two independent variables (imipenem resistance bacterial population). Differences 

between variables are considered statistically significant when the P value is ≥ 0.05 

(Mathew & Farewll, 2007) 

1.3 Results and discussion 

1.3.1 Isolation and enumeration of imipenem resistant bacteria from Mahananda and 

Karala Rivers 

The abundance of imipenem resistant bacteria in the both river water was 

investigated using culture-based approaches. Water samples were taken from three 

different sites of each river. Four river water samples from each sampling site were 

collected [two samples were collected before the monsoon season (March 2015 and April 

2015) and two samples were collected after the monsoon season (November 2015 and 

December 2015)]. Water samples from three different sites of Mahananda River (SSM I, 

SSM II and SSM III) and Karala River (SSK I, SSK II and SSK III) were taken from 2-3 

meters from both riverbank, at a depth 6 inch below the surface of the water. The samples 

were serially diluted and 100 μl aliquots were plated onto Luria agar plates supplemented 

with imipenem (20 μg/ml). We have used 20 μg/ml imipenem concentration for isolation 

of imipenem resistant bacteria from river water and it has a higher concentration than the 

prescribed concentration (8 μg/ml) as per German DIN 58940 standard (Farzana et. al., 

2013) because the earlier study was showing that only 6.5 % of the total MBL-producing 

isolates exhibited ≤ 8 µg/ml MIC towards imipenem; whereas 87% exhibited MIC values ≥ 

32 µg/ml so we used a compromise concentration in between 16 and 32 µg/ml imipenem 

in Luria agar plates for obtaining more number of MBL positive isolates from the pool of 

imipenem-resistant bacteria isolated from the river water samples.  

Total twenty-four water samples [2 rivers × 3 sites on individual river × 4 times 

sampling (1 composite sampling from each site)] were collected. Numbers of imipenem 

resistant cultivable bacteria were determined after 24 hrs. The data on the total number of 

https://www.graphpad.com/
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culturable imipenem resistant bacteria of both rivers (Mahananda and Karala) in different 

sampling times for three sampling sites are shown in Figure 1.6 and Table A1.1.  

Maximum numbers of culturable imipenem resistant bacteria in both rivers 

(Mahananda and Karala) were detected in water samples of April 2015 (before the 

monsoon session) and minimum numbers were detected in fourth and last sampling times 

December 2015 (during winter session).  

 

 

Figure 1.6: Total culturable imipenem resistant bacteria isolated from Mahananda  

         and Karala River water from Siliguri and Jalpaiguri, West Bengal, India 

Total No. of imipenem resistance bacterial isolates from three different sampling sites: SSM I, SSM II, SSM 

III and SSK I, SSK II, SSK III of Mahananda and Karala River respectively. Two sampling was performed 

before the monsoon and two sampling was performed after the monsoon. 

1.3.1.1 Variation in the number of culturable imipenem resistant bacteria isolated 

from three sampling sites on Mahananda River  

In all three sampling sites, the highest no. of imipenem resistant bacteria in 

Mahananda River water (mean 6.5×103 ±SD 1032.55 CFU/ml) (Table A1.2) was detected 

in SSM II (Midstream) (Figure 1.3). While the lowest numbers were detected in SSM I 

(upstream) (mean 8.3×102 ±SD 117.57 CFU/ml) (Table A1.2) which had significantly 

lower numbers of imipenem resistant bacteria than in sampling point SSM II and SSM III 

(Table 1.5). Significant variation in the number of culturable imipenem resistant bacteria 

(Mahananda river isolates) between individual sampling points was identified using the t-

test.  
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Figure 1.7: Mean total imipenem resistant bacteria isolated from each sampling site 

on Mahananda and Karala River of Siliguri and Jalpaiguri, West Bengal,  

India 

Mean values ±SD are shown (n=4)  

Table 1.5: Pairwise comparison using the t-test showing variation between numbers 

of culturable imipenem-resistant bacteria between individual sampling 

sites of each river 

Pairwise comparison (Sampling site vs. Sampling site)  P value 

Mahananda River 

SSM I vs. SSM II 0.0332 

SSM I vs. SSM III 0.0470 

SSM II vs. SSM III 0.5768 

Karala River 

SSK I vs. SSK II 0.0086 

SSK I vs. SSK III 0.0084 

SSK II vs. SSK III 0.0630 

Significant P value ≤ 0.05 are marked in bold 
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1.3.1.2 Variation in the number of culturable imipenem-resistant bacteria isolated 

from three sampling sites on Karala River 

The number of culturable imipenem-resistant bacteria in Karala River water was 

highest in SSK III (downstream) (mean 1.05×104 ±SD 1090.07 CFU/ml) (Table A1.2) 

While the lowest number was detected in SSK I (upstream) (mean 8.7×102 ±SD 23.63 

CFU/ml) (Table A1.2) (Figure 1.7) which had significantly lower numbers of imipenem-

resistant bacteria than in sampling point SSK II and SSK III (Table 1.5). Significant 

variation in the number of culturable imipenem-resistant bacteria (Karala River isolates) 

between individual sampling points was identified using the t-test.  

1.3.1.3 Variation in the number of culturable imipenem resistance bacteria isolated 

from both Mahananda and Karala Rivers 

Comparing the both river overall, the mean numbers of imipenem-resistant 

bacterial counts were slightly higher in the Karala River water than in Mahananda River 

water and no significant variation were detected in bacterial counts between both river 

water samples (P=0.5198) using the t-test (Figure 1.8). 

 

Figure 1.8: Mean total imipenem resistant bacteria isolated from Mahananda and 

Karala Rivers in West Bengal, India 

Mean values ±SD are shown (n=12) 

0

500

1000

1500

2000

2500

3000

Mahananda River Karala River

M
ea

n
 n

u
m

b
er

 o
f 

im
ip

en
em

 r
es

is
ta

n
ce

 

b
ac

te
ri

a 
(C

F
U

/m
l)



Chapter 1 

41 
 

1.3.2 Screening of metallo-β-lactamase-producing eubacterial strains from isolates 

demonstrating imipenem resistance 

A total 665 and 832 imipenem-resistant bacterial isolates were randomly selected 

from total 1,593 and 1,237 imipenem resistant bacteria isolates from Mahananda and 

Karala River water samples for phenotypic screening of MBL positive isolates (Table A1.3 

and A1.4).  

1.3.2.1 Phenotypic screening  

1.3.2.1.1 Carbapenemase inhibition test  

A total of 665 and 832 imipenem-resistant bacterial isolates were randomly 

selected from Mahananda and Karala River water samples for phenotypic screening of 

MBL positive isolates using replica plate method. Primarily, 5.26% (35) of imipenem-

resistant bacterial isolates from Mahananda River and 4.68% (39) from Karala River were 

unambiguously selected as MBL positive strains as they did not show any growth on 

EDTA impregnated imipenem plates (Figure A1.1 and A1.2).  

 1.3.2.1.2 Carba NP test 

The Carba NP test is a biochemical test for the rapid detection of metallo-β-

lactamse production in gram-negative bacteria. We used 35 and 39 isolates for the Carba 

NP test from Mahananda and Karala River respectively, which did not show any growth on 

EDTA impregnated imipenem plates. Out of 35 from Mahananda River, seven isolates 

were detected as positive in Carba NP test and out of 39 isolates from Karala River, eight 

was detected as positive in Carba NP test (Figure 1.9). 
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Figure 1.9: Carba NP test results of Mahananda and Karala River MBLs Positive 

isolates. 

(Only positive result are shown in this figure) 

1.3.2.2 Genotypic screening of phenotypically-ascertained MBL-positive eubacterial 

strains using multiplex PCR 

Multiplex PCR was used to detect MBL genes within phenotypically ascertained 

MBL positive isolates.  Out of 35 phenotypically ascertained MBL-positive bacteria 

isolated from Mahananda River, blaNDM gene was detected in 7 (20 %) isolates only 

(Figure 1.10a).  20.51 % (8 out of 39 isolates) phenotypically ascertained MBL positive 

isolates from Karala River had blaNDM and 2.56 % (1 out of 39 isolates) had blaVIM genes 

(Figure 1.10b). Remarkably, MBL positive strains were obtained only from imipenem-

resistant bacteria isolated from midstream waters of both the rivers, and conspicuously 

absent in isolates of up-and downstream of both the rivers. 
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Figure 1.10: Agarose gel electrophoresis of multiplex PCR amplified MBLs genes and 

loaded on 2% agarose gel  

(a) lane M: molecular marker (100 bp), Lane MR 02, MR15, MR26, MR29, MR40 and MR41: PCR 

amplification of blaNDM (621 bp) from Mahananda River isolates. (b) Lane M: molecular marker, Lane 

MR24, KR01, KR04, KR07, KR22, KR23, KR26 and KR29: PCR amplification of blaNDM (621 bp) from 

Mahananda and Karala Rivers isolates. Lane KR25: PCR amplification of blaVIM (271 bp) from Karala River 

isolates.  
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1.3.3 Determination of the oligotropic nature of metallo-β-lactamase-positive isolates  

Facultative oligotrophic bacteria have the flexibility to grow in less as well as the 

nutrient-rich media. For the detection of the facultative oligotrophic nature of MBLs 

producing strains, all MBL positive isolates grown in 0.1X and 0.01X Luria broth and 

growth was observed after 24 hrs of incubation. Except KR29, all the MBL-positive 

isolates have shown good growth in 0.1X LB. The growth-response was different in 0.01X 

LB where five isolates (KR07, KR22, KR23, MR15, and MR20) grew well, four (KR01, 

KR04, MR40, and MR41) grew fairly and the rest have shown poor growth; (Table 1.6). 

We have classified the growth results into ‘good’, ‘fair’ and ‘poor’ growth in terms of the 

range of O.D600 values obtained for bacterial cultures after 24 h of incubation; 0.5 – 1.0, 

good; 0.2 – 0.45, fair; and 0.05 – 0.15, poor. 

Table 1.6: Determination of the oligotrophic nature of all MBL-positive bacterial 

isolates in 0.1X and 0.01X Luria Broth 

Strain name 0.1X LB 0.01X LB 

KR01 +++ ++ 

KR04 +++ ++ 

KR07 +++ +++ 

KR22 +++ +++ 

KR23 +++ +++ 

KR25 +++ + 

KR26 + + 

KR29 + + 

MR02 +++ +++ 

MR15 +++ +++ 

MR24 +++ + 

MR26 +++ + 

MR29 +++ ++ 

MR40 +++ ++ 

MR41 +++ ++ 

(+++: Good growth, ++: Fair growth, +: Poor growth). 
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1.3.4 Antibiotics susceptibility profile of metallo-β-lactamase producing strains from 

Mahananda and Karala Rivers  

Metallo-β-lactamse producing isolates were chosen for further study. A total 15 

isolates (6 from Mahananda and 8 from Karala River) were characterized by phenotypic 

method (this chapter) and molecular methods (chapter 2). The identification of metallo-β-

lactamase producing isolates was done by 16S rRNA sequencing, which is reported in 

chapter 2.  

1.3.4.1 Disk diffusion assay   

Among these 15 MBL producing isolates two isolates MR 02 and MR15 from 

Mahananda River and two isolates KR22 and KR23 from Karala River were demonstrated 

prominent resistance against 22 different antibiotics belonging to different antibiotic 

groups in disk diffusion test. The zone of inhibition of 22 different antibiotics is 

demonstrated in Figure A1.3 and A1.4 and zone diameter was represented in table 1.7 and 

table 1.8 for Mahananda and Karala River MBL isolates respectively. Zone diameter 

interpretive standard for Enterobacteriaceae, Acinetobacter and Pseudomonas spp. were 

followed according to the CLSI and EUCAST guidelines (Table 1.4). Three isolates KR04, 

KR26 and KR29 are showing sensitive against fluroquinolones antibiotics group; 

Levofloxacin and ofloxacin, sensitive pattern represented by light green color. Four 

isolates MR26, MR29, MR40 and MR41 showing intermediate resistance pattern against 

two antibiotics levofloxacin, ofloxacin and intermediate resistance pattern represented in 

table light pink colour and resistance pattern were represented by light brown color. 

Isolates KR25, KR26 and KR29 are showing a sensitive pattern against colistin antibiotics. 

 

 

 

 

 

 

 

 



Chapter 1 

46 
 

Table 1.7: Antibiotic susceptibility test results using disk diffusion methods for MBL 

producing isolates from Mahananda River 

Antimicrobial 

category 

Antimicrobial 

agents 

Average zone diameter  in mm 

MR02 MR15 MR24 MR26 MR29 MR40 MR41 

Pseudomonas 

spp. 

Myroids 
*sp. 

Acinetobacter spp. 

Aminoglycoside Amikacin 10  10  10 6  0  7  12 

Tobramycin 7 7 0 0 0 13  0 

 

Carbapenems 

Doripenem 0 0 15 NA NA NA NA 

Ertapenem NA NA 13 NA NA NA NA 

Imipenem 10  10 18 17 17 13 13 

Meropenem 0 0 16 14 14 14 14 

 

 

Cephalosporins 

Cefepime 0 0 13 16  13 10 14 

Cefotaxime 0 0 13 12 11 10 18  

Cefoxitin NA NA 12 NA NA NA NA 

Ceftazidime 0 0 8 13 0 0 10 

Ceftriaxone 0 0 8 14  10 9 15  

 

Fluroquinolones 

Ciprofloxacin 0 0 16 19  17 11 20 

Lomefloxacin 0 0 14 NA NA NA NA 

Levofloxacin 0 0 18 20 (S) 17(S) 17(S) 19(S) 

Ofloxacin 0 0 16 NA NA NA NA 

Tetracycline Tigecycline NA NA 14 13 15 14 15 

 

Penicillins 

Ampicillin  NA NA 12 NA NA NA NA 

Ticarcillin 0 0 14 18 9 14 16 

Amoxyclav NA NA 13 NA NA NA NA 

Penicillins + β-

lactamase 

inhibitors 

Piperacillin-

tazobactam 

13 13 20 20 18 11 21 

Monobactam Aztreonam 0 0 12 NA NA NA NA 

(No guide line for Myroids sp. ‘Red brown’ Resistance, ‘light pink’ Intermediate, and light 

green’ Sensitive, NA= Not Applicable)  
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Table 1.8: Antibiotic susceptibility test results using disk diffusion methods for MBL 

producing isolates from Karala River. 

Antimicrobial 

category 

Antimicrobial 

agents 

Average zone diameter  in mm 

KR01 KR04 KR07 KR22 KR23 KR25 KR26 KR29 

Proteus 

spp. 

Escherichia spp. Pseudomonas 

sp. 

Acinetobacter 

spp. 

Aminoglycoside Amikacin 0 0 0 14 0 13 18 18 

Tobramycin 0 8 0 9 0 12 18 22 

 

Carbapenems 

Doripenem NA NA NA NA NA 0 NA NA 

Ertapenem 11  13  10 0 0 NA NA NA 

Imipenem 13 13 17 0 12 9 17 17 

Meropenem 11 13 17 7 8 0 13 16 

 

 

Cephalosporins 

Cefepime 0 8 0 0 0 0 11 11 

Cefotaxime 20 20 18 0 0 0 14 0 

Cefoxitin 14 12 14 0 0 NA NA NA 

Ceftazidime 0 0 0 0 0 0 0 0 

Ceftriaxone 14 8 8 0 0 0 10 10 

 

 

Fluroquinolones 

Ciprofloxacin 17 17 18 0 0 12 17  17 

Lomefloxacin 11 10 11 0 0 0 NA NA 

Levofloxacin 0  20 0 8 0 0 20 31 

Ofloxacin 0  16 12 0 0 0 19 18 

Tetracycline Tigecycline 0 9 14 0 0 NA 26 25 

 

Penicillins 

Ampicillin 10 0 17 0 0 NA NA NA 

Ticarcillin 0 9 14 0 0 0 14 14 

Amoxyclav 13 20 11 0 0 NA NA NA 

Penicillins + β-

lactamase 

inhibitors 

Piperacillin-

tazobactam 

13 21 25 0 0 0 22 36 

Monobactam Aztreonam 0 12 18 0 0 0 NA NA 
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1.3.4.2 The MIC of MBL-positive isolates 

Antimicrobial susceptibility testing revealed that all the 15 MBL producing isolates 

from both river exhibited resistance to ten different groups of antibiotics when compared 

with the CLSI guideline. MICs results for individual Mahananda and Karala River isolates 

are shown in Table 1.9 and Table 1.10 

After identifying the MICs of seven MBL producing Mahananda River isolates, it 

was found that the MIC to imipenem among these isolates ranged from between 64 to 160 

µg/ml and the MIC to meropenem are ranging between 100 to 650 µg/ml. MR26 and 

MR29 showing less MICs value against all the antibiotics in respect to other isolates. MR 

02 bacterial strain showing unexpected high MICs value against 11 different classes of 

antibiotic group which is used in this study. The highest MICs value was observed in all 

the 7 MBL-positive isolates of Mahananda River against the ampicillin antibiotic.    

The MICs of eight MBL producing Karala River isolates were determined. The 

MICs to imipenem among these isolates ranged from between 8 to 2700 µg/ml. the highest 

MIC value against the imipenem were recorded in KR22 strain and lowest value recorded 

in KR29 strain. KR22 bacterial strain was showing high MIC value against all the 

antibiotics which used in this study and KR29 showing low MICs value among these 

isolates. Two Karala River MBL-positives isolates KR22 and KR23 showing unexpected 

high MICs value against 11 different classes of antibiotic group which is used in this study. 

The highest MICs value was also observed in all Karala River MBL-positive isolates 

against the ampicillin antibiotic.  

In MICs test, all the 15 MBL-positive isolates showing MIC value above the 

resistance cut value. 
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Table 1.9: Minimal inhibitory concentration of MBL producing isolates from   

Mahananda River 

Antimicrobial 

category 

Antimicrobial 

agents 

MIC (μg/ml) 

MR 02 MR15 MR24 MR 26 MR29 MR40 MR41 

Aminoglycosides Neomycin 600 600 16 32 32 64 8 

 

Carbapenems 

Imipenem 160 160 80 80 80 64 100 

Meropenem 650 650 100 400 400 200 300 

Extended-

spectrum 

cephalosporins 

Cefepime 1600 1600 800 600 600 600 1200 

Ceftazidime 1600 1600 800 800 800 800 1600 

 

Fluoroquinolones 

Levofloxacin 600 600 8 8 8 128 64 

Ciprofloxacin 750 750 8 8 8 512 512 

Folate pathway 

inhibitors 

Trimethoprim 256 256 256 1500 1500 512 512 

Macrolides Azithromycin 512 512 512 512 512 512 512 

Penicillins Ampicillin >10000 >10000 2900 1000 1000 2100 5000 

Penicillins + β-

lactamase 

inhibitors 

Piperacillin/ 

Tazobactam 

 

≥5000 

 

≥5000 

 

800 

 

900 

 

900 

 

800 

 

2600 

Phenicols Chlorampheni-

col 

750 750 32 4 4 16 32 

Tetracyclines Tetracycline 512 512 32 32 32 16 32 

Polymyxins Colistin 64 64 32 16 16 32 32 
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Table 1.10: Minimal inhibitory concentration of MBL producing isolates from Karala 

River 

Antimicrobial 

category 

Antimicrobial 

agents 

MIC (μg/ml) 

KR01 KR04 KR07 KR22 KR23 KR25 KR26 KR29 

Aminoglycosides Neomycin 256 256 256 512 256 512 16 16 

 

Carbapenems 

Imipenem 800 200 315 2700 1750 800 150 8 

Meropenem 900 512 512 3400 2200 1200 100 16 

Extended-

spectrum 

cephalosporins 

Cefepime 6500 7000 5500 7000 4000 3000 2000 200 

Ceftazidime 8000 9000 7000 9000 8000 5500 3000 300 

 

Fluoroquinolone

s 

Levofloxacin 32 16 128 128 128 128 8 8 

Ciprofloxacin 128 128 64 64 64 64 8 8 

Folate pathway 

inhibitors 

Trimethoprim 5000 >5000 >5000 >5000 >5000 3000 5000 4000 

Monobactams Azithromycin 3000 2000 6000 3000 2000 2000 32 64 

Penicillins Ampicillin >1000

0 

>10000 >10000 >10000 >10000 7000 5000 3000 

Penicillins + β-

lactamase 

inhibitors 

Piperacillin/ 

Tazobactam 

 

6000 

 

6000 

 

3000 

 

9000 

 

4000 

 

2800 

 

800 

 

256 

Phenicols Chlorampheni

-col 

128 128 128 256 256 16 16 64 

Tetracyclines Tetracycline 128 128 128 128 128 8 16 64 

Polymyxins Colistin 1024 1024 256 256 256 64 64 64 

1.3.5 Study of metallo-β-lactamase activity 

The MBLs activities were determined by the micro dilution method in the presence 

and absence of EDTA. The MIC values of carbapenem (imipenem and meropenem) and 

cephalosporin (cefepime and ceftazidime) were determined in the presence of 0.4mM 



Chapter 1 

51 
 

EDTA to demonstrate the reduction in the blaNDM and blaVIM activity due to metal 

chelating.  

The sub-inhibitory concentration of EDTA further reduced the MIC values of 

Mahananda River MBL producing isolates; MR 02/MR15, MR24, MR26, MR29, MR40 

and MR41 by 20, 160, 320, 320, 8 and 12 folds for imipenem, 5, 100, 100, 100, 3 and 18 

folds for meropenem 2, 75, 800, 800, 36 and 75 folds for cefepime and 2.5, 75, 200, 200, 

50 and 100 folds for ceftazidime antibiotic respectively. Whereas in the case of MR 

02/MR15, MR40 and MR41 the MIC values were reduced but the resistant pattern 

remained unshakable for carbapenem (imipenem and meropenem) and cephalosporin 

(cefepime and ceftazidime). The MIC value of Mahananda River MBL producing isolates 

in the presence and absence of EDTA represented through bar graph in Figure 1.11.
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Figure 1.11: MBL activity detection in Mahananda river MBL producing isolates 

The sub-inhibitory concentration of EDTA further reduced the MIC values of 

Karala River MBL producing isolates; KR01, KR04, KR07, KR22, KR23, KR25, KR26 

and KR29 by 16, 4, 2, 1.7, 1.7, 400, 75 and 8 folds for imipenem, 28, 3.9, 9, 2.1, 2.1, 150, 

100 and 16 folds for meropenem 2, 1.6, 1.7, 3.2, 2, 750, 500 and 50 folds for cefepime and 

4, 3.4, 1.3, 1.5, 1.3, 750, 375 and 37.5 folds for ceftazidime antibiotic respectively. 

Whereas in the case of KR01, KR04, KR07, KR22 and KR23 the MIC values were 

reduced but the resistant pattern remained unshakable for carbapenem (imipenem and 

meropenem) and cephalosporin (cefepime and ceftazidime) but in case of KR25, KR26 

and KR29 the MIC values were reduced to equal of resistance cutoff level or below cutoff 

level and resistance pattern were converted into sensitive type. The MIC value of Karala 

River MBL producing isolates in the presence and absence of EDTA represented also 

through a bar graph in Figure 1.12. 

Therefore, in summary, the metallo-β-lactamase activity indicate that four MBL 

producing isolates MR 02, MR15, MR40 and MR41 from Mahananda river and five MBL 

producing isolates KR01, KR04, KR07, KR22 and KR23 from Karala river have extra 

antibiotics resistance gene than NDM which is helping in to increasemeant of the MIC 

values of carbapenem and cephalosporin group of antibiotic.     
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Figure 1.12: MBL activity detection in Karala River MBL producing isolates  

MIC value of two cephalosporin cefepime (CPM), Ceftazidime (CAZ) and two carbapenem Imipenem 

(IMP), Meropenem (MRP) antibiotics in the presence and absence of metal chelator EDTA (0.4mM) and the 

MIC value expressed in µg/ml 

1.4 Conclusion 

Several conclusions can be drawn from this study and our study showed that 

carbapenemase-producing bacteria are present in both rivers water. The blaNDM producing 

strain was widely distributed in both river water samples. The lowest numbers of culturable 

imipenem-resistant bacteria were detected in a less populated area (SSM I and SSK I) in 

both rivers. All the MBLs producing strain were detected in the most populated area (SSM 

II and SSK II) where dumping mostly treated and untreated city wastewater and clinical 
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wastes. Overall the current results support the hypothesis that city-waste polluted rivers 

might represent an important reservoir.   

We assessed various methods for the screening of MBLs producing strain from 

imipenem-resistant bacteria and showed that the multiplex PCR method was the most 

sensitive for the detection of MBL genes in culturable imipenem-resistant river water 

isolates. Conversely, all three methods had similar sensitivities for the screening of MBLs 

producing strain in river water isolates.  

The overall comparative analysis of both rivers, no significant variation was 

observed in the mean number of culturable imipenem resistant bacterial counts. We can 

detect some factors which affect the occurrences of culturable imipenem-resistant bacteria 

in water environments. However, as there were raining events and winter temperature drop 

down takes place, our power to detect an effect was limited. These findings can be utilized 

in the future to improve efficiency in detection of imipenem-resistance bacterial detection 

in water environments. 

On the basis of this study, we can conclude that hospital waste and municipal 

effluents are the main players to increase pollution and antibiotics resistance in bacteria 

present in river water environments.    
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2.1 Introduction 

Carbapenems (Imipenem, Ertapenem, Doripenem and Meropenem) are members of 

a group of β-lactam antibiotics are the last choice to treat multidrug-resistant (MDR) 

bacteria such as Acinetobacter, Pseudomonas, Escherichia and Klebsiella species 

(Nicolau, 2008). However, some strains of these bacterial genera have now developed 

resistance mechanism against the carbapenem antibiotics. The mechanisms of resistance 

are variable in gram-negative bacteria and include the production of metallo-β-lactamases 

enzymes (the most important mechanism), PBPs (penicillin-binding proteins) and the 

higher expression of efflux pumps (Poirel & Nordmann, 2006). In Pseudomonas 

aeruginosa carbapenems resistance is also developed by a mutation in OprD porin genes 

leading to a decrease in outer membrane-activeties and specially developing a barrier for 

imipenem antibiotics (Eichenberger et. al., 2019). 

The development of metallo-β-lactamase enzymes and their spread among 

environmental and clinical gram-negative bacteria have detrimental consequences in the 

treatment of infections. MBL enzymes provide resistance not only to all β-lactams 

antibiotics group but it also to other groups of antibiotics, especially in the case of NDM-1 

in Enterobacteriaceae and Pseudomonas spp. (Livermore, 2009). This pattern of resistance 

has led to the development of pandrug resistant bacteria species which are untreatable and 

associated with high mortality rates (Zhi-Wen et. al., 2015). Enterobacteriaceae and gram-

negative bacteria developed resistance mechanism to carbapenems by acquiring 

carbapenemase and MBL genes like KPC, OXA, VIM and NDM (Codjoe & Donkor, 

2017).  

The emergence of strains producing different types of MBLs has been observed in 

several countries. In the United Kingdom <1% Enterobacteriaceae developed resistance 

mechanism against the carbapenem by different MBL enzymes (that is 10 fold less 

prevalent than ESBLs) but in India, 5-18.5% Enterobacteriaceae developed resistance 

mechanism against the antibiotics of the carbapenem by New Delhi metallo-β-lactamase-1 

(NDM-1)enzymes (Perry et. al., 2011; Bharadwaj et. al., 2012; Lascols et. al., 2014). In 

the USA 1.6% and <1% Enterobacteriaceae have VIM and NDM MBLs enzymes 

respectively, which make resistance to bacterial cells against the antibiotics of the 

carbapenem (CDC, 2013; Chae et. al., 2018). Despite their overall infrequency in India 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5845868/#B29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5845868/#B5
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local clusters of MBLs producers are Enterobacteriaceae, Pseudomonas 

aeruginosa, Klebsiella pneumoniae and Acinetobacter spp. with VIM and NDM enzymes 

(Van Duin & Doi, 2017). 

Since the discovery of NDM-1 to date, till now (2019) 24 variants of New Delhi 

metallo-β-lactamse have been identified (http://www.lahey.org/Studies/other.table1). 

These MBLs variants have been mainly identified in Acinetobacter, Klebsiella and 

Escherichia species and were found to have variation either by more than one residue at 

different positions or by replacing single amino acid. The most widespread variants were 

identified in India and their sub-continent, are NDM-1, NDM-4, NDM-5, NDM-6, and 

NDM-7 (Khan et. al., 2017) 

The first aim of this study was phylogenetic characterization of metallo-β-

lactamase (MBLs) producing eubacterial strain from both rivers water (Mahananda and 

Karala River) and the second aim was to amplify full-length amplicons of NDM to confirm 

the prevalence of NDM variants.  

2.2 Matterials and methods 

2.2.1 Extraction of crude cell lysate containing DNA 

DNA extraction was performed by a method, earlier described method by 

Chakraborty et. al., (2013), taking one loopful colony from a plate and transfer into 1.5 ml 

microcentrifuge tube containing 200µl sterile distilled water. The cells were mixed by 

tapping or small vortexing for 10-15 seconds and heated using a water bath at 1000C for 5 

minutes followed by centrifugation at 6000 rpm for 5 minutes. The supernatant containing 

DNA was used as DNA template in PCR reaction to amplify 16S rRNA gene sequences 

and full length blaNDM genes.  

2.2.2 Amplification of 16S rRNA gene sequences of MBL producing strains 

Amplification of 16S rRNA was done using 27F (5'-

AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') 

universal primers following previously described method by Kumar et. al., (2010). PCR 

primer was synthesized from Eurofins genomics Bangalore India.  

http://www.lahey.org/Studies/other.table1
https://www.frontiersin.org/articles/10.3389/fmicb.2018.00407/full#B16
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PCR amplification was formed in 25 µl reaction volume. Each 25 µl PCR mix 

contains; 2μL of 10X buffer containing 15mM MgCl2, 1.5μL of 10mM dNTP mix, 6 pmol 

of each primer, 8μL of template DNA and 1.25 U Taq DNA polymerase. The PCR was 

done in a Veriti 96 well Thermal cycler (Thermo Fisher Scientific). The PCR was done by 

following the thermal-cycle profile as shown in Figure 2.1. The chemical used in PCR 

reaction were purchased from Genei, ThermoFisher Scientific.  

 

Figure 2.1 Polymerase chain reaction setup for 16S rRNA. 

2.2.3 PCR amplification of complete ORF of blaNDM genes from MBLs producing 

bacterial isolates 

The complete coding DNA sequence of blaNDM was amplified using EcoRI-NDM-F 

(5′-GGGAATTCATGGAATTGCCCAATATTATG-3′) and PstI-NDM-R (5′-

AACTGCAGTCAGCGCAGCTTGTCGGCCAT-3′) as the forward and reverse primer 

following the method described earlier (Tada et. al., 2014). 

PCR amplification was formed in 25 µl reaction volume. Each 25 µl PCR mix 

contains; 2μL of 10X buffer containing 15mM MgCl2, 1.5μL of 10mM dNTP mix, 6 pmol 

of each primers, 5μL of template DNA and 1.25 U Taq DNA polymerase (Genei India), 

and made up total volume of 25 µl with sterile double distilled water.. The PCR was done 

in a Veriti 96 well Thermal cycler (Thermo Fisher Scientific). The PCR was done by 

following the thermal-cycle profile as shown in Figure 2.2.  
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Figure 2.2 Polymerase chain reaction setup for full length ORF of blaNDM genes 

2.2.4 Detection of amplified 16S rRNA and blaNDM PCR products using agarose gel 

electrophoresis  

After PCR amplification, 5 μl of the amplified DNA product to be electrophoresed 

was mixed with the loading dye (1µl) (Genei India) and pipette into wells within the 1.0% 

(w/v) agarose (Seakem LE Agarose, Loanza) gel, and a 500 bp ladder (Promega, Medison, 

WI), was used as a molecular size marker. Gels were stained with ethidium bromide for 

visualization. DNA was electrophoresed at 80-100V. The resulting amplified DNA 

fragments were visualized using a UV transilluminator at 302 nm. 

2.2.5 Cloning of PCR amplified 16S rRNA and blaNDM PCR products for sequencing  

The pGEM–T Easy Vector System (Promega Corporation, Madison, USA) was 

used for the cloning purpose of 16S rRNA and NDM amplified PCR products. For cloning, 

ligation mixture was prepared according to the manufacturer’s instructions and then 

transformed into competent E. coli DH5α cells following heat shock method  

2.2.5.1 Preparation of competent E. coli DH5α by CaCl2 method 

The competent cells prepared by Madel and Higa classic experimental protocol 

(Mandel and Higa, 1970). Overnight grown E. coli DH5α cells (0.01%) were inoculated in 

10 ml LB fresh flask and incubated at 37°C until the optical density at 600 nm reached 0.5-

0.6. Thereafter, the cells were chilled on ice for 10 min and transfer to pre-chilled 1.5 ml 

microcentrifuge tube. The cells were harvested via centrifugation at 4200 rpm for 10 min 

at 4°C. The supernatant was discarded gently. The cell pellet was resuspended in 1.5 ml 

ice- cold CaCl2 solution (100mM) and incubated for 45 min on ice. Finally, the tubes were 
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centrifuged as above, and the pellets were resuspended in fresh 300 µl ice cold CaCl2 

(100mM) solution.   

2.2.5.2 Transformation 

The chemically prepared competent cells were transformed with the ligated vector 

via heat shock method. 10 µl ligated DNA mixture was added aseptically to the 100 µl 

competent cells and mixed by gentle tapping. Thereafter, the tubes were incubated on ice 

for 45 min, followed exposure to heat shock at 42°C for 90 seconds. After the heat shock, 

the tubes were rapidly transferred on ice for 1-2min and to it, 300 µl sterile LB was added. 

The cells were incubated at 37°C for 45 min. Post incubation 100 µl transformed cells were 

spread onto the LB plates under appropriate selection pressure. The plates were incubated 

at 37°C for overnight.    

2.2.5.3 Selection of recombinant strain 

The recombinants were selected by the complementation method (by blue-white 

screening). Blue-white screening enabled to discriminate recombinant plasmids (white-

colored colonies) from non-recombinant (blue colored colonies). Recombinants were 

confirmed for the presence of the required insert by a PCR reaction using T7 (5'-

TAATACGACTCACTATAGGG-3') and SP6 (5'-ATTTAGGTGACACTATAG-3') 

primers. PCR amplification was formed in 25 µl reaction volume. Each  10 µl PCR mix 

contains; 1μL of 10X buffer containing 15mM MgCl2, 0.75 μL of 10mM dNTP mix, 6 

pmol of each primers, 1 μL of template DNA and 1 U Taq DNA polymerase (Genei India), 

and made up a total volume of 10 µl with sterile double distilled water. The PCR was done 

in a Veriti 96 well Thermal cycler (ThermoFisher Scientific). The PCR was done by 

following the thermal-cycle profile as shown in Figure 1.3. The chemicals used in PCR 

reaction were purchased from (Genei India) and ThermoFisher Scientific. 

2.2.6 DNA sequencing, alignment and analysis of 16S rRNA gene and blaNDM genes  

PCR products were sequenced by Eurofins Genomics Pvt. Ltd. (India) and 

SciGenom Labs (India), using Sanger sequencing. The sequence data were assembled and 

aligned after removing the vector sequences. Vector sequences were removed from both 

the ends via Vecscreen online tool (www.ncbi.nih.gov) and for sequence alignment offline 

tool MEGA X (Molecular Evolutionary Genetics Analysis) was used. The 16S rRNA gene 

sequence of each of the isolate was used as a query to search for the homologous sequence 

http://www.ncbi.nih.gov/
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in the nucleotide sequence databases by using BlastN 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) program (Altschul et. al., 1997) and BlastP 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used for blaNDM gene homology study.  

2.2.7 16S rRNA gene sequences based phylogenetic analysis  

The 16S rRNA sequences showing high similarities were retrieved from the 

GenBank database and were aligned with 16S rRNA gene sequences of the isolate by using 

CLUSTAL W in MEGA X software. MEGA X was used for the generation of 

phylogenetic trees. The evolutionary distances were calculated according to the Kimura 2-

parameter method.  All phylogenetic trees were constructed by the NJ (neighbor-joining) 

method. Tree topology was evaluated by the bootstrap analysis (based on 1000 re-

samplings).  

2.3 Results and discussion 

2.3.1 PCR amplification, sequencing and gene sequence identification of DNA for 16S 

rRNA genes from MBL producing isolates from Mahananda and Karala River  

 DNA was extracted and PCR amplifications were performed using primer 27F and 

1492R targeting the 16S rRNA gene. 16S rRNA genes were amplified from the fifteen 

MBL producing isolates from both river Mahananda and Karala. The PCR products were 

cloned in pGEM-T Easy vector prior to sequencing. Sequence analysis of these products 

showed that these PCR products were specific and related to the 16S rRNA gene by 

BLASTN program of the NCBI database. Fully constructed 16S rRNA gene sequence of 

the all MBLs positive isolates were deposited in NCBI database (Table 3.1). These 

sequences were used as query to search for homologues in the NCBI database by running 

BLASTN program. After Blast analysis of 16S rRNA sequences indicated that the seven 

Mahananda river MBL producing isolates under study fell in three bacterial genera, 

namely, Acinetobacter, Myroides and Pseudomonas. Two isolates MR 02 and MR15 

belonged to Pseudomonas, one isolates KR24 belonged to Myroides and four isolates 

KR26, KR29, KR40 and KR41 belonged to Acinetobacter genera.  

 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 2.1: 16S rRNA gene identification of MBL producing bacteria isolated from 

Mahananda and Karala River 

Genus and 

species 

identification 

Phylum (class) Number 

of 

isolates 

Identity % 

with closest 

related 

species 

sequence 

Strain 

name 

NCBI 

Accession 

number 

 

 

 

Acinetobacter 

sp. 

 

 

 

Proteobacteria 

(Gammaprotteobacteria) 

 

 

 

 

6 

97% MR26 MN252110.1 

97% MR29 MK816859.1 

99.20% MR40 MK816860.1 

99.20% MR41 MK816861.1 

98.91% KR26 MK490975.1 

99.53% KR29 MK490976.1 

 

Escherichia 

sp. 

 

Proteobacteria 

(Gammaprotteobacteria) 

 

3 

99.54% KR07 MN252107.1 

99.54% KR22 MN252108.1 

99.54% KR23 MN252109.1 

Myroides 

profundi 

Bacteroidetes 

(Flavobacteria) 

1 99.51% MR24 MK816858.1 

 

Proteus sp. 

Proteobacteria 

(Gammaprotteobacteria 

2 99.40% KR01 MK490969.1 

99.74% KR04 MK490970.1 

 

Pseudomonas 

sp. 

 

Proteobacteria 

(Gammaprotteobacteria) 

 

3 

99.70% MR02 MF401548.1 

99.70% MR15 MN252105.1 

99.27% KR25 MK490974.1 

 Sequencing of the 16S rRNA gene from MBL producing strain isolated from Karala 

River identified 8 MBL producing bacteria. These isolates represented four genera namely, 

Acinetobacter, Escherichia, Proteus and Pseudomonas. Among these eight isolates two 

isolates KR01 and KR02 belonged to Proteus, Three isolates KR07, KR22 and KR23 

belonged to Escherichia, One isolate belonged to Pseudomonas and two isolates KR26 and 

KR29 belonged to Acinetobacter. The two MBL producing genera, Acinetobacter and 

Pseudomonas are identified as a common in the both river water. 
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2.3.2 Phylogenetic analysis 

 Phylogentic analysis of  six strains of Acinetobacter sp. together with 35 other 

similar sequences of same genus, retrieved from NCBI Genbank database were used to 

construct the phylogenetic tree to understand the nearest neighbour of the study sequences. 

The genetic divergence and homogeneity of the sequences are apparent in the phylogenetic 

tree (Figure 2.3). Trees were rooted using the genus Cellvibrio japonicus as an outgroup. 

In evolutionary comparisions with the 16S rRNA gene sequences indicated of these strain 

BlastN analysis revealed 96.94% and 98.91% similarity with KR26 and MR26 with A. equi 

strain 114 and A. puyangensis BQ-1 respectively while MR29 shared 94.93% and 95.35% 

similarity. One MBL-producing strain KR29 has shown 99.5% similarity with A. 

seohaensis SW-100. Two MBL-producing strain MR40 and MR41 strain showed 99.2% 

similarity with A.Variabilis NIPH2171. In the phylogenetic tree, isolates MR29 and MR26 

formed a complete separate cluster with KR26 supported by 100% bootstrap value. Nearest 

to them was A. equii and A. pragnesis (Figure 2.3). KR29 branched in a cluster with A. 

seohaensis while MR40 and MR41 formed separate clustered with A. variabilis (Figure 

2.3). On the basis of 16S rRNA sequence analysis and phylogentic analysis four strains 

MR26 and MR29 are same species, in the same way MR40 and MR41 are also the same 

species. All six MBL (blaNDM) producing Acinetobacter sp. from both river water revealed 

novel species.  
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Figure 2.3: Phylogenetic tree of MBL-producing strains MR26, MR29, MR40, MR41, 

KR26 and KR29 

16S rRNA sequence-based phylogenetic tree showing the position of strain MR26, MR29, MR40, MR41, 

KR26 and KR29 (bold letters) with the other species of genus Acinetobacter. Cellvibrio japonicus is used as 

outgroup. The tree was constructed using the Neighbor-Joining method. The numbers at the branching points 

are the proportion of 1,000 bootstrap resamplings, supporting the tree topology. GeneBank accession 

numbers are given in parentheses. 
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 Three (20%) MBL positive isolates KR07, KR22 and KR23 were identified as the 

members of the genus Escherichia. They exhibited 99.54% similarity with Escherichia 

fergusonii ATCC35469 and Escherichia albertii TW07627 during BlastN analysis. 16S 

rRNA phylogeny showed that they were branching with Escherichia albertii with 95% 

bootstrap confidence value (Figure 2.4). Trees were rooted using the genus Morganella 

morganii subsp. Sibonii DSM 14850 as an outgroup. 

 

Figure 2.4: Phylogenetic tree of MBL-producing strains KR07, KR22 and KR23 

16S rRNA sequence-based phylogenetic tree showing the position of strain KR07, KR22 and KR23 (bold 

letters) with the other species of genus Escherichia. Morganella morganii subsp. Siboniiis is used as 

outgroup. The tree was constructed using the Neighbor-Joining method (N-J). The numbers at the branching 

points are the proportion of 1,000 bootstrap resamplings, supporting the tree topology. GeneBank accession 

numbers are given in parentheses. 

 Only 13.33% (2 of 15) of the MBL positive isolates belonged to the genus Proteus. 

Isolate KR01 exhibited 99.4% similarity with Proteus vulgaris NCTC13145T and 99.2% 

similarity with Proteus mirabilis ATCC29906T at nucleotide level while KR04 revealed 

99.73% similarity with Proteus vulgaris NCTC13145T. In the phylogenetic tree KR04 

clustered with Proteus vulgaris but the nearest members of KR01 were P. mirabilis and P. 

columbae (Figure 2.5). Trees were rooted using the genus Morganella morganii subsp. 

Sibonii DSM 14850 as an outgroup. 
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Figure 2.5: Phylogenetic tree of MBL-producing strains KR01 and KR04 

Rooted 16S rRNA sequence-based phylogenetic tree showing the position of strain KR01and KR04 (bold 

letters) with the other species of genus Proteus. Morganella morganii subsp. Siboniiis used as outgroup. The 

tree was constructed using the Neighbor-Joining method. The numbers at the branching points are the 

proportion of 1,000 bootstrap resamplings, supporting the tree topology 

 The genus Pseudomonas was represented by 20% (3out of 15) MBL positive isolates 

(MR15, MR20 and KR25). Highest similarities at nucleotide level were recorded with P. 

mendocina NCTC10897T (99.71% similarity with KR25), P. taiwanensis DSM 21245T 

(99.6% similarity with MR 02 and MR15) and with P. plecoglossicida DSM 15088T 

(99.4% similarity with MR 02 and MR15). In the phylogenetic tree isolate KR25 branched 

in a cluster with P. mendocina but MR 02 and  MR15 clusterted together separately from 

other members of Pseudomonas (Figure 2.6). 
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Figure 2.6: Phylogenetic tree of MBL-producing strains MR 02, MR15 and KR25 

Rooted 16S rRNA sequence-based phylogenetic tree showing the position of strain MR15, MR20 and KR25 

(bold letters) with the other species of genus Pseudomonas. Cellvibrio japonicus is used as outgroup. The 

tree was constructed using the Neighbor-Joining method. The numbers at the branching points are the 

proportion of 1,000 bootstrap resamplings, supporting the tree topology. 
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One MBL positive isolates belonged to the genus Myroides. Mahananda River MBL 

positive MR24 isolate exhibited 99.51% similarity with Myroides profundi and 99.44% 

similarity with Myroides odoratimimus, at the nucleotide level while MR24 revealed 

99.17% similarity with Myroides gitamensis (Figure 2.7). The tree was rooted using the 

genus Cellvibrio japonicus as outgroup.     

 

Figure 2.7: Phylogenetic tree of MBL-producing strain MR24 

Rooted 16S rRNA sequence-based phylogenetic tree showing the position of MBL positive strain MR24 

(bold letters) with the other species of genus Myroides. Cellvibrio japonicus is used as outgroup. The tree 

was constructed using the Neighbor-Joining method. The numbers at the branching points are the proportion 

of 1,000 bootstrap resamplings, supporting the tree topology. 

 A comparison of the both river water MBLs isolates (Table 2.1) shows that 

Acinetobacter genera were common to both water environments. The other isolates 

Pseudomonas genera were only common in Mahananda river water and Escherichia and 

Proteus were only common in Karala river water samples.   

2.3.2 PCR amplification, sequencing and identification of NDM variants in MBL 

producing river water isolates 

 Genomic DNA was extracted from the MBL producing isolates and using NDM 

targeting primer for the complete ORF genes of NDM and to the identified NDM variants 
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in MBL producing strains. 813 bp PCR products of NDM genes were generated from the 

Mahananda and Karala River isolates.  

 Sequence analysis of these products from both river water isolates showed that these 

PCR products were specific and related to NDM genes. Two different types of NDM 

alleles were identified, NDM-1 and NDM-7 from both river MBL positive isolates (Table 

2.2). NDM-1 was detected in seven MBL producing isolates MR 02, MR15, MR24, MR26 

and MR29 from Mahananda River and four isolates KR01, KR04, KR26 and KR29 from 

Karala river while NDM-7 was found in MBL producing isolates KR07, KR22 and KR23 

from Karala river. 11 blaNDM-1 bearing multidrug resistant isolates belonging to four genera 

Acinetobacter, Myroides, Proteus and Pseudomonas and three blaNDM-7 bearing multidrug 

resistant isolates belonging to one genera Escherichia. The only one isolates among these 

MBL producing isolates, which bearing blaVIM-2 belonging to the genus Pseudomonas 

(gene characterized in chapter 3). 

 Overall, NDM-1 bearing Acinetobacter are most prominent isolates in both river water 

samples. In India first NDM-1 producing Acinetobacter was reported in year 2010 

(Karthikeyan et. al., 2010) and by looking at the previous study, it showed that the NDM 

producing A. baumannii strain was detected in the sewage water of the hospitals but till 

this study NDM producing Acinetobacter strain report was not done in river water or fish 

pond water. 
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Table 2.2: Identification of PCR products of blaNDM genes from Mahananda and 

Karala river MBL-producing bacterial isolates 

Strain name Organism name 

 

Types of NDM Identity 

% 

NCBI Accession No. 

MR 02 Pseudomonas sp. blaNDM-1 100 PJI70472 

MR15 Pseudomonas sp. blaNDM-1 100 MN251668 

MR24 Myroides profundi blaNDM-1 100 MK834316 

MR26 Acinetobacter sp. blaNDM-1 100 MN251666 

MR29 Acinetobacter sp. blaNDM-1 100 MN251667 

MR40 Acinetobacter sp. blaNDM-1 100 MN251664 

MR41 Acinetobacter sp. blaNDM-1 100 MN251665 

KR01 Proteus sp. blaNDM-1 100 MK834310 

KR04 Proteus sp. blaNDM-1 100 MK834311 

KR07 Escherichia sp. blaNDM-7 100 MK834312 

KR22 Escherichia sp. blaNDM-7 100 MK834313 

KR23 Escherichia sp. blaNDM-7 100 MK834314 

KR26 Acinetobacter sp. blaNDM-1 100 MK834315 

KR29 Acinetobacter sp. blaNDM-1 100 MN251671 

2.4 Conclusion 

The most abundant MBL producing genera identified were Acinetobacter (40%) 

from both river water samples and two genera Acinetobacter and Pseudomonas are 

common in both river’s water. Infection from NDM producing bacteria are now increasing 

at an unprecedented rate in many parts of India and Indian subcontinents like Pakistan, 

Bangladesh and Nepal. The NDM genes detected in the river water isolates (in the present 

study) were closely related to clinically important species. This indicates that a potentially 
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MBLs (Mainly NDM) producing strains are now spread in river water of North Bengal 

India. The very low number (1 out of 15) of VIM MBL producing bacteria was detected in 

river water samples (Chapter 3) but it is the most dangerous sign for the health sector.  

Although the percentage of NDM producing bacteria is very low, but it is dangerous which 

is forcing us to search for a solution. Otherwise in the coming days the amount of NDM 

producing bacteria in the rivers of North Bengal will be much higher and that could be a 

challenge for treatment of infected persons from North Bengal. Three strains KR07, KR22 

and KR23 are identified as the same species (Molecular level) and they grouped under 

Escherichia genera but their phenotypic characters are different. Two isolates MR 02 and 

MR15 are identified as the same species and there phenotypic character is also same but 

they are highly resistance against all the antibiotics used in this study and may support its 

role as an opportunistic pathogen. MR 02 used as a model strain for further analysis via 

whole genome sequencing (Chapter 4) and to understand the mechanism of resistance 

against all antibiotic classes.  
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Detection of class 1 integrons and molecular characterization of 

antibiotic resistance gene cassettes in MBL-producing bacterial isolates 
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3.1 Introduction 

Microbes are transformed into superbug by molecular evolution. In the molecular 

evolution, microbes are adopted to several mechanisms for its survival and to maintain 

genomic plasticity. Horizontal gene transfer (HGT) mechanism is common for molecular 

evolution in microbes. Antibiotics resistance genes are located on plasmids, transposons, 

integrons, and chromosome. Plasmid, transposons and integron have an element which 

plays major roles in horizontal transfer of antibiotic resistance genes (Schwarz & Chaslus-

Dancla, 2001). However, numerous studies have shown that many antibiotic resistance 

genes found on plasmids and transposons in Gram-negative bacteria are located at a unique 

site within the conserved DNA sequence, leading to the discovery of a new genetic- 

element called an integron. The term integron was coined by Stokes and Hall in 1989 

(Stokes & Hall, 1989; Hall & Collis, 1995). Integrons are generally located on mobile 

genetic-elements MGEs like transposons and plasmids that could serve as vehicles for the 

inter- and intra-species transmission of genes. On the basis of recent year report integron 

have played an important role in horizontal gene transfer of antibiotic resistance gene in 

bacteria.  

Integrons are genetic elements that contain a site-specific recombination system 

which is able to insert and express a specific DNA element. All integrons contain three key 

elements: an intI gene encoding an integrase, proximal primary recombination site (attI) 

and an integron-associated promoter (Pc) for driving the expression of the newly integrated 

genes (Messier & Roy, 2001; Partridge et. al., 2000; Collis & Hall, 1995). It has generally 

defined by the presence of an integrase gene (intI) and a proximal primary recombination 

site (attI) (Messier & Roy, 2001) (Figure 3.1). The integrase protein (intI) which belongs 

to a member tyrosine recombinase family is catalyzes recombination between incoming 

gene cassettes and the second core components, an integron-associated recombination 

site, attI. On the basis of location of the recombination site in integron they are of two 

types:  first attI, primary site of attachment of the gene cassettes and second attC which is 

located on the gene cassettes (Poirel et. al., 2009). These sites are recognized by the 

integrase protein, and once a gene cassette is incorporated in inetgron, then it is expressed 

by the third core feature, an integron-associated promoter, Pc. Generally most of the gene 

cassettes have no promoters preceding the genes harbored in them, making the regulation 
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of the genes within gene cassettes dependent on the upstream Pc. In class 1 integrons, 

several Pc variants have been reported on the basis of their -35 and -10 hexamer sequences 

as well as their spacer sequence, and the relative strengths of these Pc variants have been 

calculated (Papagiannitsis et. al., 2009). Apart from the Pc promoter in class 1 integron a 

second promoter P2 is located about 90bp downstream of the Pc promoter (Figure 3.1). 

Integrons capture foreign antibiotic resistance genes with the help of integrase, which are 

expressed under the control of upstream promoters. The amino acid sequence of integrase 

gene have been used as a basis for dividing integrons into classes those contain intI1 can be 

defined as class 1 integron, intI2 as class 2 integron, and int3 as class 3 integron. Total nine 

different classes of integrons have been reported but three major integron classes, classes 

1, 2, and 3, are the most commonly known to be associated with horizontally transferred 

resistance genes. 

   

Figure 3.1: General structure of class 1 integron 

The basic integron consists of the following: intI, a gene for the integron integrase; P1 and P2, an integron-

carried promoter; attI, the integron associated recombination site; attC, the cassettes associated 

recombination site; qacEΔ1, quaternary ammonium sulphate resistance gene; sul1, sulfonamide resistance 

gene; orf5, unknown function; CS, conserved segments.  

Class 1 integron has been most common and widely distributed integrons in 

multidrug resistance gram negative clinical isolates (Gillings et. al., 2014). It has been 

consisting of two conserved segments, 5’ and 3’ conserved sequences, separated by a 

variable region, which includes one or more genes (Figure 3.1). The 5’ conserved sequence 

(5’ CS) of integrons consists of three important elements for incorporation of gene 

cassettes; a gene encoding a site specific recombinase integrase  enzyme (intI1), the 

integrase enzyme belongs to the tyrosine-recombinase family that has an attachment site 
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where horizontally acquired sequences are integrated (attI); and a promoter that drives 

expression of the incorporated sequence (P), while the 3’ conserved sequence (3’ CS) is 

conserved and usually contains a truncated antiseptic resistance gene (qacEΔ1), conferring 

resistance to quaternary ammonium compounds (QACs), a sulfonamide resistance gene 

(sul1), and an open reading frame (ORF5), encoding a protein of unknown function (Xu Z 

et. al., 2011; Mazel, 2006) (Figure 3.1). Class 1 integrons carry a pool of gene cassettes, 

most of which make resistance against a wide range of antibiotics. The most common 

genes inserted into variable regions as cassettes are antibiotic resistance genes. (Collis et. 

al., 1992; Levesque et. al., 1995).  More than 130 antibiotics resistance gene cassettes have 

been illustrated for class 1 integrons  and these antibiotics resistance gene cassettes 

probably have been accumulating incrementally from diverse phylogenetic backgrounds 

(Gillings, 2014; Mazel, 2006 )  

Gene cassettes are small and circular mobile genetic elements, consisting of a 

single open reading frame and a recombination site. Via specific excision and integration, 

gene cassettes are integrated between two recombination sites (attI and attC) and thus 

become part of the integron (Figure 3.2). Gene cassettes don’t have necessarily part of 

integrons, but once incorporated, they become part of that integron (fluit & Schmitz, 

1999). Before the integration gene cassettes are exist as free and circular form; but after the 

integration they converted into linear sequences that constitute part of a such as a plasmid 

or bacterial chromosome. Integron gene cassettes do not have replication systems or 

transposition systems, but it moves with the help of site-specific recombination. The genes 

(most commonly an antibiotics resistance gene) on the cassette are then bound by the attI1 

site on the 5’ CS side and by attC on the 3 CS side. The end 3’ CS (59 DNA base) is called 

attC site. The attC sites vary in length from 57 bp to 141 bp; however, they share a non 

coding region of about 25 bp at each end which conforms to consensus sequences (Collis 

& Hall, 1992; Hall et al., 1994; Stokes et al., 1997). The consensus sequences are 

consisting of a series of inverted repeats (R″, L″, L′, and R′) which are the integrase 

binding domains. Among these four binding domains, only two R″ and R′ have conserved 

sequences, these begin with 5'-RYYYAAC and 5'- GTTRRRY respectively. The attC sites 

begin with an inverted core site 5'-RYYYAAC separated by spacer of 7 or 8 bp and end 

with a core site 5'-GTTRRRY (Stokes et. al., 1997).  The attC sites in every gene cassettes 
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are own version and these varations in gene cassettes comes from the  orientation of the 

embedded open reading frame (ORFs).  

 

Figure 3.2: Integration of gene cassettes 

Integron platform acquires new gene cassettes by recombination between the attC site of circular gene 

cassette and the attI site on the integron. The inserted incoming gene cassettes are at a position proximal to 

the integrase gene intI and embedded promoter Pc. Gene cassettes arrays can expand by repeated cassettes 

acquisition, but gene cassettes can also be excised as closed circles by attI × attC or attC × attC 

recombination. 

The attI sites two integrase binding domains are present and represented as Land R. 

The R binding domains contains the canonical sequence 5′-GTTRRRY, with incoming 

gene cassettes being inserted between the G and T residues. In the attI sites of class 1 

integrons attI sites consisting of two integrage binding sites and it termed as DR1 and 

DR2. The integron cassette carries one coding sequence but may also carry a variable 
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number of non-translated DNA bases (Fluit & Schmitz, 1  999).  Generally cassettes may 

carry one gene but in some cases, they carry two or more than two genes. (Holmes et. al., 

2003). The mobility of gene cassettes is depending on intI gene, encoded intI protein and 

they belongs to the family of integrases. The intI gene cassettes can be inserted into 

bacterial chromosomes or plasmids and their mobility allows genes to transfer into new 

organisms. Integrons can carry several different gene cassettes and therefore play an 

important role in the dissemination of multiple antibiotic resistance genes.  

Antibiotic resistance gene cassettes have a number of features in common. They are 

usually mobile, and their cassettes arrays are short and normally encode enzymes which 

make bacteria resistant against the antibiotics. However, these features don’t seem to be 

inherent properties of their ancestor integrons but have arisen as a result of convergent 

evolution, driven by the strong selection pressures imposed during antibiotics 

concentration. Integrons can carry several different gene cassettes and therefore play an 

important role in the dissemination of multiple antibiotic resistance genes. To date, several 

different types of antibiotics resistance gene cassettes with nucleotide sequences are 

reported, which is associated with class 1 integrons. Among them they confer resistance to 

all known β-lactams (including carbapenem and cephalosporin), all types of 

aminoglycosides, chloramphenicol, trimethoprim, streptothricin, rifampin, erythromycin, 

fosfomycin, and tetracycline. (Fluit & Schmitz, 2004; Gillings, 2014). Many studies have 

been done, characterizing β-lactamase encoding gene cassettes which is integrated into 

class 1 integron. Class 1 integron is an important source for spreading of β-lactamases 

genes. The transferable MBLs gene cassettes are commonly integrated into type 1 and type 

3 integrons. Till now only two types of MBLs (VIM and IMP) gene cassettes have been 

reported. Incidentally, NDM gene cassettes are still rare (Arakawa et. al., 1995; Lauretti et. 

al., 1999; Poirel et. al., 2000). VIM-2 MBL gene cassettes carrying Pseudomonas was 

reported in 2001 in hospital in Zabrze together with the aminoglycoside resistance gene 

aacA4 (Walsh et. al., 2003). Another report described a group of Pseudomonas isolates 

from hospital of Warsaw identified in 1998 to 2001. They all carried class 1 integron 

congaing VIM-4 gene cassettes (Patzer et. al., 2004).  



Chapter 3 

78 
 

The aims of this study were to search, identify, and characterize antibiotics 

resistance gene cassettes in MBL-positive isolates from Mahananda and Karala rivers 

water of West Bengal India.  

3.2 Materials and methods 

3.2.1 PCR based screening of class 1 integrons in MBL positive isolates 

A total 15 MBL positive isolates (7 from Mahananda River and 9 from Karala 

River) was examined for the presence of class 1 integron using the CS-PCR (conserved 

segment polymerase chain reaction) method described earlier (Chakraborty et. al., 2013). 

Since upstream primer 5’ CS (5’-GGCATCCAAGCAGCAAG-3’) and downstream primer 

3’ CS (5’-AAGCAGACTTGACCTGA-3’) used in this PCR anneal specifically in the 5’ 

and 3’ CS regions of class 1 integron, the amplicons contained the inserted variable region 

of antibiotics gene cassettes flanked on both sides by small parts of the CSs. PCR primers 

were synthesized from BioServe Biotechnologies India Pvt. Ltd. (Hyderabad India).  

The DNA templates for PCR amplification were prepared as described by 

(Chakraborty et. al., 2013). MBLs positive bacterial isolates were grown in 10ml LB in 

presence of ampicillin (50μg/ml) at 37°C overnight, then 1ml of overnight bacterial culture 

was centrifuge at 6000 rpm for 5 minute, and the supernatant was discarded. The equal 

volume of sterile double distilled water was added, and mixed with vortex. The bacterial 

suspension was added to boiling water bath for 10 minute, then centrifuge at 6000 rpm for 

5 minutes. Finally, the supernatant was used as template for PCR amplification. 

PCR amplification was performed in 50μL reaction volume. Each 50μL PCR mix 

contains; 5μL of 10X buffer containing 15mM MgCl2, 3μL of 10mM dNTP mix, 12 pmol 

of each primers, 8μL of template DNA and 1.25 U Taq DNA polymerase (Genei India), 

and made up total volume of 50 µl with sterile double distilled water. The PCR was done 

in a Veriti 96 well Thermal cycler (ThermoFisher Scientific). The PCR was done by 

following the thermal-cycle profile as shown in Figure 3.3. The chemical used in PCR 

reaction were purchased from Genei, ThermoFisher Scientific.    
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Figure 3.3: Polymerase chain reaction setup for variable region of class 1 integron 

3.2.2 Gel electrophoresis and size determination of the CS-PCR products 

After PCR amplification, 8 μl of the amplified DNA product were electrophoresed 

on a 1.0% (w/v) agarose (Seakem LE Agarose, Loanza) gel, and a 500 bp ladder (Promega, 

Medison, WI), was used as a molecular size marker. Gels were stained with ethidium 

bromide for visualization.  

3.2.3 Cloning and sequencing of class 1 integron amplicons generated with 5 CS and 

3 CS primers  

3.2.3.1 Gel extraction and purification of the CS-PCR products 

The CS PCR product which shows two or more bands, first precipitated by ethanol 

and then suspended in 20μl sterile double distilled water. 20μl amplified PCR products 

were loaded in a low melting point agarose gel and were subjected to electrophoresis at 30-

35 mV for at least 8-10 hrs, and temperature of running buffer was maintained nearly 4°C. 

The required bands were cut out from the agarose gel with a sterile scalpel. The DNA 

samples from the gel was extracted and purified via GSure Gel Extraction Kit (GCC 

Biotech India) by following the manufacturer’s instructions. Finally the purified DNA 

samples were suspended in the sterile double distilled water/nuclease free water. The 

purified DNA samples were stored at -20°C for further cloning purpose. 

 3.2.3.2 Preparation of competent E. coli DH5α by CaCl2 method 

Competent cells were prepared by CaCl2 method and preparation method was 

described in chapter 2.   
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3.2.3.3 Cloning of the purified PCR products 

The pGEM–T Easy Vector System (Promega Corporation, Madison, USA) was 

used for the cloning purpose of CS amplified PCR products. For cloning ligation mixture 

were prepared according to the manufacturer’s instructions and then transformed in 

competent E. coli DH5α cells following heat shock method (method described in chapter 

2) 

3.2.4 DNA sequencing and in silico analyses of the sequences 

The recombinant plasmids were used for sequencing of the inserted gene cassettes 

using primers for T7 and SP6 promoters. The complete sequence for large gene cassettes 

was obtained by using a primer walking method. Potential open reading frames of gene 

cassettes were predicated by using the freely available tool NCBI ORF Finder Tool 

(https://www.ncbi.nlm.nih.gov/orffinder/). BLAST N and BLAST P 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) against GenBank database and the Integron 

database INTEGRALL (http://integrall.bio.ua.pt/) were performed repeatedly for sequence 

analysis, comparison, annotation and functional analysis (McGinnis & Madden 2004). The 

nucleotide sequences of class 1 integron variants were deposited in the GeneBank (NCBI), 

and the accession numbers were obtained for each integron gene cassette (Table 3.1).   

3.3 Results and discussion   

3.3.1 Detection of class 1 integrons in MBL-positive isolates 

Total Seven (2 from Mahananda river and 6 from Karala River) 46.67% out of the 

15 MBL positive isolates yielded a PCR product of the class 1 integron with variable 

length.  Except one of the MBL positive isolates (KR23) which yielded a 426 bp product 

containing only 5'-CS and 3'-CS sequences of the class 1 integron, all contained class 1 

integron with variable gene cassettes. Three strains KR01, KR04 and KR07 also carried 

empty class 1 integron and with gene cassettes congaing class 1 integron. Four MBL 

positive and class 1 integron positive isolates KR22, KR25, MR40 and MR41 were found 

to carry two amplicons of different sizes and three KR01, KR04 and KR07 isolates 

contained only one class 1 integron each (Figure 3.4) 

https://www.ncbi.nlm.nih.gov/orffinder
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://integrall.bio.ua.pt/
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Figure 3.4: Agarose gel electrophoresis of PCR amplification products of different the 

5' CS and 3' CS of variable regions of class 1 integrons from MBLs 

isolates from Mahananda and Karala Rivers 

The PCR products were separated by electrophoresis in 1.0% agarose. Lane M, 500 bp DNA ladder; Lane 1, 

KR01; Lane 2, KR04; Lane 3, KR07; Lane 4, KR22; Lane 5, KR22; Lane 6, KR25; Lane 7, MR40; Lane 8, 

MR41. 

 3.3.2 Characterization of antibiotic-resistance gene cassettes in class 1 integron 

Total nine different gene cassettes of Class 1 integrons which we classified as type 

I-IX were identified in 7 (46.67%) out of the 15 MBL positive isolates (Figure 3.4 and 

Table 3.1). The amplicon lengths, corresponding to the approximate sizes of the inserted 

gene cassette, varied from 0.7 to 3.5 kb, Sequences derived from the amplicons exhibited 

significant homology with already existing antibiotic resistance genes. Largest amplicon of 

nearly 3.5 kb was identified in KR25. Purified CS-PCR products of KR01, KR04, KR07,  
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Table 3.1: Characteristics of class 1 integron and their associated antibiotic resistance 

gene cassettes from MBLs positive isolate 

Integron 

type and 

No. 

Isolates Gene cassettes 

arrays 

Amplicon 

Size (bp) 

Cassette encoded 

resistance 

phenotype  

Accession 

No. 

I MR41 dfrA15 739 Trimethoprim MN256775 

II MR40 dfrA5 730 Trimethoprim MN256771 

III MR40 bla PSE-1 1197 β-lactam MN256776 

IV (2) KR22,KR25 aac(6')-Ib 862 Fluoroquinolone MN256778 

 

V MR40 aadB-aac(6')-Ib 1400 Streptomycin, 

Fluoroquinolone 

MN256772 

VI KR01 aac(6')-Ib-aadA2 1968 Fluoroquinolone, 

Streptomycin 

MN256774 

VII (2) KR04,KR07 aadA2-aadA1 1928 Streptomycin MN256779, 

MN256780 

VIII KR22 dfrA17-aadA5 1661 Streptomycin MN256773 

IX KR25 blaVIM-2-aacA4-

aadA1-aadA2 

3449 β-lactam, 

Fluoroquinolone, 

Streptomycin 

MN256777 

 

KR22, KR25, MR40 and MR41, cloned in pGEM-T Easy Vector, were subjected to DNA 

sequencing and gene cassettes thereby identified by sequence analysis (Table 3.1). 

Altogether nine different gene cassettes were identified (Figure 3.5). The most common 

carriage by integron positive isolates involved aminoglycoside adenyl transferase (aadA1, 

aadA2, aadA5, aadB). The type VII class 1 integron (aadA2-aadA1) was detected in 

KR04 and KR07. Aminoglycoside acetyltransferase (aac(6ʹ)-Ib) was detected in MR40, 

KR22 and KR25. Dihydrofolate reductase cassettes were next in abundance and found in 

MR40 (dfrA5), MR 41(dfrA15) and KR22 (dfrA17) (Table 3.1 and Figure 3.5). The gene 

cassette(s) aac(6ʹ)-Ib and aadA2 of Proteus sp. KR01 showed  99.81 and 99.62% similarity 

with the respective genes from Morganella morganii  class 1 integron (MF370653); aadA1 

and aadA2 gene cassettes from Proteus sp. KR04 and Escherichia sp. KR07 revealed 
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100% similarity with same gene cassettes from  Morganella morganii  (MF370653) and 

Escherichia coli class 1 integron (KF914287).  The sequence from 1661 bp amplicon of 

Escherichia sp. KR22  shared 100% similarity with dfrA17 and aadA5 genes of 

Salmonella enterica (KY399741) class 1 integron; 862 bp amplicon of Escherichia sp. 

KR22  and Pseudomonas sp. KR25 revealed 100% similarity with aac(6ʹ)-Ib from class 1 

integron  of bacterium AK-MB42 (HE653230). The sequence analysis of 3.5kb amplicon 

of Pseudomonas sp. KR25 exhibited 100% and 99.74% similarity with blaVIM-2 and aadA2 

gene cassettes of Pseudomonas aeruginosa (EF207717) class 1 integron.  The analysis of 

the 1.4 kb amplicon of Acinetobacter sp. MR40 showed 99.81% and 100% similarity with 

aadB and aac(6ʹ)-Ib gene cassettes of Aeromonas caviae class 1 integron (KU886278), 

while the sequence from 730 bp amplicon of Acinetobacter sp. MR40 shared  99% identity 

with the bacterium AK-MB72 class 1 integron dfrA5 gene (HE650983). 1197 bp amplicon 

of MR41 shared 100% similarity with the blaPME-1 gene of Proteus mirabilis class 1 

integron (MF576130) while 730 bp amplicon exhibited 100% similarity with the dfrA15 

gene of Acinetobacter baumannii class 1 integron (HQ880256).  

In an earlier study from China, a considerable prevalence of class 1 integrons in 

multidrug resistant clinical P. aeruginosa isolates was observed (Chen  et. al., 2009). Out 

of a total of 19 ORFs of class 1 integron borne gene cassettes, the most abundant ORFs 

(09/1) was aadA family of genes which encode aminoglycoside-3-adenylyltransferases 

(AAD) which confer resistance to streptomycin and spectinomycin by adenylation, and the 

second most frequent (04/19) was aac (6ʹ) Ib gene which code for aminoglycoside 6ʹ-N-

acetyltransferase type I b, an enzyme of clinical importance that catalyzes the transfer of an 

acetyl group from acetyl CoA to the 6-amino group of aminoglycoside molecules 

conferring resistance to antibiotics containing the purpuroamine ring including amikacin 

and kanamycin, found in a wide variety of gram-negative pathogens. Two Proteus spp., 

isolated from Karala river, each bearing class 1 integron having two gene cassettes, aac 

(6/)-I-aadA2, and aadA2-aadA1respectively, were found also to bear blaNDM-1. 
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Figure 3.5: Schematic representation of the variable region of class 1 integron 

identified in MBLs positive isolates from Mahananda and Karala Rivers 

Integron type with different cassettes arrays (Type I to IX) are arranged as identified in Table 3.1. Gene 

cassettes are shows as boxes, with arrows indicating the origination of transcription. The 5' and 3' conserved 

segments (5' CS and 3' CS) are annotated.  

 3.4 Conclusion 

The results of this chapter revealed that integron structures were prevalent in the 

MBL positive isolates of the Mahananda and Karala rivers of West Bengal India. The 

predominance of the selected aminoglycosides (aac(6')-Ib, aadA) and trimethoprim (dfrA) 

resistance gene cassettes array, however, indicate that these gene cassettes are more stably 

incorporated within the integron structures than other. Two class 1 integron gene cassettes 

type III and IX that confer the extended spectrum β-lactamase and metallo-β-lactamase 

resistance genes respectively. These types of integrons are more dangerous to infected 
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patients. A gene cassettes which can carried blaNDM-1 gene have been absent in both the 

rivers water, luckily it is still rare. 
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Whole-genome sequencing of a model Pseudomonas sp. MR 02 bearing 

blaNDM-1 gene 
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4.1 Introduction 

The infection which is caused by antibiotic-resistant bacteria constitutes one of the 

most serious threats to human health. If we leave it uncontrolled, even small surgery can 

become a major risk procedure (Davies, 2011). Controlling of antibiotic resistance 

bacterial infection is becoming more complex than previous to, because there is a huge 

difference between antibiotic development and antibiotic resistance character developed by 

microbes and this difference can be controlled by using rapid and improved diagnostics 

techniques (WHO, 2012; Livermore & Wain, 2013; Spellberg, 2013). As a result of 

technological development in recent times, bacterial whole genome sequencing has 

emerged as a tool in clinical microbiology and research fields that can reduce this gap. 

Whole genome sequencing of bacteria has emerged as a cost-effective and convenient 

technique for identification of bacterial behaviours in single assays. Although in traditional 

method separate technique is used for species identification and virulence and drug 

resistance character identification. A major advantage of whole genome sequencing is to 

yield all of the available genetic information in single steps of bacterial culture (Loman, 

2012; Loman, 2013). 

After the introduction of next-generation sequencing (NGS) in 2005 was enabled to 

reduce the sequencing cost and facilitated the performance of sequencing in all types of 

laboratories (Barbosa et al., 2014). Several NGS sequencing technology available at the 

current time, but the general steps remain the same, and it includes sample preparation, 

DNA sequencing, sequence assembly and bioinformatics analysis (Dark, 2013). These 

NGS techniques include the Illumina Miseq and Hiseq (both are accurate with low error 

rates), SOLiD (Sequencing by Oligo Ligation Detection) developed by Life technologies 

and in several countries, such as USA, United Kingdom and Germany Whole-genome 

sequencing technique is also being used or in a trial phase in the medical microbiology 

field, because this technique allows rapid detection of pathogenic character from infected 

human and to direct appropriate treatment (Pareek et. al., 2014; Pecora et. al., 2015; 

Zankari et. al., 2013; Koser et. al., 2014; Mellmann et. al., 2017). A major advantage of 

whole-genome sequencing is to yield all of the available genetic information in single steps 

of bacterial culture and directly to identify a microorganism and also establish genotypic to 

phenotypic relationships (Torok et. al., 2012). 
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The first complete bacterial genome to be sequenced was that of Haemophilus 

influenzae in 1995 and the Pseudomonas aeruginosa PA01 was the fifth bacterial strain 

whose complete whole-genome reported in 2000 (Fleischmann et. al., 1995; Stover et. al., 

2000). Pseudomonas aeruginosa ubiquitous in nature, and is present in soil and water as 

well as on fruit, vegetables and flowers (Kiska & Gilligan, 2003) and it can also be isolated 

from human, animal and clinical settings (Lederberg et. al., 2000). Pseudomonas 

aeruginosa is an opportunistic human pathogen and it is responsible for 18% nosocomial 

infection in human. They were first isolated and identified in 1850 by Migula 

(Lederberg et. al., 2000). Genus Pseudomonas is represented by species that occupy a wide 

range of niches owing to metabolic and physiological diversity (Kiska & Gilligan, 

2003). Pseudomonas aeruginosa strain contains approximately 5 to 7 Mbp genome size, 

and it contains significant numbers of regulatory protein-encoding genes. This indicates 

that P. aeruginosa is capable of responding to various environmental stresses (Moradali et. 

al., 2017). Additionally P. aeruginosa has intrinsic multidrug resistance properties due to 

the presence of three or four component like RND efflux pumps, porin channel and AMPC 

β-lactamase that physically sequester incoming antibiotics and hydrolyzed incoming β-

lactam antibiotics (Aeschlimann, 2012; Jacoby, 2009). Moreover, biofilms act as a 

protective layer for drug penetration (Stewart, 2000). Genetically it can also receive the 

antibiotic resistance gene from other species by a horizontal transfer mechanism (Davies 

and Davies, 2010).  

In the current study, NDM-1 producing Pseudomonas sp. MR 02 was the only 

strain found in Mahananda River, which is isolated in two different sampling dates and it 

has also high MIC value against different antibiotics. However, when applying genotypic 

screening to detect carbapenem resistance gene, PCR assays to detect only one MBL which 

was NDM-1, but in the metallo-β-lactamases activity test of MR 02 strain, the MIC value 

of cephalosporin antibiotics in the presence of EDTA (0.4 mM) was recorded higher than 

the resistance MIC value (CLSI guideline) and these results indicate that other genes are 

also playing a role in cephalosporin resistance. NDM-1 metallo-β-lactamases are 

responsible for hydrolyzing β-lactam antibiotic groups but Pseudomonas sp. MR 02 

Mahananda river water isolates showing resistance in lactams group antibiotic as well as in 

other antibiotic groups like aminoglycosides, chloramphenicol, tetracycline, trimethoprim 
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and fusidic acid. This result highlights the limitations of genotypic and phenotypic test for 

detecting and allowing characterization of divergent functional genes. Hence in this 

chapter, NGS to the analysis of multiple drug resistance Pseudomonas sp. MR 02 isolates 

especially. The objective of this chapter was to describe the diversity and distribution of 

resistance mechanism and also corroborate genotypic-to-phenotypic relationships in MR 

02 isolates. 

4.2 Materials and Methods 

4.2.1 Isolation of genomic DNA from Pseudomonas sp. MR 02  

Pseudomonas sp. MR 02 genomic DNA was isolated by using phenol: chloroform 

isolation method described by Furlong et. al., (2002) with modifications. The quantity of 

genomic DNA was measured using a NanoDrop spectrophotometer, while its quality was 

assessed via agarose gel (0.8%) electrophoresis.  

4.2.2 Sequencing of Pseudomonas sp. MR 02 genome  

The genome of strain MR02 was sequenced by the NGS Laboratory (Eurofins 

Genomics, India) using de novo sequencing by Illumina NextSeq 500 platform and 

methods described below.  

4.2.2.1 Preparation of 2×150 NextSeq 500 shotgun libraries 

 The paired-end sequencing libraries were geared up using illumina TruSeq Nano 

DNA Library Prep Kit. Briefly, approximately 200 ng genomic DNA of MR 02 was 

fragmented by covaris M220 to generate fragment distribution of 400bp. Covaris shearing 

makes dsDNA fragments with 3 or 5 overhangs. The fragments were then subjected to 

end-repair. The 3 to 5 exonuclease activity of this mix removes the 3 overhangs and the 5 

to 3 polymerase activity fills in the 5 overhangs followed by adapter ligation to the 

fragments. Ligated and end-repaired products were size selected by AMPure XP beads. 

The size selected products were PCR amplified with index primer and indexing adapters 

were ligated to the ends of the DNA fragments, preparing them for hybridization onto a 

flow cell. The library was analyzed in a 4200 Tape Station system (Agilent Technologies). 

4.2.2.2 Cluster generation and sequencing 

After quantity and quality check of library Paired-end Illumina libraries were 

loaded onto NextSeq 500 for cluster generation and sequencing. Paired-end sequencing 
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allows the DNA template fragments to be sequenced in both directions on NextSeq500. 

After both template fragments sequencing, 1.1 GB adapter trimming data of MR 02 was 

generated, which was required for the genome to be used in a taxonomic purpose (Chun et. 

al., 2018).  

4.2.2.3 Genome annotation and analysis 

The high- quality filtered reads were assembled into scaffold using SPAdes genome 

assembler (Bankevich, 2012). Prokka v-1.12 (Seemann, 2014) was used to predict the 

genes from final complete assembled scaffolds. BLASTx (NCBI) programme were used 

for functional annotation of the MR 02 gene, and Blast2GO platform were used for MR 02 

gene ontology annotations (Jones et. al., 2008).  

4.2.3 Identification of antibiotic resistance genes in Pseudomonas sp. MR 02 

AMR (antimicrobial resistance) genes were identified in draft genome of MR 02 

using publicly available comprehensive antibiotic resistance databases (CARD) (Jia et. al., 

2017). Resistance determinants were identified proviso they conform the criteria of = 85% 

amino acid identity and =50% sequence length identity to known resistance proteins. 

Sequences showing = 100% identity and/or sequence length were analyzed by additional 

BLAST analysis to identify the appropriate resistance genes. The results obtained were 

then again validated by BLAST analysis against information in the COG, NCBI, CDD and 

Swiss-Prot databases; manual curation was done for all blast results as per consistency of 

annotations between different databases.  For analysis of chromosomal structural gene 

mutations, gyrA and parC, genes, were analyzed for quinolone resistance-determining 

region (QRDR) mutations, with alignment by ClustalW in Mega version 7 (Park et. al., 

2011). 

4.2.4 Phylogenetic and comparative genomic analysis of Pseudomonas sp. MR 02 with 

reference genome of Pseudomonas spp.  

Pseudomonas sp. MR 02 were subjected to phylogenetic analysis using four 

different method viz. 16S rRNA based phylogenetic analysis (chapter 2), bcg tree based 

phylogenetic analysis, Average Nucleotide Identity (ANI) and In silico DNA-DNA 

hybridization (iDDH). 

For comparative genome analysis, the complete genome sequence of strain MR02 

along with that of twenty Pseudomonas type strains were obtained and used as references 
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for building of phylogenetic tree based on core genes. A phylogenetic tree based on 

bacterial core genome was constructed by the bcgTree pipeline (Vesth et. al., 2013; 

Ankenbrand & Keller, 2016). The pipeline automatically extracts 107 essential single-copy 

core genes, found in a majority of bacteria, using hidden Markov models and uses them to 

reconstruct a phylogenetic tree based on partitioned maximum-likelihood analysis utilizing 

RAxML program (Stamatakis, 2014). 

Average Nucleotide Identity (ANI) was calculated by the recently released 

OrthoANI program (Lee et. al., 2016). The OrthoANI provides a measure of genomic 

relatedness correlated with the original ANI and both of these algorithms share the same 

species demarcation cut-off at ≤ 96%. In addition, OrthoANI revolves around the problem 

of reciprocal inconsistency of the original ANI algorithm. ANI value to define a new 

species is ≤ 96. 

In silico DNA-DNA hybridization (iDDH) was estimated by using the Genome-to 

Genome Distance Calculator (GGDC) version 2.1 Web server 

(http://ggdc.dsmz.de/ggdc.php) (Auch et. al., 2010). Since many of the genomes are 

incomplete draft genomes, therefore Formula 2 was used for the analysis. Formula 2 

calculates iDDH estimates independent of genome lengths and is recommended by the 

authors of GGDC for use with any incomplete/draft genomes. The point estimate plus the 

95% model-based confidence intervals were used for analysis. DDH value to define a new 

species is ≤ 70%. 

The contigs sequence of Pseudomonas sp. MR 02 was aligned to the complete 

sequence of P. putida NDRC14164 genome using Muscle (Kurtz et. al., 2004) for making 

genome orientation. Four available whole genome sequences of the phylogenetically 

nearest species P. plecoglossicida DSM15088, P. monteilii NBRC103158, P. putida 

NBRC14164 and P. aeruginosa PA01 were used for the comparative genomic analysis 

with MR 02. For visualization of circular genome comparison, the BLASTN-based 

graphical map was generated by BLAST Ring Image Generator (BRIG) 0.95 (Alikhan et. 

al., 2011). 

4.2.5 Correlation of phenotypic and genotypic characters of MR 02 
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Two different types of phenotypic experiments used for antimicrobial susceptibility 

testing one for efflux pump activity detection and another one for blaNDM-1 activity 

(Chapter 1 in section 1.2.9). Each interpretation of antibiotics resistant was compared with 

the presence of known corresponding resistance genes and/or structural gene mutations.  

4.2.5.1 Determination of efflux pump activity in contributing antibiotic-resistance in 

MR 02 

The efflux pumps activity in MR 02 isolates was confirmed by the micro-broth-

dilution method, in Mueller Hinton broth. It is based upon the comparative MIC values of 

antibiotics were also determined in the presence of Phe-Arg-β-naphthylamide (30 μg/ml) 

and absence of Phe-Arg-β-naphthylamide. The antibiotics were used as phenotypic 

markers of the RND efflux pumps of interest shown in Table 4.1.  

Table 4.1: Examples of RND efflux systems involved in the antibiotic resistance in 

Pseudomonas aeruginosa and Pseudomonas species  

Efflux pump types Antibiotic resistance to References 

MexAB-OprM β-lactams, Azithromycin, Chloramphenicol, 

Macrolides, Tetracycline, Trimethoprim, 

Imipenem , Meropenem 

Li et. al., 1995; Poole et. al., 1993; 

Poole et. al., 1996 (a) 

MexCD-OprJ Cephalosporins, Chloramphenicol,  

Fluoroquinolones, Tetracycline, Imipenem 

Poole et. al., 1996 (b) 

MexEF- OprM Chloramphenicol, Fluoroquinolones, 

Imipenem, Meropenem 

Kohler et. al., 1997 

MexJK-OprJ Aminoglycosides, Ciprofloxacin, 

Erythromycin, Tetracycline 

Chuanchuen et. al., 2002 

MexVW- OprM Chloramphenicol, Fluoroquinolones, 

Tetracycline 

Li et. al., 2003 

MuxABC-OprM Novobiocin Mima et. al., 2009 

TriABC-OprH Triclosan Mima et. al., 2007 

 

MICs were determined by broth microdilution in the absence or presence of a 

broad-spectrum inhibitor of RND pumps, namely Phe-Arg-β-naphthylamide (PAβN), also 
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known as MC-207,110 at a concentration of 50 μg/ml, which fully restored the 

susceptibility of reference strains to the reporter antibiotics but did not impair the bacterial 

growth (Lomovskaya et. al., 2001). The test tube was prepared with Mueller Hinton broth, 

antibiotics (different concentration), Phe-Arg-β-naphthylamide (fixed concentration) and 

MBL producing bacterial cells and test tube incubated for 24 hours at 37°C. The inoculums 

used per experiment was 104 to 105 cells/ml. Efflux pump activity was determined as the 

lowest concentration of antibiotics with fixed concentration of efflux pump inhibitor that 

completely inhibited growths of the MBLs producing bacterial strain in the test tube, and 

bacterial growth  was detected by turbidity measurements.  

To detect minimal changes, however, arithmetic dilutions were occasionally used 

for all the antibiotics used in the study (10 μg/ml increments in the 10–2000 μg/ml range).  

4.2.5 Nucleotide sequence accession numbers 

The whole-genome shotgun project has been deposited at DDBJ/ENA/GenBank 

under the accession number PESJ00000000. 

4.3 Results and Discussion 

4.3.1 Isolation, qualitative and quantitative analysis of Pseudomonas sp. MR 02 

genomic DNA 

Qualitative analysis of the strain MR 02 genomic DNA was resolved on 0.7% 

agarose gel at 100 V for approximately 60 min or till sample reached 3/4th of the gel 

(Appendix A 4.1) and 1 μl of the sample was loaded in nanodrop for quantitative analysis. 

The quantification of genomic DNA is an important step before starting the genome 

sequencing. Concentration and A260/280 ratio of genomic DNA of strain MR 02 was 425 

and 1.76 respectively. For whole genomic sequencing, the DNA sample preparation is very 

important as the optimal quantity and quality of genomic DNA is crucial. The high and low 

concentrations of genomic DNA will affect the sequencing quality; if the DNA 

concentration is high these will produce overlapping sequencing clusters. On the other 

hand, if the genomic DNA is low than the optimal amount needed, then it will give the 

clusters with low density (Buehler et. al., 2010)  
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4.3.2 Whole genome sequencing, genome annotation and analysis of Pseudomonas sp. 

MR 02 

The QC passed sample was used to prepare paired end library using Illumina 

TrueSeq Nano DNA library preparation kit generating a fragment with mean length of 

434bp of strain MR 02. The libraries were sequenced on NextSeq 500 using 2×150bp. 

After sequencing adapter was removed by trimming (trimmomatic v0.35) and obtain high 

quality data (1.1 GB with 1,074,251,227 bases). 

SPAdes genome assembler tool used for de novo assembly of MR 02 high quality 

read. Arranged genome in scaffolds and detailed assembly statistics were mentioned in the 

Table 4.2. 

Table 4.2: Draft genome assembly statistics of Pseudomonas sp. MR 02 

Scaffolds Total size of 

assembly (bp) 

Average size of 

scaffolds (bp) 

N50 

(bp) 

Max size of 

scaffolds (bp) 

Min size of 

scaffolds (bp) 

90 5,946,931 66,077 144,752 431,092 520 

Protein coding sequencing were predicted from the assembled scaffolds using Prokka v-

1.12 with default parameters. Statistics of total number of genes, average gene length, 

maximum and minimum length of the strain MR 02 was 5,661, 923, 12,954, and 59 

respectively.  

Functional annotation of the MR 02 genes was performed using BLASTx program 

and it has a part of ncbi blast 2.3.0+ search application. BLASTx find the homologous 

sequences for the genes against NR (non redundant protein database) from NCBI, Swiss-

prot database, KEGG (Kyoto Encyclopedia of Genes and Genomes), COG (Clusters of 

Orthologous Groups) and InterPro database with an E-value <10− 5. After blast analysis 

MR 02 draft genome consist of 5,530 genes, out of which 5,493 protein coding genes 

showing blast hits and 37 protein coding genes showing without blast hit.  Top blast hit 

species distribution of MR 02 showing in Figure 4.1. 
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Figure 4.1: Top blast hit species distribution of Pseudomonas sp. MR 02 

 

Figure 4.2: WEGO plots of the Pseudomonas sp. MR 02 
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BLASTx results accession IDs (functionally annotated genes) were directly 

searched in the gene products table of gene ontology database. Gene Ontology mapping 

provided function of the genes and their product properties. On the basis of genes product 

properties Blast2Go platform MR 02 genes are grouped into three main domains: 

Biological processes (2,593), Cellular component (1,687), and molecular function (2,695). 

Graphical-representation of MR 02 draft genome ontology in figure 4.2. Basic feature of 

MR 02 draft genome are summarized in table 4.3. Most of the predicted ORFs have the 

high G+C contents (67.6%). 

Table 4.3: Genome features of Pseudomonas sp. MR 02 

General feature 

Genome size 5,946,931 

G+C content 62.6% 

Coding regions 

Genes (Total) 5,799 

CDS (Total) 5,732 (98.84%) 

Genes (coding) 5,503 (94.89%) 

CDS (coding) 5,503 (94.89%) 

Genes (RNA) 67 

Types of rRNA 16S rRNA 23S rRNA 5S rRNA 

Number of rRNA 1 1 2 

tRNA 59 

Non-classical RNA 4 

Pseudogenes (total) 229 

4.3.3 Identification of antibiotic resistance in Pseudomonas sp. MR 02 

Protein sequences of MR 02 draft genome were used for searches against CARD, 

and NCBI protein smart blast. After comparative analyses of the draft genome of 

Pseudomonas sp. MR 02, we identified a total of 98 genes associated with antibiotic 

resistance. Total 98 (1.78%) antibiotics resistance genes were compared with 

Pseudomonas aeruginosa PA01 (Table 4.4). 34 (0.67% of total ORFs) intrinsic antibiotics 

resistance genes are present in P. aeruginosa PA01 genome. On the basis of these 

chromosomally encoded antibiotics resistance gene P. aeruginosa is naturally resistance 
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against β-lactams, some aminoglycosides, nalidixic acid and trimethoprim antibiotics 

(Wroblewska, 2006; Stover et. al., 2000). Total 8 genes including metallo-β-lactamases 

blaNDM-1 gene, that is absent in PA01.      

Table 4.4: Total antibiotics predicted genes in Pseudomonas sp. MR 02 

MR 02 Query 

Cover 

with 

highest 

homology 

one 

PA01 

Annotated Protein of 

MR 02 

Name of the 

Genes 

Accession 

No. of 

annotated 

protein 

Number of 

amino acid 

Predicted 

% 

identity 

with 

PA01 

Accession 

No. 

Number 

of amino 

acid 

RND oprN PJI75874·1 509 93% 64% NP252583 496 

MFS emrA PJI75872·1 286 98% 73% NP252581 302 

MFS emrB PJI75869·1 513 100% 60% NP251525 530 

MFS emrA PJI75868·1 353 86% 66% NP251526 354 

RND oprM/opmB PJI75867·1 483 96% 56% NP251527 479 

PBP2  PJI75810·1 581 99% 79% NP253108 579 

MFS mdfA PJI75788·1 414 68% 31% NP252825 402 

RND mexW/mexI PJI75774·1 1014 99% 82% NP253065 1018 

RND mexH PJI75773·1 382 97% 60% NP253064 376 

Transcriptional 

regulator 

mexT PJI7571·1 307 99% 66% NP248881 305 

Porin oprD PJI75717·1 418 96% 72% NP248931 421 

RND oprM PJI75716·1 485 96% 70% NP249118 485 

RND mexB PJI75715·1 1050 99% 78% NP249117 1045 

RND mexA PJI75714·1 384 99% 67% NP249116 383 

MFS emrB PJI75712·1 483 98% 66% NP248937 501 

Porin oprD PJI75663·1 429 93% 65% NP249446 427 

MATE norm PJI75496·1 462 98% 61% NP253981 488 

Porin oprD PJI75483·1 420 93% 66% NP251390 435 

RND triA PJI75410·1 362 95% 57% NP248846 383 

RND triB PJI75409·1 455 98% 60% NP248847 356 

RND triC PJI75408·1 1018 99% 74% NP248848 1015 
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Dihydrofolatereductase dfrA PJI75361·1 171 96% 66% NP249041 168 

Porin oprD PJI75048·1 429 100% 63% NP252868 431 

RND opmH PJI74863·1 452 89% 24% NP250566 425 

RND mexK PJI74743·1 1021 99% 83% NP252366 1025 

RND mexJ PJI74742·1 366 100% 70% NP252367 367 

DNA topoisomerase IV 

subunit A 

parC PJI74590·1 752 99% 87% NP253651 754 

RND opmH PJI74580·1 478 100% 73% NP253661 482 

SMR emrE PJI74577·1 110 100 64% NP253677 110 

RND oprN PJI74343·1 506 91% 34% NP251527 479 

RND oprM PJI74333·1 470 98% 60% NP249118 485 

RND mexB PJI74332·1 1049 99% 64% NP249117 1046 

16S rRNA 

methyltransferase 

rmtA PJI74285·1 332 99% 71% NP253317 332 

RND oprJ PJI74223·1 417 91% 26% NP251212 428 

RND mexY/H PJI74224·1 488 37% 31% NP253064 376 

RND mexW PJI74225·1 1052 98% 36% NP251210 1051 

RND mexW PJI74256·1 1053 99% 78% NP251210 1051 

RND mexV PJI74257·1 416 85% 58% NP251211 484 

RND opmH PJI74258·1 394 95% 51% NP251212 428 

Porin oprD PJI74259·1 447 99% 58% NP251195 448 

16S rRNA 

methyltransferase 

rsmG PJI74199·1 419 99% 73% NP255451 214 

MFS mdtN PJI74088·1 291 92% 43% NP252581 302 

RND oprM PJI74087·1 472 97% 32% NP251185 472 

Porin oprD PJI74021·1 444 99% 48% NP248982 460 

Porin oprD PJI73986·1 439 100% 66% NP251450 425 

Porin oprD PJI73790·1 446 99% 43% NP249649 443 

RND cusA PJI73799·1 417 96% 49% NP251212 428 

RND mexV PJI73798·1 399 85% 68% NP251211 484 

RND opmH PJI73797·1 1048 99% 26% NP251210 1051 

Fluoroquinolone gyrA PJI73676·1 921 99% 86% NP251858 923 
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ABC macA PJI73394·1 961 98% 98% NP252924 945 

23S rRNA 

methyltransferase 

rlmN PJI73519·1 381 95% 88% NP252495 379 

RND mexN PJI73468·1 1030 98% 72% NP250127 1036 

Porin oprD PJI73464·1 444 100% 60% NP248852 444 

RND mexM PJI73602·1 387 99% 48% NP250126 385 

Porin oprD PJI73553·1 459 100% 37% NP249649 476 

MFS mdtG PJI73374·1 401 97% 49% NP250043 403 

RND mexY PJI73340·1 383 73% 25% NP253064 376 

Porin oprD PJI73206·1 422 100% 52% NP249649 443 

Aminoglycoside Aph PJI72935·1 339 -- -- -- -- 

RND mexY/I/B PJI72905·1 791 100% 84% NP251769 793 

Porin ompA PJI72878·1 345 100% 66% NP250468 350 

23S rRNA 

methyltransferase 

rlmL PJI72886·1 730 100% 81% NP251738 725 

RND mexI PJI72862·1 1026 99% 78% NP252896 1029 

RND mexH PJI72861·1 365 98% 54% NP252895 370 

Porin oprD PJI72771·1 417 96% 46% NP249446 427 

RND muxC PJI72659·1 1035 100% 59% NP251216 1036 

RND muxB PJI72658·1 1032 98% 72% NP251217 1043 

RND muxA PJI72657·1 440 95% 56% NP251218 426 

RND opmB PJI72660·1 495 91% 63% NP251215 498 

β-lactamase blaPDC-1 PJI72364·1 380 93% 52% NP252799 397 

Porin oprD PJI72044·1 410 94% 54% NP252826 418 

Porin oprD PJI72100·1 416 99% 48% NP250903 416 

23S rRNA 

methyltransferase 

rlmL PJI71919·1 308 98% 71% NP250098 313 

RND opmH/opmB PJI71812·1 442 93% 38% NP252094 451 

RND oprM/oprJ/opmB PJI71694·1 423 98% 92% NP250566 425 

RND mexI PJI71718·1 821 96% 49% NP251769 793 

ABC macA PJI71650·1 390 -- -- -- -- 

ABC macB PJI71651·1 654 -- -- -- -- 
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RND oprM PJI71652·1 472 97% 61% NP251081 474 

Sulfonamide resistance sul1 PJI71575·1 279 -- -- -- -- 

RND mexE PJI71193·1 413 100% 71% NP251183 414 

RND mexF PJI71194·1 1059 100% 92% NP251184 1062 

RND oprN PJI71195·1 471 95% 79% NP251185 4772 

Regulator ompR PJI71217·1 233 99% 51% NP250490 235 

RND mexC PJI71218·1 391 91% 51% NP253289 387 

RND mexD PJI71219·1 1042 98% 61% NP253288 1043 

MFS emrA PJI71084·1 351 97% 73% NP251826 355 

MFS emrB PJI71085·1 516 95% 85% NP251827 499 

PBP2 mrdA PJI70786·1 631 98% 70% NP252692 646 

Aminoglycoside aac(3)-iiia PJI70455·1 264 -- -- -- -- 

MFS floR PJI70475·1 404 91% 30% NP252263 392 

Transcriptional 

Regulator 

tetR PJI70477·1 208 -- -- -- -- 

MFS tetG PJI70478·1 391 35% 48% NP249822 422 

Bleomycin binding 

protein 

brpMBL PJI70471·1 121 98% 36% NP251817 267 

β-Lactamase blaNDM-1 PJI70472·1 270 -- -- -- -- 

Aminoglycoside ant4-iib PJI70457·1 254 -- -- -- -- 

β-Lactamase blaPME-1 PJI70444·1 309 -- -- -- -- 

 

These 98 antibiotics resistance genes are divided into two major groups: (i) the 

antibiotic efflux pumps (Table 4.5) and (ii) the enzymes that conferred antibiotic resistance 

(Table 4.6). Genes were also idetified in MR 02 that confer resistance to additional 

compounds (kanamycin, bleomycin). After annotations of these antibiotics resistance 

genes in different databases are nearly the same, we can suggest that the prediction results 

are more authentic.  

Efflux pumps may be consist of single or multiple component, but in Pseudomonas  

many pumps have a three component systems and consist of inner membrane and outer 

membrane components as well as a membrane fusion protein (MFP) situated in the 
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periplasm. 64 genes are assigned to 21 efflux pump systems belonging to five different 

transporter families. 48 genes belong to resistance nodulation cell division (RND) family, 

11 genes to major facilitator super family (MFS), single gene to multidrug and toxic 

compound extrusion (MATE) family, single gene to small multidrug resistance (SMR) 

family, and three genes to ATP-binding cassette (ABC) family (Table 4.5).  

Table 4.5: Predicted drug resistance-related porin channels and efflux pumps in 

Pseudomonas sp. MR 02 

Porin channels and 

Multidrug 

transporter type  

Gene locus 

Porin (OprD) PJI75663, PJI75717, PJI75483, PJI75048, PJI74259, PJI73986, PJI74021, PJI73790, 

PJI7334, PJI73553, PJI73206, PJI72771, PJI72100, PJI72044. 

RND efflux pumps  PJI75714_75715_75716,PJI75773_75774,PJI75874,PJI75867_75868_75869,PJI754

08_75409_75410,PJI74863,PJI74742_74743,PJI74580,PJI74343,PJI74333_PJI7433

2,PJI74223_74224_74225,PJI74256_74257_74258,PJI74087,PJI73797_73798_737

99PJI73468,PJI73602,PJI73340,PJI72905,PJI72861_72862,PJI72657_72658_72659

_72660,PJI71812,PJI71694,PJI71718,PJI71652,PJI71193_71194_71195,PJI71218_

71219. 

MFS efflux pumps  PJI75872, PJI75868_75869,PJI75712, PJI75788, PJI74088,PJI73374, 

PJI71084_71085, PJI70475, PJI70478. 

SMR efflux pumps PJI74577 

MATE efflux 

pumps 

PJI75496 

ABC efflux pump PJI71650_71651, PJI73394. 

14 homologues to the porin protein OprD and only one OmpA porin channel have 

been found Permeability barrier of outer membrane also play an important antibiotics 

resistance mechanism in P. aeruginosa. Low expression of oprD genes is responsible for 

making resistance against imipenem (carbapenem) antibiotics. Lack of OprD protein leads 

to reduction of active antibiotics molecules (Imipenem) capable of reaching the target 

penicillin-binding-protein (PBP) (Kadry, 2003). 14 oprD genes are identified in MR 02 

(Table 4.5). All 14 oprD genes are mutated and unable to producing OprD protein. 

Three different β-lactamase enzyme producing genes are present in MR 02. They 

belong to class A (PME-1 P. aeruginosa ESBL), class B (NDM-1), and class C (AMPC) 
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β-lactamase family (Table 4.6). First report of PME-1 came in 2011. It is grouped in 

Ambler class A extended-spectrum β-lactamase (ESBL), which is the most common cause 

of cephalosporin resistance in other Gram negative pathogens, such as Escherichia coli and 

Klebsiella pneumonia. 

Table 4.6:  Predicted drug resistance-related enzymes in Pseudomonas sp. MR 02 

Drug class Putative product Gene locus 

 

Beta-lactams 

Class A beta-lactamase  PJI70444  

Class B beta-lactamase  PJI70472  

Class C beta-lactamase  PJI72364  

 

 

 

 

Aminoglycosides 

Aminoglycoside N-acetyltransferase  PJI70455  

  

Aminoglycoside O-phosphotrnsferase  PJI72935  

ANT(4) II family Aminoglycoside 

nucleotidyltransferase  

PJI70457  

16S rRNA methyltransferase  PJI74285  

 

 

 

 

 

Other 

Dihydrofolate reductase  PJI75361  

16S rRNA methyltransferase  PJI74199  

23S rRNA methyltransferase  PJI73519  

23S rRNA methyltransferase  PJI72886  

23S rRNA methyltransferase  PJI71919  

DNA topoisomerase IV subunit A  PJI74590  

Fluoroquinolone  PJI73676  

Sulfonamied resistance  PJI71575  

Fosfomycin thiol transferase  PJI72090  

Eight genes responsible for enzymatic degradation of aminoglycosides antibiotics, 

three genes for aminoglycoside-modifying enzymes (AMEs) and five rRNA methylase 

genes (two 16S rRNA and three 23S rRNA) have been identified. AMEs attach a 

phosphate, adenyl or acetyl radical to the aminoglycosides antibiotic molecule, due to this 

attachments molecular structure of antibiotics are modified, and thus they decrease the 
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binding affinity of the antibiotics to the target in the bacterial cell (30S ribosomal subunit) 

(Llano-sotelo et. al., 2002). AMEs are divided into three classes: aminoglycoside 

phosphoryltransferases (APHs), aminoglycoside adenylyltransferases or 

nucleotidyltransferases (AADs or ANTs) and aminoglycoside acetyltransferases (AACs) 

(Vakulenko & Mobashery, 2003). On the basis of AMEs classification one AMEs from 

each group is presents in MR 02 (Table 4.6) and they make resistances against all types of 

aminoglycosides. 

Microbes are resistance Sul 1 and dfr A genes responsible for mediating resistance 

against sulfamethoxazole and trimethoprim were also found in MR 02 genome. 

Dihydrofolate reductase resistance genes show 66% homology with P. aeruginosa PA01 

whereas sul 1 gene is absent in PA01 genome. 

Previous studies have shown the involvement of efflux channels and mutations of 

certain genes (gyrA, gyrB, parC, and parE) in the development of resistance to quinolone 

group of antibiotics in Pseudomonas aeruginosa (Nakajima et. al., 2002; Wang et. al., 

2007). Mutated genes like gyrA and parC are also identified in MR 02 (Table 4.4 & 4.6). 

Presence of mutated genes like gyrA and parC along with the abovementioned efflux 

channels might have played a role in development of resistance to fluoroquinolone in MR 

02. 

We further analyzed the genomic islands by island viewer (Figure 4.1) and identified 

14 antibiotic related genomic islands and 53 open reading frames. Three genes tetR 

PJI70477.1 (tetG regulatory protein) and two ABC efflux pump genes PJI71650_71651 

precisely located in a putative genome island in the MR 02 strain, indicating that this gene 

was probably acquired through horizontal gene transfer; all the remnant genes were not 

present within any genomic island. One new RND efflux pumps PJI73799_73798_73797 

are predicted, which is also located in putative genomic island.  On the basis of these 

results suggest that the antibiotics resistance genes are conserved in Pseudomonas sp. MR 

02 and are probably responsible for the intrinsic resistance in Pseudomonas sp. MR 02.   
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Figure 4.3: A schematic representation of the cluster of antibiotic resistance gene in 

the draft genome of Pseudomonas sp. MR 02 

4.3.4 Taxonomic identification of Pseudomonas sp. MR 02 

16S phylogeny revealed that strain MR 02 is a member of the genus Pseudomonas. 

Strain MR 02 revealed highest levels of sequence similarities with Pseudomonas 

taiwanensis DSM 21245 (99.7 %) followed by Pseudomonas plecoglossicida DSM 15088 

(99.8%), Pseudomonas monteilii NBRC 103158 (99.7%) respectively. Pseudomonas sp. 

MR 02 was clustered in a separate branch with Pseudomonas taiwanensis DSM 21245 as 

its closest relative (Figure 2.6).   
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Though 16S rRNA is the unrivaled and universally applied marker of choice for 

most phylogenetic studies, but reliance on this single marker can result in poor resolution 

as there are several shortcomings in this approach. Genome based phylogeny plays a 

crucial role in phylogenetics of bacteria by replacing 16S phylogeny. Therefore the results 

of 16S phylogeny should be considered together with the results of whole genome based 

data analysis in a systematic process during species delineation. The bcgTree, (Figure 4.4), 

has revealed that the nearest phylogenomic neighbours of the strain MR 02 were P. 

monteilii CIP 104883, Pseudomonas putida NBRC 14164, Pseudomonas hunanensis 

P11.aa, P. plecoglossicida DSM 15088, P. taiwanensis DSM 21245, and P. guariconensis 

LMG 27394. 

Two different in silico approaches were used in this study, in silico DDH and ANI, to 

determine the genomic similarities in order to confirm the species status. Both of these 

have been proposed as robust parameters (ANI value to define a new species is ≤ 96; and 

DDH value to define a new species is ≤ 70%) that can replace 16S rRNA gene sequence 

comparison for species delineation in the genomic era. The iDDH and ANI values obtained 

for MR 02 with P. monteilii CIP 104883 or P. putida NBRC 14164 or P. hunanensis 

P11.aa or P. plecoglossicida DSM 15088 or P. taiwanensis DSM 21245 or P. 

guariconensis LMG 27394 were 40.5 & 89.9% or 33.1 & 86.9% or 30.6 & 85.6% or 30.4 

& 85.5% or 28.7 & 84.5% (Table A4.1 and A4.2). The analyses revealed that strain MR 02 

showed maximum relatedness to the genome of the type strain of P. monteilii; values with 

other closely related type strains were even lower. These values qualify MR 02 strains as a 

distinct species of the genus Pseudomonas and different from any of their closest relatives.  

The circular maps was used for gene characterization, functional assignment and 

function-based browsing of the MR 02 genome with 4 phylogenetically nearest species P. 

plecoglossicida DSM15088, P. monteilii NBRC103158, P. putida NBRC14164 and P. 

aeruginosa PA01. Non homologous regions present in the genome of four different nearest 

species of Pseudomonas, compared with MR 02 genome have been presented where a sub-

set of it was related to antibiotic resistance genes. Total 8 genes were found unique to MR 

02 (Figure 4.5). 
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Figure 4.4: A phylogenetic tree based on bacterial core genome  

The tree was built by the bcgTree pipeline for Pseudomonas sp. MR 02 along with 27 other Pseudomonas 

type strain genomes. Numbers at nodes designate bootstrap support values resulting from 100 bootstrap 

replicas.
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4.3. Comparative genomic analysis of Pseudomonas sp. MR 02  

 

Figure 4.5: Circular representation of the Pseudomonas sp. MR 02 draft genome in 

comparison with four reference genome of Pseudomonas genus 

Ring from inside to outside (1) GC contents (black) (2) GC skew (purple and green) (3) Coding sequences of 

Pseudomonas sp. MR 02 draft genome (dark blue) (4) BLAST comparison with P. plecoglossicida DSM 

15088 (red) (5)  BLAST comparison with P. monteilii NBRC 103158 (green) (6) BLAST comparison with 

P. putida NBRC14164 (violet) (7) BLAST comparison with P. aeruginosa PA01 (lime green)  (8) Position 

of some important antibiotic resistance genes (red). Figure generated by BLAST Ring Image Generator v 

0.95. 
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4.3.5 Correlation of phenotypic and genotypic characters of Pseudomonas sp. MR 02 

Before the correlation of phenotypic characters of MR 02 with annotated 98 

antibiotics resistance genes, we design two extra experiments: (i) determination of MIC 

value of MR 02 in presence or absence of PAβN (efflux pump activities determination), 

(ii) determination of  MIC value of MR 02 in presence of EDTA (0.4 mM) (blaNDM-1 

activities determination) (Figure 1.10).  

4.3.5.1 Determination of efflux pump activity in contributing antibiotic-resistance in 

Pseudomonas sp. MR 02 

In the presence of the efflux-inhibitor, PAβN, MICs of chloramphenicol, 

tetracycline, ciprofloxacin, and levofloxacin were reduced to 2.0, 2.0, 1.3, and 16.6 % 

respectively of the values shown in absence of PAβN (MIC values without PAβN was 

taken as 100%) , thus temporarily causing complete reversion of the resistance to 

susceptible phenotype. Similar reduction in MIC values, but of varying influence, has been 

observed for erythromycin (reduced to 20 %) and streptomycin (reduced to 33.3%) in 

presence of PAβN. The reductions in MICs, in presence of the efflux inhibitor, to lesser 

degrees were obtained with meropenem (reduced to 61.5%) imipenem (reduced to 75%), 

neomycin (reduced to 66.6%), gentamycin (reduced to 70%), cefepime (reduced to 75%) 

and ceftazidime (reduced to 75%). Least reduction in MIC in presence of PAβN was 

observed in case of trimethoprim or azithromycin (reduced to 83.3%) (Figure 4.6). Hence, 

on analyses, resistance shown by MR 02 against chloramphenicol, tetracycline, 

ciprofloxacin, and levofloxacin may be solely governed by the efflux pump(s) while 

resistance to other antibiotics except trimethoprim and azithromycin, were partially 

dependent on efflux system. 
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Figure 4.6: Reduction in MIC values of Pseudomonas sp. MR 02 in presence and 

presence of PAβN with antibiotics 

MIC values of 14 antibioticsin the presence or absence of efflux pump inhibitor,PAβN (30μg/ml) ; MIC 

value expressed in μg/ml is shown at the tip of each bar graph. Neomycin(NE), Streptomycin (STR), 

Gentamycin(GNT), Trimethoprim(TM), Tetracycline(TC), Chloramphenicol(CM), Levofloxacin(LE), 

Ciprofloxacin(CI), Erythromycin(EM), Azithromycin (AZ). 

Overall, phenotypic resistance pattern of MR 02 correlated highly with the predicted 

98 resistance genes. Genotypic and phenotypic analysis showing only efflux pumps are 

responsible for resistance against chloramphenicol and tetracycline in MR 02 (Figure 4.6 

and Figure 4.7). A comprehensive genomic distribution of antibiotics resistance genes in 

MR 02 annotated as per function to confer resistance to every single antibiotics of a total of 

14 antibiotics (Figure 4.7). This resulted in an overall sensitivity of 100%. In this study, 

0·4 mM EDTA was used to completely inhibit NDM-1 activity; which in turn reduced the 

MIC value of imipenem up to 95%. One metallo-β-lactamas genes encoding carbapenem 

resistance enzyme, and this results sensitivity was also 100%.   
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Figure 4.7: A comprehensive genomic distribution of genes in MR 02 annotated as 

per function to confer resistance to every single antibiotic of a total of 14 

antibiotics 

4.4 Conclusion 

Whole genome sequencing in the current study was done to detect different types of 

resistance genes in Pseudomonas sp. MR 02 which were not detected in the previous 

chapters by phenotypic and PCR analysis. Whole genome sequencing helps in correlation 

between genotypic characters and phenotypic characters of Pseudomonas sp. MR 02. 

However, the antibiotic-resistance analysis tool (Resfinder, ARG-ANNOT, and CARD) 

was not efficient enough to detect the type of antibiotics resistance genes, while the 

BLAST tool (Smart BLAST) provided more detailed characterization of the ARGs. 

Although bacterial whole genomic studies are time consuming and expensive, they are 

more accurate and informative about the genetics of bacteria. Efforts are needed to make 

genomic study, and especially bioinformatics analysis, easier and more convenient for both 

laboratory and clinical and diagnostic work.  

Pseudomonas sp. MR 02 strain carries chromosomally encoded complete package of 

resistance genes (efflux pumps, targets site modification, enzyme mortification, mutation 

in antibiotics binding sites, antibiotics degrading enzymes and non enzymic mechanism) 
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for aminoglycosides and β-lactams antibiotics. It has genotypically and phenotypically 

resistance to nearly all clinical trial antibiotics and they have lost susceptibility toward 

fluoroquinolone, aminoglycosides, monobactam, tetracycline, chloramphenicol, 

trimethoprim, colistin, cephalosporins, and carbapenem (including last resort antibiotic).   

Detailed biochemical, physiological and phylogenetic analyses identified the strain 

MR 02 as a novel species of the genus Pseudomonas under P. putida group. In summary, 

MR 02 is a Pandrug-resistant bacteria and it has all possible arsenals arranged in its 

genome, ready for encountering representative molecules from any class of antibiotic.   
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Revealing the role of New Delhi Metallo-β-lactamase in metabolism of   
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5.1 Introduction 

  

Antibiotics have always been reckoned as one of the wonder drug discoveries of the 

last century. This is true but increasing antibiotics-resistance in pathogenic bacteria with 

the associated decrease in the development of new antibiotics drugs threatens us to the 

return to the dark ages of the pre-antibiotics era. The protective mechanisms in bacteria 

that have developed include preventing entry of the antibiotics, producing hydrolytic 

enzymes that destroy or modify the antibiotic drugs, or making changes to the 

antimicrobial target sites. Therefore, the antibiotic-resistance mechanism of bacteria also 

could be considered to simply symbolize the Darwinian evolutionary theory. Bacteria 

naturally developed a resistance mechanism against the microorganism-derived 

antimicrobial molecules for survival and make many copies of itself in a successive 

generation. A wide range of biochemical and physiological mechanisms has developed in 

bacteria to make resistance against antibacterial compounds. In the specific case of 

antibacterial agent, the complexity of the processes that help to emergence and distribution 

of resistance can’t be exaggerated, and the lack of basic knowledge on resistance 

mechanism is one of the primary reasons that there has been so little significant success in 

the effective prevention and control of resistance development. 

Now microorganisms are not only developing resistance mechanisms against the 

antibiotics molecules but it also developed a new way they eat antibiotics as food. Despite 

the lack of appropriate information on antibiotics-use, 100-200 thousand tons of antibiotics 

used worldwide every year (Wise, 2002; Kummerer, 2003) and now also recognized have 

an additional role of antimicrobials. These new additional roles have been developed by 

bacteria and through these new roles, antibiotics offer carbon and nitrogen or only carbon 

sources of bacteria. However, remarkable only few works has been reported on the 

biochemistry of antibiotic catabolism. Recently a research work on penicillin catabolism 

was published and they find the conserved pathway for penicillin catabolism involving 

initial hydrolysis catalyzed by β-lactamases the same enzymes that are widely responsible 

for resistance to the penicillins and β-lactam group of antibiotics (Crofts et. al., 2018). 

Based on antibiotics origin antibacterial compounds are classified into three types, natural, 

semi-synthetic and synthetic. The present period semi-synthetic and synthetic antibiotics 

are more prescribed drugs. Semi synthetics antibiotics drugs like “Ampicillin” was 



Chapter 5 

114 
 

introduced for mankind more than 60 years ago. When the amino group added into the 

benzylpenicillin molecule a new molecule was developed called ampicillin (Witting and 

Smith 2011). Ampicillin was placed in β-lactams group, which include successive 

generations of β-lactams (including cephalosporin, and carbapenems) remain the most 

important Class of antimicrobial agents. Penicillin is a natural compound and these 

produced by microorganisms long before human use, and hence antibiotic-catabolism may 

well have ancient origins. Based on the previous study, penicillin catabolism in bacteria 

proceeds via initial β-lactamase-mediated hydrolysis to originate benzylpenicilloic acid, 

which acts as a substrate for amidase and benzylpenicilloic acid converted into 

phenylacetic acid. At the end of the process phenylacetic acid can then undergo conversion 

into acetyl coenzyme A (CoA) and succinyl CoA via an established process of 

phenylacetic acid catabolism (Crofts et. al., 2018; Teufel et. al., 2010). On the other hand, 

ampicillin is semi-synthetic compounds and it does not easily catabolized due to the amino 

group, but when this amino group shall be removed then it will easily be catabolized by 

bacteria. Serine β-lactamase enzyme can only hydrolyze ampicillin molecules and then 

they only converted into an inactive form, these hydrolyzed product can act as substrate 

molecules for amidase enzymes, but not make a product for PAA pathway. Because after 

amidase hydrolysis originates a benzylpeniclloic acids with an amino group do not convert 

into phenylacetic acid (Figure 5.1). In brief, we can say that for β-lactam antibiotic 

catabolism required three components and these components are (i) β-lactams resistance 

genes (ii) amidase genes and (iii) phenylacetic acid catabolism enzymes encoding genes. 

When these three components shall be present in any microorganism, then antibiotics 

molecules will be catabolized by those microorganisms. Previous reports have explained 

only natural antibiotics (penicillin) catabolism, but in this study we explain ampicillin 

catabolism in MBL positive strain which was isolated from Mahananda and Karala River 

of Siliguri and Jalpaiguri of West Bengal. All MBL positive isolates showing unexpected 

high MIC value against penicillin as well as ampicillin molecules. Simply this result 

indicates MBL positive strain used β-lactam antibiotics as a food (carbon and nitrogen 

molecules) for growth. Based on NDM-1 and ampicillin binding study, hypothetically we 

recognized an additional role of NDM-1 in ampicillin catabolism; they could be provided 

with a carbon and nitrogen source to bacterial cells. 
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Figure 5.1: Difference between penicillin and ampicillin molecule and their catabolic 

pathways 

This chapter is the soul of the whole study and the first and most important aim of 

this chapter was to establish a new role of New Delhi Metallo-β-lactamase in the 

catabolism of ampicillin antibiotics as a growth substrate. We demonstrate that strategy by 

recombinant E. coli DH5α strain, enabling it to grow using ampicillin as its sole carbon 

source. The second aim of this chapter was to demonstrate the utilization of ampicillin as a 

sole carbon source in MBL positive strain. All the MBL positive strains were used because 

all the bacterial strain carries New Delhi Metallo-β-lactamase genes. The third aim of this 

study was to revelation of ampicillin catabolic pathway in the draft genome of MR 02 
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strain, although these MR 02 strain was also used ampicillin as a sole carbon source for 

growth and the whole genome is available, so, this strain can be used as a model strain for 

analysis of β-lactams catabolic responsible genes and their expression (RNA-seq analysis). 

5.2 Materials and Methods  

5.2.1 Growth studies of MR 02 demonstrate utilization of ampicillin as the sole source 

of carbon, nitrogen, and energy 

To study the utilization of ampicillin as carbon and nitrogen sources, the inoculum 

was prepared as follows. MR 02 was inoculated in 10ml Luria Broth containing 50μg/ml 

Imipenem and was incubated at 30°C in shaking incubator for 18 hrs. 18 hrs grown MR 02 

culture was centrifuged in 1.5ml tube at 3000 rpm for 5 minutes and the supernatant was 

discarded. Then 1.5 ml fresh autoclaved distilled water was added, the cell pellet was 

dissolved in it following centrifugation at 3000 rpm for 5 minutes and again the 

supernatant was discarded. The same process was repeated for the second time. The culture 

was washed a total of two times in minimal media lacking a carbon and nitrogen sources. 

After that, the fully washed cell pellet was dissolved in 1.5 ml fresh minimal media. From 

this stock, 1% (200μl) inoculum was taken to inoculate each 100 ml Erlenmeyer flasks 

containing 20 ml minimal media with different experimental compositions.   

The composition of the minimal media used in this study was as follows:  

(I) Ampicillin as a sole source of carbon and nitrogen  

(II) Ampicillin was used only as a sole source of carbon 

For growth on ampicillin as both carbon and nitrogen sources, no dextrose and no NH4Cl 

were added in minimal media, but the only different concentration of ampicillin (Himedia) 

2 g/L, 4 g/L, 6 g/L with EDTA and without EDTA was added. For growth on ampicillin as 

the only carbon source, no dextrose but only different concentration ampicillin 2g/L, 4g/L, 

6g/L, with EDTA and without EDTA was added. Minimal media were prepared consisting 

of (per litre) 3 g/L KH2PO4, 6 g/L Na2HPO4, 5 g/L NaCl, 5 g/L NH4Cl, and 100 mg/l 

MgSO4. The pH value was adjusted to 7.0 ± 0.2 and sterilized by autoclaving. After 

inoculation flasks were incubated at 30°C for 216 hrs in a shaking incubator at 120 rpm. 

Growth was monitored after every 24 hrs at 600 nm in a spectrophotometer (BMG 

SPECTROstar nano). 
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The growth of MR 02 in the minimal media containing NH4Cl with and without 

EDTA was studied to test the effect of EDTA. All growth experiments included triplicate 

independent cultures, and OD600 values were evaluated as averages with standard error. 

Growth data were plotted using Microsoft Excel. 

5.2.2 Identification of β-lactam catabolism-responsive genes from the draft genome of 

Pseudomonas sp. MR 02 

Open reading frames (ORFs) of β-lactam catabolic genes (resistance-associated, 

catabolism associated and phenylacetic acid catabolism) were identified from the draft 

genome of MR 02. Sequence lengths were again analyzed by additional BLASTP via the 

NCBI BLAST server (http://www.ncbi.nlm.nih.gov/BLAST). 

5.2.3 Establish a new role of blaNDM-1 in the β-lactam catabolism pathway  

Our hypothesis is that if a bacterium will have NDM-1 gene with amidase(s) and the 

pathway to catabolize phenylacetic acid (PAA), then it will use ampicillin as a carbon and 

energy source. The amidase(s) and pathway to catabolize phenylacetic acid (PAA) are 

naturally present in the E. coli cell (Teufel et. al., 2010; Priyadarshini et. al., 2007) and 

when we will clone and express the NDM-1 gene in the E. coli cell, then recombinant cell 

will also use ampicillin as the carbon source. Thus, the speculation was validated with 

experiment. 

5.2.3.1 Amplification of blaNDM-1 gene Pseudomonas sp.  MR 02  

The Pseudomonas sp. MR 02 blaNDM-1 full length (813bp) gene was amplified by 

Polymerase Chain Reaction using primers EcoRI (5′-

GGGAATTCATGGAATTGCCCAATATTATG-3′) and PstI (5′-

AACTGCAGTCAGCGCAGCTTGTCGGCCAT-3′) (Tada et. al., 2014). The forward and 

reverse primers were flanked by the specific restriction endonuclease sites used for cloning 

the amplified fragments. The reaction mixture and thermal cycle profile for PCR 

amplification described in previous chapter 2. The Amplified product was checked in 1.5% 

agarose gel by gel electrophoresis. 

5.2.3.2 Cloning vector pHSG398  

The plasmid vector pHSG398 (Takara, Japan) of 2227bp length, was used for the 

cloning of full-length PCR amplified blaNDM-1 gene product. pHSG398 is a pUC-type 

http://www.ncbi.nlm.nih.gov/BLAST
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bacterial cloning vector with a chloramphenicol resistance marker gene. This vector also 

contains multiple cloning sites (MCS) with the lacZ genes (Figure. 5.2). 

 

Figure 5.2: A schematic representation of plasmid vector pHSG398 (2227bp) 

(Vector map were created in SnapGene tool) 

5.2.3.3 Restriction endonuclease (RE) digestion of PCR amplified blaNDM-1 genes and 

pHSG398 Plasmid 

Restriction double digestion of the amplified PCR product and plasmid vector was 

carried out using the two endonuclease restriction enzymes EcoRI and PstI. The reaction 

mixture for double digestion was prepared separately for both DNA samples as per the 

manufacturer protocol (Thermo Fisher Scientific). For this 2.5μl (15 units) EcoRI and 5μl 

(30 units)  PstI of required restriction enzymes was added to 1μg DNA samples with tango 

buffer supplied by the manufacturer and the mixture was incubated overnight at 37°C. The 
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digested DNA samples were run on the 1% agarose gel to confirm the success of the 

restriction digestion reaction.  

5.2.3.4 Gel extraction of RE digested DNA products 

The double digested PCR DNA and vector DNA bands were cut out from the 

agarose gel (low melting agarose) with a sterile scalpel. The DNA bands from the gel were 

extracted and purified by the G Sure DNA purification kit (GCC Biotech) follow 

manufacture instruction. Finally, the purified DNA products were eluted in the nuclease-

free water separately and thereafter, the purified DNA products were stored at -20°C for 

further cloning work.   

5.2.3.5 Preparation of competent cell  

The competent cells were prepared for the transformation of the recombinant vector 

(pHSG398+NDM-1) is followed Mandel and Higa classic experiment method (Mandel & 

Higa, 1970) Chemical use in this method were described in previous chapter 2. 

5.2.3.6 DNA ligation 

The gel-purified double digested PCR products were ligated with double digested 

gel-purified pHSG398 vector in molar ratio 1:3 in an appropriate buffer and T4 ligase 

enzyme (GENEI). The mixture was incubated at 4°C overnight. Thereafter, the ligated 

DNA products were transformed into E. coli DH5α competent cells. 

5.2.3.7 Transformation 

The chemically prepared competent cells were transformed with the ligated 

recombinant vector (pHSG398+ blaNDM-1) product via the heat shock method. 20μl (100ng 

DNA) ligation mixture was added aseptically to the 100 μl competent cells and mixed by 

gentle tapping and following the transformation method described in previous chapter 2. 

The transformants were spread onto the LB agar plate containing imipenem (10 mg/l) and 

chloramphenicol (50 mg/l). The plate was incubated at 37°C for overnight.  

 5.2.3.8 Screening of the recombinant by PCR methods   

Confirmation of the cloned bacterial isolates was done by amplification of the 

conserved region of blaNDM-1 genes by PCR methods followed by PCR method described in 

previous chapter 1. 

5.2.3.9 Determination of minimum inhibitory concentration (MIC) of recombinant E. 

coli DH5α strain 
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MIC values of the recombinant E. coli DH5α (pHSG398+blaNDM-1) were 

determined by the broth macrodilution method as per CLSI guidelines (Wayne 2017). The 

experiment was set up in triplicates in the test tube with 3ml MH broth media containing 

different dilution of antibiotics and 106 recombinant E. coli DH5α (pHSG398+ blaNDM-1), 

and wild type E. coli DH5α cells were used as a control. The tubes were incubated at 37°C 

for 16-18 hrs. Thereafter bacterial growth was determined by measuring at 600 nm via 

spectrophotometer (BMG SPECTROstar nano). 

5.2.2.10 Catabolism of ampicillin by recombinant E. coli DH5α cell  

To study the utilization of ampicillin as carbon sources by recombinant strain 

of E. coli DH5α (pHSG398+blaNDM-1) inoculums and minimal media were prepared as the 

following method described above section 5.2.1. Ampicillin was used as the carbon source 

and the concentrations of ampicillin with minimal media used were 0.1 g/L. E. coli DH5α+ 

pHSG398 and E. coli DH5α+pGEM-T strain used as negative and positive control 

respectively. After inoculation flasks were incubated at 37°C for 48 hrs in a shaking 

incubator at 120 rpm. Bacterial growth was measured by CFU counting method. Samples 

were taken for plating on LB plates at 12 hrs interval to 48 hrs after starting the 

experiment. All growth experiments included triplicate independent cultures, and CFU 

values were evaluated as averages with standard error. Growth data were plotted using 

Microsoft Excel. 

5.2.4 Transcriptome sequencing and bioinformatics analyses of Pseudomonas sp. MR 

02 to determine expression of gene responsible for ampicillin-catabolism  

5.2.4.1 Preparation of sample for transcriptome sequencing 

For transcriptome RNA sequencing (RNA-Seq), the sample Pseudomonas sp. MR 

02 was grown under two different experimental conditions, one with glucose (6 g/L) 

(control) and another one with ampicillin (6 g/L) (test/experimental) as carbon source 

containing minimal media (described in section 5.2.1). Culture flasks were incubated at 

30°C with aeration until cultures attained log phase and turned turbid (360 hrs).  
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Figure 5.3: Overview of the RNA-Seq analysis steps of Pseudomonas sp. MR 02  

5.2.4.2 Total RNA isolation, qualitative and quantitative analysis 

Total RNA was isolated from both the samples (control ‘C’ and experiment ‘E’) 

using Quick-RNA Miniprep Plus total RNA isolation kit (Zymo Research) by following 

the standard protocol as described by the manufacturer. Total RNA was dissolved in 

nuclease-free water and the qualities/purity of RNA was checked by measuring Optical 
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Density Absorption ratio (A260/280) using nanodrop and quantities of the isolated RNA were 

checked using 1% RNA agarose gel and visualization under U.V. light.  

5.2.4.3 cDNA library preparation and sequencing   

The paired-end cDNA sequencing libraries were prepared using total RNA per 

sample using a TrueSeq RNA sample preparation V2 kit (Illumina, San Diego California, 

USA) as per manufacturer's protocol. Then the cDNA fragments were purified with 

AMPure XP system and to select a fragment of 150-200bp in length for sequencing. The 

library quality was checked on Agilent 4200 bioanalyzer using High sensitivity DNA chip. 

For next-generation sequencing of both samples was performed using paired-end 2×150 bp 

library of the Next Seq 500 platform. 

5.2.4.4 Preprocessing RNA-Seq data and alignment to the reference genome 

The raw data of both samples were filtered using Trimmonatic v0.38 and high 

quality reads were obtained by removing the adapter and low-quality sequences from the 

raw data. The sequence reads were aligned to reference genome of Pseudomonas MR 02 

using Top-hat V2.1.1 with default parameters (Trapnell et. al., 2009).  

The reference genome of Pseudomonas sp. MR 02, with a genome size of ~5.9 Mb and the 

associated annotations were downloaded from NCBI Genome DB 

(https://www.ncbi.nlm.nih.gov/genome/13508?genome_assembly_id=354794).  

5.2.4.5 Differential Gene Expression (DGEs) analysis 

Assembled all transcriptome data from RNA-Seq data with help of cufflinks V2.2.1 

program and quantifies their expression. The individual gtf files of the assembled 

transcriptomes were used for differential gene expression analysis using cuffdiff program. 

There are a total of 5,436 coding genes present in the annotation file of Pseudomonas sp. 

MR 02. Differential gene expression analysis was performed using cuffdiff v2.2.1 to obtain 

significantly differently expressed genes between control and experiment samples 

(Trapnell et. al., 2013). The analysis was carried out for commonly expressed genes 

reported between control and experiment samples respectively. FPKM values were used to 

calculate the log fold change as log2 (FPKM-experimental/ FPKM-control). Log2 fold 

change values greater than zero were considered up-regulated whereas less than zero were 

down-relegated along with P-value (≥0.05) for statistically significant results.  

https://www.ncbi.nlm.nih.gov/genome/13508?genome_assembly_id=354794
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An average linkage hierarchical cluster analysis was performed on top 50 

differentially expressed genes, of the differential genes, expressed combination control vs. 

experiment, using multiple experiments viewer (MeV v4.9.0) (Eheanor et. al., 2011). The 

heatmap shows the level of gene abundance. Levels of expression are represented as the 

log2 ratio of gene abundance between control and experiment samples. Differentially 

expressed genes were analyzed by hierarchical clustering. Heatmaps were created using the 

log-transformed and normalized value of genes based on Pearson uncentered distance and 

average linkage method.  

5.2.4.6 Pathway analysis of coding DNA sequences by KEGG  

The functional annotations of genes were carried out against the curated KEGG 

GENES database using KAAS ver. 1.6 (KEGG Automatic Annotation Server-. 

(http://www.genome.jp/kegg/ko.html). The KEGG Orthology database of Prokaryotes 

family was used as the reference for pathway mapping. The result contains KO (KEGG 

Orthology) assignments and automatically generated KEGG pathways using KAAS BBH 

(bidirectional best hit) method against the available database with default parameters 

(Moriya et. al., 2007).  

5.2.5 Growth studies of MBL-positive strains to demonstrate utilization of ampicillin 

as sole source of carbon and energy 

To examine the growth of four MBL-positive isolates of 

the Proteus, Escherichia, Pseudomonas, and Acinetobacter genera termed KR01, KR23, 

KR25 and MR40 (one isolate from each genus) in mineral medium supplemented with 

ampicillin as a sole source of carbon and energy, the inoculums and minimal media were 

prepared as following method described above section 5.2.1. Each culture was washed two 

times in distilled water lacking a carbon source by cell pellet centrifugation (3000 rpm, 5 

min). After the final wash, the 106 cell suspension was resuspended in 100 ml Erlenmeyer 

flasks containing 20 ml minimal media with different supplementations. The basal minimal 

medium, used in this study, contained (g/L): KH2PO4, 3.0; Na2HPO4, 6.0; NaCl, 5.0; and 

MgSO4, 0.1(pH 7.0 ± 0.2). Ampicillin was used as the carbon source and the 

concentrations of ampicillin used were 0.5 g/L, 1g/L, 2g/L, and 4g/L. Flasks were 

incubated at 30ºC for 216 hrs in a shaking incubator at 120 rpm. All growth experiments 
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included triplicate independent cultures, and OD600 values were evaluated as averages 

with standard error. Growth data were plotted using Microsoft Excel. 

5.3 Results and Discussion 

5.3.1 Growth of MR 02 in minimal medium supplemented with ampicillin as a sole 

source of carbon, nitrogen, and energy in the presence or absence of EDTA 

The strain Pseudomonas sp. MR 02 isolated from Mahananda River water, before 

growth study in minimal media with ampicillin as a carbon and nitrogen source and was 

found to be extensively antibiotic-resistant and it has been established as a pandrug 

resistance bacterial strain in previous chapter 4. We cultured strain MR 02 with aeration in 

minimal media containing 2 g/L, 4 g/L and 6 g/L ampicillin as the sole carbon and nitrogen 

source at 30°C and measured culture density over the 216 hrs (Figure 5.4). The 

strain Pseudomonas sp. MR 02 grew robustly in minimal media supplemented with 6 g/L 

ampicillin as the sole source of carbon (Figure 5.4 b). MR 02 growth was also observed 

when we used ampicillin used as both carbon and nitrogen source (Figure 5.4a). The strain 

MR 02 grow in a specific concentration (nearly half of the MIC value), they do not grow in 

a dose-dependent manner in both conditions (ampicillin used as an only carbon source or 

both carbon or nitrogen source), and the growth was observed only in 6 g/L ampicillin. MR 

02 cells failed to survive when we added 0.4 mM EDTA (metal chelating agents) in 

minimal media and the same concentration of ampicillin used as nitrogen (Figure 5.4c) and 

carbon source (Figure 5.4d). It was found that in minimal medium containing glucose (8.0 

g/L) and NH4Cl (2.0 g/L), growth was almost unaffected in the presence of 0.4 mM EDTA 

(Figure 5.5).  
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Figure 5.4(a-d): Consumption of ampicillin as a growth substrate by Pseudomonas sp. 

MR 02 

Pseudomonas sp. MR 02 used β-lactam as a sole carbon and nitrogen source for growth (a) Growth of MR 02 

in the presences of ampicillin as a both sole carbon and nitrogen source (b) Growth of MR 02 in the 

presences of ampicillin as a only carbon source (c) Growth of MR 02 in the presences of ampicillin as a both 

sole carbon and nitrogen source with Metallo-β-lactamase Sub-inhibitory concentrations of EDTA (0.4 mM) 

(d) Growth of MR 02 in the presences of ampicillin as a only carbon source with Metallo-β-lactamase Sub-

inhibitory concentrations of EDTA ( 0.4 mM). 

 

Figure 5.5: Growth of Pseudomonas sp. MR 02 in minimal media in the presences or 

absence of EDTA (0.4 mM EDTA) as a control 
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5.3.2 Identification of β-lactam catabolism responsible gene 

We have an annotated draft genome of MR 02 to explicate the enzymes and 

pathways utilized during β-lactam catabolism. We annotated three chromosomal encoded 

β-lactamase genes belonging to class A extended-spectrum β-lactamase blaPME-1, subclass 

B1 Metallo-β-lactamase blaNDM-1, and class C β-lactamase AMPC, genes belonging to 

structural genes for amidase operon and also genes for the complete phenylacetic acid 

catabolic pathway. A figure has been constructed with the annotated genes and operons for 

catabolism of β-lactam antibiotic, ampicillin (Figure 5.6). 

Hence, we hypothesize that Pseudomonas sp. MR 02 catabolizes ampicillin in 

following steps: (i) Cleavage of the β-lactam ring and remove an amino group of ampicillin 

by NDM-1 (ii) amidase enzyme cleaves amide bond of inactivated ampicillin and releasing 

phenylacetic acid and ammonia molecules (NH4
+)  (iii) phenylacetic acid is routed to 

central metabolism as a carbon source by the phenylacetic acid catabolic pathway and (iv) 

two ammonia molecules (NH4
+) which is routed to central metabolism use as a nitrogen 

source for amino acid synthesis and other reduced nitrogen-carbon compounds synthesis 

(Figure 5.7).  

 

Figure 5.6: Annotations of genes responsible for ampicillin catabolism  

(a) Genes and ORF responsible for β-lactam catabolism in Pseudomonas sp. MR 02; blue colour indicating 

genes coding for β-lactamases; red colour indicating genes for amidase operon; and green colour indicating 

genes for phenylacetate degradation; (b) Complete ORF of phenylacetate degradation in E. coli K12; (c) 

Complete ORF of phenylacetate degradation in Pseudomonas sp. PE-S1G-1. 
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Figure 5.7: Hypothesized pathway for ampicillin catabolism  

(Docking image was adopted from Wang et. al., 2015) 

 

5.3.3 E.coli expressing MR 02 blaNDM-1 catabolizes ampicillin 

Based on our growth studies of MR 02 in minimal medium supplemented with 

ampicillin as carbon and nitrogen source in presence and absence of EDTA (0.4 mM), we 

hypothesized an additional attribute of NDM-1 to support the growth of any bacterium to 

utilize ampicillin as carbon and energy source, provided it has dedicated amidase(s) and 

the pathway to catabolise phenyl acetic acid (PAA). To determine the necessity of NDM-1 

in ampicillin catabolism, the recombinant E. coli DH5α cells were used because it having a 

similar metabolic pathway. Hence the blaNDM-1 gene of Pseudomonas sp. MR 02 was 

cloned and expressed in E. coli DH5α cell. Before the growth study first, we determine the 

MIC value of recombinant E. coli DH5α + NDM-1 strain (Table 5.1). Recombinant E. 

coli DH5α cells showed ampicillin resistance more than or equivalent 256 µg/ml. The 

recombinant E. coli DH5α+ NDM-1 strain was able to grow in ampicillin (100 mg/L) as 

sole carbon and energy source (Figure 5.6). There by supporting the hypothesis to prove 
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the associated role of blaNDM-1 in ampicillin catabolism. Two different recombinant strains 

E. coli DH5α_pHSG398 and E. coli DH5α_pGEM-T were used as controls (Figure 5.6). 

Table 5.1: Antimicrobial susceptibility pattern of E.coli DH5α:pHSG398 and E.coli 

DH5α:pHSG398+NDM-1 

 MIC (µg/ml) 

Ampicillin Penicillin Imipenem Meropenem Cefepime Ceftazidime 

DH5α+ 

pHSG398 

6 6 0.45 0.9 0.02 0.09 

DH5α+ 

pHSG398/ 

blaNDM-1 

≥256 ≥256 4 16 32 32 

 

 

 

Figure 5.8: Growth of recombinant strain, E. coli DH5α: pHSG398+NDM-1 in 

minimal media with ampicillin as sole carbon  

Recombinant strain DH5α/pHSG398 and DH5α/pGEM-T used as negative control and positive control 

respectively. Data points are average of three experiments with standard error bars. OD600 Optical density at 

600 nm. 
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5.3.4 Whole transcriptome sequencing of Pseudomonas sp. MR 02  

5.3.4.1 Qualitative and quantitative analysis of RNA samples  

Qualitative analysis of the total RNA of both control and experiment cells of 

Pseudomonas sp. MR 02 was resolved on 1% agarose gel at 80V for approximately 60 min 

till sample reached 3/4th of the gel (Appendix A5.1) and 1 µl of RNA of both sample was 

loaded in nanodrop for  quantitative analysis. The quality control (QC) passed samples 

were used to prepare cDNA library.   

5.3.4.2 RNA sequencing, transcriptome assembly and aligning to the reference 

genome 

Two cDNA libraries of Pseudomonas sp. MR 02 cultured in minimal media with 

glucose as carbon source and minimal media with ampicillin as carbon source were 

sequenced on Illumina Next Seq 500 platform and name as Pseudomonas sp. MR 02 

control ‘C’ and Pseudomonas sp. MR 02 experiment ‘E’ respectively. There were a total of 

9,211,961 and 8,035,277 raw reads were generated comprising of 2,752,874,653 and 

2,400,906,916 nucleotide bases in control and experiment libraries, respectively (Table 

5.2). After the quality filtration (mean quality score < 20 Phred score) and adaptor 

trimming using Trimmomatic v0.38, the high-quality reads were used for reference-based 

read mapping. The raw reads were submitted to the NCBI database under BioProject 

number PRJNA612657 with BioSample numbers SAMN14379771 and SAMN14379772. 

As the draft genome sequence of Pseudomonas sp. MR 02 strain has been published, the 

sequence reads were then aligned to the database for further analysis of gene expression 

profile. More than 94% of the total reads of both samples could be aligned to the 

Pseudomonas sp. MR 02 draft genome, of which approximately 99% could be identified 

read mapped and used for gene expression analysis. In taxonomy analysis 63% and 37% 

reads were aligned, control sample read and experiment sample read with MR 02 draft 

genome respectively. After genome mapping 3721 and 3710 genes were detected to be 

expressed in control and experiment respectively with Pseudomonas sp. MR 02 

respectively. Among these genes, 3707 were commonly expressed between both samples.   
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5.3.4.3 Differential genes expression analysis 

Differential gene expression profile between carbon source as glucose and carbon 

source as ampicillin transcripts was developed using cuffdiff v2.2.1 to identify genes with 

differential expression level in the control compared to experiment, initially we used the 

FPKM method to calculate the expression level of the CDS. Differentially expressed genes 

were analyzed by hierarchical clustering. A heat map was constructed using the log 

transformed and normalized value of genes based on person uncentered distance as well as 

based on average linkage method.  

Table 5.2: Differential genes expression summary 

 

Description 

Gene counts 

Upregulated Downregulated Exclusive 

only in 

control 

sample 

Exclusive only 

in experiment 

sample 

Expressed

in both 

Pseudomonas sp. 

MR 02, Control vs. 

Experiment  

 

93 

 

45 

 

14 

 

3 

 

3707 

 

Based on the common hit accession of functionally annotated CDS in control and 

expressed strain CDS, a total of 3306 CDS expressing in both sample transcripts of which 

a total 45 (1.21%) CDS were down-regulated in control strain transcript compare to 

experiment strain transcript whereas 93 (2.50%) CDS were up-regulated in control 

compared to experiment with the log 2 fold change value of greater than zero (Table 5.2).  

Heatmap was constructed on the average linkage hierarchical cluster analysis, 

shows the levels of transcript abundance of the top 50 differentially expressed transcripts 

recognized in control and experiment samples. The heat map represents that out of 50 

genes, nearly 50% of the genes were shown to be upregulated and the rest 50% nearly to be 

down regulated.  Among these 50 genes, metallo-β-lactamase NDM-1 gene is present 

(Figure 5.8). The red and green color in the heat map represent (logarithmic intensity of the 

expression genes) upregulated and downregulated genes respectively, among the top 50 

differentially expressed genes in both control and experiment samples.  
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Figure 5.9: Heatmap of top 50 differentially expressed genes of Pseudomonas sp. MR 

02 grown in glucose and ampicillin as carbon source containing minimal 

media 
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5.3.4.4 KEGG pathway analysis of DEGs  

Gene ontology enrichment analysis was performed with the 93 CDS up-regulated 

in control compared to experiment (Appendix A5.1). This study was focused on ampicillin 

catabolism, how bacteria use ampicillin as carbon source and this is also shown in 

transcriptome study. The genes identified were found to be classified into 21 functional 

pathway categories in KEGG. Most of the annotated genes were found to associate with 

carbohydrate metabolism (138) energy metabolism, lipid metabolism, signal transduction 

and environmental adaptation (Table 5.3).   

Table 5.3: KEGG pathway classification 

Pathways Gene counts in  

C vs. E 

 

Metabolism 

Carbohydrate metabolism 136 

Energy metabolism 90 

Lipid metabolism 57 

Nucleotide metabolism 42 

Amino acid metabolism 181 

Metabolism of other amino acids 57 

Glycan biosynthesis and metabolism 27 

Metabolism of cofactors and vitamins 85 

Metabolism of terpenoids and polyketides 22 

Biosynthesis of other secondary metabolites 28 

Xenobiotics biodegradation and metabolism 49 

Genetic Information and Processing 

Translation 20 

Folding, sorting and degradation 15 

Replication and repair 22 

Environmental Information and Processing 
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Membrane transport 136 

Signal transduction 159 

Cellular Process 

 

Transport and catabolism 9 

Cell growth and death 17 

Cellular community- prokaryotes 92 

Cell motility 37 

Organism System 

Environmental adaptation 11 

 

5.3.4.5 Study of functional genes in ampicillin catabolism 

According to our hypothesis the ampicillin catabolism required three different 

components (i) metallo-β-lactamase blaNDM genes (ii) amidase genes and (iii) PAA 

pathway genes. Based on the comparative RNA-Seq it was demonstrated that the 

expression of ampicillin catabolism responsible genes coding for NDM-1, amidase and 

PAA pathway, there has been a change in the expression of metabolic enzymes to presence 

of growth requirements in minimal media containing ampicillin as sole carbon source. We 

identified that of the 138 differentially expressed genes, 93 and 45 genes were significantly 

upregulated (Table A5.1) and downregulated (Table A5.2) respectively (Figure 5.8), in 

MR 02 cells when grown in minimal medium containing ampicillin as sole carbon and 

energy source compared to the cells grown in minimal medium containing glucose as sole 

carbon and energy source. The expression of B1 metallo-β-lactamase NDM-1 gene was 

significantly higher (upregulated; log2 fold change of 2.00088) than two other β-

lactamases, class A extended-spectrum β-lactamase PME-1 and PDC (β-lactamase class C) 

respectively, in ampicillin-grown cells compared to glucose-grown cells. Two genes, 

coding for penicillin G amidase and penicillin acylase family protein respectively; and 

three genes coding for MBL fold metallo-hydrolases; and all paa genes of the phenylacetic 

acid catabolism were expressed in both conditions. On the basis of the comparative 

transcriptomics, it was revealed that there has been alteration of the expression of 

metabolic genes to meet growth requirements in minimal medium containing ampicillin as 

sole carbon and energy source. 
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5.3.5 Growth studies of MBL-positive strain in minimal-medium supplemented with 

ampicillin as sole source of carbon 

Four MBL positive strains one from each genus, Proteus sp. KR01, Escherichia sp. 

KR23, Pseudomonas mendocina. KR25 and Acinetobacter sp. MR40, were selected to test 

viability and growth in minimal media supplemented with ampicillin as a sole source of 

carbon.  Among these four strains, Escherichia sp. KR23 carry blaNDM-7 genes, 

Pseudomonas mendocina KR25 carry blaVIM-2 and other two strains carry blaNDM-1 genes. 

The concentrations of ampicillin used in this study were 1.0 g/L, 2.0 g/L, and 4.0 g/L to 

support the growth of KR01, KR23 and KR25 and 0.5 g/L, 1.0 g/L, and 2.0 g/L ampicillin 

for MR40 (Figure 5.10). The cells of Proteus sp. KR01 has demonstrated the viability till 

72 h followed by marginal cryptic growth (similar to growth that happens during stationary 

phase) but no visible growth showing persistent log phase (similar to a typical growth 

curve) took place (Figure 5.10a). In case of Pseudomonas medocina KR25 has shown the 

viability till 196 h followed by marginal cryptic growth at only 1 g/L ampicillin 

concentration but no growth was observed in any concentration (Fig. 5.10c). Of the 

different concentrations of ampicillin used as sole carbon and energy source to test growth, 

Escherichia sp. KR23, and Acinetobacter sp. MR40 demonstrated maximum growth in 4.0, 

and 1.0 g/L ampicillin respectively (Figure 5.10 b & d). Each strain grew in only one 

ampicillin concentrations (nearly half of the MIC value). These results confirm the validity 

of our hypothesis NDM-1 or NDM-7 role in ampicillin catabolism.  
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Figure 5.10: MBL positive strains catabolise ampicillin and use as sole carbon source 

a-d,  

(a) growth of strain Proteus sp. KR01, (b) growth of strain Escherichia sp. KR23, (c) Pseudomonas 

medocina KR25, (d) Acinetobacter sp. MR40, in minimal media with ampicillin as sole carbon source. Data 

points are average of three experiments with standard error bars. OD600 Optical density at 600 nm. 

 

5.4 Conclusion 

Antibiotics resistance enzymes are known to be plentiful in soil habitats, and it is 

only because of their medical exploitation that as privileged molecules not bound by the 

carbon cycle. Gram-negative NDM-1 producers of the genera, Acinetobacter, Escherichia, 

and Pseudomonas, demonstrating significantly high MIC values against β- lactam 

antibiotics, endowed with the capacity of consuming ampicillin as a carbon-source has 

larger implications in cleaning antibiotic-stressed habitats. 
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General Discussion  

Carbapenems are a broad range of β-lactam antibiotics currently considered to be 

the drug of ‘last resort’ for treating infections with multi-drug resistant bacteria. In the past 

two decades, the development and spread of strains resistant to carbapenem have been a 

growing concern (Meletis, 2016). Imipenem and meropenem are common carbapenem 

antimicrobial agents used to treat nosocomial and mixed bacterial infections. Resistance to 

these antimicrobial agents limits therapeutic options. Resistance to carbapenems occur 

either through bacterial production of metallo-β-lactamase enzymes that hydrolyze the 

carbapenems, and break down other β-lactam antibiotics as well (Queenan and Bush, 2007) 

or through porin channels or efflux pumps in the bacterial cell wall that reduce the 

permeability of the drug into the organism or efflux the drugs from organism (Fernandez 

and Hancock, 2012). In some bacteria like Pseudomonas aeruginosa, all these three 

mechanisms are present (Fernandez and Hancock, 2012). The most dangerous bacteria are 

known to produce metallo-β-lactamase enzymes and can pass it from organism to organism 

via plasmid or integron and a reservoir is required for horizontal gene transfer (Lutgring 

and Limbago, 2016; Meletis, 2016; Diene and Rolain, 2014). Human and animal gut, 

natural environment, including soil and water are the potential reservoir of antibiotic 

resistance genes. Antibiotic resistance is often focused around health sectors and the 

hospital environment has been shown to harbor and distribute antibiotic resistance 

including metallo- β-lactamase (Bush et. al., 2011). Metallo-β-lactamase producing 

bacterial strains is mainly reported in a hospital setting and these pathogenic bacterial 

strains release to environment from hospital sewage via WWTPs and waterways (Ray et. 

al., 2016; Zenati et. al., 2016).  

The primary aim of this research was to investigate the presence and abundance of 

MBL producing bacteria in two city-waste polluted rivers. Since the resistance level of 

bacteria is settled on by the enzyme efficiency for hydrolyzing carbapenems and by the 

number of resistance mechanisms present in the bacteria, and by other probabilities 

through production of more than one hydrolyzing enzyme and may show modifications in 

more than one porin, producing high-level resistance to the carbapenemase as per German 

DIN 58940 standard (1998). The concentration of imipenem prescribed in media for 

isolation of imipenem-resistant bacteria is 8 μg/ml, we used 20 µg/ml imipenem in MHA 
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plates, in this study, to determine the density of imipenem-resistant bacteria in river water 

sample. We have also considered breakpoint criteria (S/R) changes for imipenem when 

testing Enterobacteriaceae while selecting 20 µg/ml (as in CLSI and EUCAST guidelines 

imipenem resistant is > 8 µg/ml) imipenem concentration to select isolates bearing MBLs 

(https://clsi.org/; http://www.eucast.org/clinicalbreakpoints/). Moreover, the level of 

resistance is determined by the efficiency of the enzyme for hydrolyzing the drug and by 

the number of resistance mechanisms present in the organism. Organisms can produce 

more than one hydrolyzing enzyme and may show modifications in more than one porin, 

producing high –level resistance to the carbapenems (MIC ≥ 16 µg/ml); while organisms 

with decreased susceptibility produced by pouring changes alone often have lower MICs (2 

-8 µg/ml). Therefore, if we had used 8 µg/ml imipenem, we might have ended with an 

overwhelming high number of intrinsically imipenem resistant isolates. Earlier authors 

have also reported about the low prevalence of carbapenem-resistant bacteria in river 

water; intrinsic resistance being pre-dominant (Farzana et.al. 2013). 

The water quality data of the two rivers, Mahananda and Karala, indicated that both 

of them are moderately polluted (unpolluted rivers typically have a BOD below 1 mg/L) 

(Appendix D1).  The BOD was measured in the range of 1.6 – 2.1 mg /L in water samples 

collected from the rivers in the March and April (Pre-monsoon months), November and 

December (post monsoon months) of the year 2015. The dissolved oxygen (DO) is an 

important parameter to monitor the biological quality of water as it supports the aquatic life 

forms and regulates the biological degradation of organic impurities. In the pre-monsoon 

months, DO in the month of April, for both the rivers, was found to be lower than March 

data; while in the post-monsoon months, DO recorded in the month of November was 

lower than December (Table. D1). A slight decrease in DO at sampling location could be 

attributed to the addition of sewage upstream. The amounts of chloride in a water sample 

can give an indication of the amount of sewage effluent in river water. The chloride 

content of the Mahananda and Karala River water in the month of April was 1.9 and 2.7 

times respectively, the content recorded in the March (Table. D1).  Again, in the post-

monsoon months, the chloride content in the November of both Mahananda and Karala 

was higher than the value obtained in the December. The main source of chlorides in the 

https://clsi.org/
http://www.eucast.org/clinicalbreakpoints/
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waters is the discharge of domestic sewage; therefore, its concentration serves as an 

indicator of pollution by sewage.  

The physiochemical data corroborated with the microbiological data on imipenem-

resistant bacteria present in the water samples collected in March and April (pre-monsoon 

months) and, November and December (post-monsoon months). Data confirms maximum 

load of imipenem-resistant bacteria in the mid and downstream of both rivers in the April 

and November. Among water samples collected in December, from all the three sampling 

stations of the two rivers, imipenem-resistant bacteria were comparatively more in the 

downstream of Karala.  The upstream of Karala River is situated in the less-populated rural 

region while it veins and bisects the town in two halves; the midstream is at the heart of the 

town very near to the District hospital, but in post-monsoon months maximum stagnation 

occurs in its downstream; this may explain the abundance of imipenem-resistant bacteria in 

the downstream water samples.  Of the total number of imipenem-resistant bacteria 

retrieved from Mahananda River, maximum were derived from the midstream water 

sample followed by the downstream; least numbers were obtained from upstream water 

samples. This could be because all municipal waste channels carrying community and 

hospital waste-water are finally discharged in the mid-stream. The upstream and 

downstream of Mahananda drains predominantly less populated rural setting and also fast-

flowing (due to persistent gradient) and less stagnating in pre-and post-monsoon months 

compared to Karala.  Huge quantities of antibiotics are discharged into municipal waste 

because of the partial metabolism of humans or due to removal of idle antibiotics ensuing 

in the detection of antibiotic-resistant bacteria and ARGs (Zhang et. al., 2009, Selvaraj et. 

al., 2013, Rutgersson et. al., 2014, Chakraborty et. al, 2013). Hospital wastewaters contain 

fecal material from a large number of individuals, of which many are undergoing antibiotic 

therapy. It is, thus, conceivable that city-waste polluted river waters could provide 

opportunities to find novel carbapenemases and other resistance genes not yet described in 

clinical strains.  

The most common metallo-β-lactamase detected in the both rivers isolates were 

blaNDM (93.4%). The percentage occurrence of MBL-positive isolates among imipenem-

resistant bacteria isolated from Mahananda and Karala River was 5.26% and 4.68% 

respectively. The gene, blaNDM, was detected in 17.14% and 20.51 % of MBL-positive 
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strains isolated from Mahananda and Karala River respectively. Large number of 

imipenem-resistant bacteria, isolated from waters of the Mahananda and Karala river, 

which were not MBL-positive ones, could be those who have recruited other mechanisms 

like over expression of efflux pumps leading to carbapenem resistance associated with 

multi-drug resistance (Meletis et. al., 2012), or are able to prevent carbapenems reaching 

their PBPs by diminishing the permeability of their outer membrane by diminished 

expression or loss of specific porins, or mutation derived changes of their PBPs as in gram 

positive bacteria (Munita & Arias, 2016).  

Bacterial resistance to antibiotic molecule, cover almost all clinically used 

antibiotic classes, and is leading the world towards a return to the condition of the pre 

antibiotic era (Fair and Tor, 2014). Antibiotic susceptibility testing and MIC results of all 

15 MBL producing strains against 22 antibiotics (Table 1. 7 and Table 1.8) and 13 

antibiotics (Table 1.9 and Table 1.10) respectively, showing that all MBL producing strain 

are multidrug-resistance and in this study we have established one MBL producing strain 

MR 02 as PDR (Pan-drug resistance) strain because both phenotypically and genotypically, 

it has shown resistance against all available clinically used antibiotics. In the current study, 

the MIC value vary between same bacterial species, Karala River MBL producing isolates 

KR07, KR22 and KR23 are belonging to same bacterial species but they are showing 

different MIC value against different antibiotics, similarly this type phenomenon happen 

with Mahananda River MBL producing isolates MR40 and MR41, both strain also 

belonging same bacterial species but MIC values are different. In this study we also 

characterised integron gene cassettes in MBL positive isolates, and found that the same 

species but different bacterial strain that was isolated from the same sampling site carried 

different antibiotics resistance gene cassettes. This result indicates that polluted river water 

is the hotspot of resistance evolution.  

While identifying metallo-β-lactamase activity in this current study (Fig 1.10 and 

Fig 1.11) it was notated that isolates MR 02, MR15, MR40, MR41, KR01, KR04, KR07, 

KR22 and KR23 produced more than one class of β-lactamase. Same finding was also 

observed in some recent study and it was found that two different classes of β-lactamase 

gene MBL and CTX-M type are present in same Klebsiella pneumoniae strain (isolate 

from hospital in Italy) (Nucleo et. al., 2013). The production of different type’s β-
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lactamase in same bacterial strain makes it more resistant to antibiotic classes (Extensively 

drug-resistant or Pan-drug), and producing offspring of resistant bacteria with much more 

detrimental effect upon morbidity and mortality of human beings (Nucleo et. al., 2013). 

The second observation is the detection of high frequencies of multidrug resistant 

pattern among the river water MBL producing isolates which may be attributable to 

intrinsic resistance. It has been claimed that water and soil bacteria are the most important 

source of antibiotic resistance (WHO 2020 https://www.who.int/news-room/fact-

sheets/detail/antimicrobial-resistance). 

16S rRNA gene being universal, 16S rRNA sequences are widely used to ascertain 

the genus and species of the isolates (Srinivasan et. al., 2015). After the isolation and 

screening of MBL producing isolates from both the river water samples, all of these 

isolates were identified by 16S rRNA gene sequencing and variation in blaNDM genes were 

detected by PCR amplification and sequencing of the complete ORF region. Thus, the 

amplification and sequencing results of blaNDM genes among the both rivers isolates 

showed similarities with blaNDM-1 and blaNDM-7 genes within GenBank. In this study, a 

large portion (07 out of 35, and 08 out of 39 from Mahananda and Karala respectively) of 

MBL-positive isolates, possessed NDM; and only one of the Karala isolates contained 

VIM-2 (Table 2.2). Fourteen blaNDM possesing multidrug-resistant isolates belonged to five 

genera, Pseudomonas, Myroides, Acinetobacter, Proteus, and Escherichia; the only one 

isolate bearing blaVIM-2 belonged to the genus Pseudomonas (Table 2.1). Three Karola river 

isolates, KR07, KR22, and KR23, bearing blaNDM-7 belong to a novel species of 

Escherichia having closest phylogenetic relationship with Escherichia albertii. KR07 and 

KR22 contained one and two class 1 integrons respectively. Very recently, blaTEM, blaSHV, 

and blaCTX-M were detected in E. albertii, an emerging member of the Enterobacteriaceae 

causing human and animal enteric infections (Li et. al., 2018). The first novel NDM-7 was 

also identified in 2013 in E. coli bacterial strain and it isolated from urine culture in France 

(Cuzon et. al., 2013). 

NDM has been detected in the river water in Brazil (South Africa); in drinking 

water in Canada (North America) and in the Danube River water samples in Europe, 

(Sanchez et. al., 2018; Fernando et. al., 2016; Kittinger et. al., 2016). This indicates the 

importance of the river water and the water environment as it contains numerous bacteria, 

https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
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some of which are metallo-β-lactamase and these bacteria in river water or drinking water 

can originate from hospital waste, aquaculture and WWTPs (Li et. al., 2014). 

Overwhelming abundance (40%) of the blaNDM gene was found in the both river 

MBL-positive isolates belonging to the genus Acinetobacter. Two Mahananda river NDM-

1 positive isolates MR26 and MR29 belonging to one novel species; and KR26 to another 

novel species of Acinetobacter  may be ascertained from the phylogenetic tree; one Karala 

River isolates, KR29, were found close to A. seohaensis; and the remaining two isolates of 

the genus Acinetobacter, MR40 and MR41, were close to A. variabilis. The isolates, MR40 

and MR41, contained two class 1 integrons (one containing two gene cassettes, aadB-

aac(6')-Ib; the other contains dfrA5 in MR40; in MR41, blaPSE-1 present in one class 1 

integron and dfrA5 in the other one).  The knowledge of the occurrence and pattern of 

antimicrobial susceptibility pattern of Acinetobacter spp. is significant as they have come 

out as a cause of ICUs infection (Rebic et. al., 2018). Among the six most important 

nosocomial MDR pathogens, A. baumannii has been reported to cause 2-10% of all 

hospital-borne infections caused by Gram negative bacteria (Antunes et. al., 2014). The 

first report from India about NDM-1 in Acinetobacter was in the year 2012 (Karthikeyan 

et. al., 2012). Earlier authors have indicated a higher propensity of isolation of NDM-1 

producing A. baumannii from sewages of the hospitals, but could not recover any NDM-1 

producing isolates from a river or fish pond water (Zhang et. al., 2013). We have estimated 

about the possession of blaNDM-1 in diverse species of the genus Acinetobacter in waters of 

the Mahananda and Karala.  

On examining the water quality of both the rivers, it cannot be concluded that 

bacterial communities within it easily grown in nutrient-rich environment, moderately they 

are subjected close to oligotrophic condition. All the multidrug-resistant MBL-positive 

isolates were facultatively oligotrophic in nature. Facultative oligotrophs are less reactive 

to abruptive resource availability; instead they switch on to exploit nutrient poor 

conditions.  

The increase in gram-negative carbapenem antibiotic resistance is worrisome 

particularly as there are few, if any clinical trial antimicrobial agents possessing suitable 

activity against Pseudomonas spp., Acinetobacter spp. and Escherichia spp. and then these 

bacterial species increase own resistance by acquiring the metallo-β-lactamase (MBL) 
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gene, which can potentially confer broad-spectrum β-lactam resistance including 

carbapenem. In several studies, MBL genes are often associated with aminoglycoside 

resistance genes and thus bacteria that possess resistance against carbapenem antibiotics as 

well as aminoglycoside antibiotics, both types of genes can be found as gene cassettes and 

it carried by mobile genetic element like integron (Walsh, 2005). Integron consist of three 

regions and among these one are called variable regions (fig 3.1) and within the variable 

region they can carry more than one gene. Gene encoding MBL, IMP and VIM are found 

as gene cassettes in class 1 integrons (Poirel et. al., 2001; Senda et. al., 1996; Yan et. al., 

2001).  One among the three multi-drug resistant MBL-positive Pseudomonas spp., KR25, 

was found to bear two class 1 integrons which included five gene cassettes (blaVIM-2, 

aacA4, aadA1, aadA2, and aac(6')-Ib) (Table 3.1 and Figure 3.4) and phylogenetically it 

nearest to P. mendocina. Other two Pseudomonas strains, MR15 and MR20, possessing 

blaNDM-1, belong to P.putida lineage, closest to P. monteilii and P. plecoglossicida. In an 

earlier study from China, a considerable prevalence of class 1 integrons in multidrug 

resistant clinical P. aeruginosa isolates was observed (Chen et. al., 2009).  

In the recent past, aquatic sediments receiving partially untreated effluents from 

communities of two different countries, Congo and India of diverse climatic conditions, 

were investigated for the occurrence of MBL genes in Pseudomonas spp.; and revealed 

that blaVIM-1 in congo isolates but to a lesser degree in Indian isolates, but incidence of 

blaNDM-1 was highest among the Indian isolates and few from Switzerland isolates 

(Devarajan et. al., 2017).  

Out of a total of 19 class 1 integron borne gene cassettes, the most abundant (09/19) 

was aadA family of genes which encode aminoglycoside-3-adenylyltransferases (AAD) 

which encodes streptomycin and spectinomycin resistance by adenylation (enzyme 

modification), and the second most common (04/19) was aac (6ʹ) Ib gene which code for 

aminoglycoside 6ʹ-N-acetyltransferase type I b, an enzyme of clinical importance that 

catalyzes the transfer of an acetyl group from acetyl CoA to the 6'-amino group of 

aminoglycoside molecules conferring amikacin and kanamycin resistance and it found in a 

wide variety of gram-negative pathogens.  

The abundance of aadA genes in Mahananda and Karala rivers of northern West 

Bengal, India, could be due to the rampant use of streptomycin in agriculture and they 
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encode kanamycin, neomycin, amikacin and streptomycin resistance (Bennett, 1999). 

Paddy and tea are the main cash crops and amongst horticultural crops, citrus fruits, 

tomato, and potato are widely grown in this region. The formulation of streptomycin 

sulphate + tetracycline hydrochloride (9:1) ( is one of the antimicrobials registered in India 

as fungicide and bactericide as per insecticide act, 1968; sold as ‘Antibac’ trade-name; ) is 

sprayed in huge quantities (for example to protect paddy from bacterial leaf blight, 300 

g/ha is sprayed) to control blister blight in tea, bacterial leaf blight of paddy, citrus canker 

in citrus, brown wilt, or ring or bangle disease of potato, and bacterial leaf spot in tomato 

to name a few (Sarkar et. al., 2018). Very recently, the state government of West Bengal 

had established fair price outlet for medicines where amikacin (250 / 500 mg vial injection) 

is included as important medicine under mandatory list (document entitled “ Establishment 

of fair price outlet for medicines, consumables and implants at selected government 

hospitals through public private partnerships (PPP); http://www.wbhealth.gov.in> upload 

files > PPP > ppp_02) and sold from district and sadar hospitals in large quantities to treat 

diseases caused by gram-negative pathogens; unprecedented use of amikacin in hospitals 

and community may have been the reason for the widespread dissemination and 

enrichment of aac (6') Ib gene in integrons.  

Two Karala river MBL positive Proteus spp., bearing class 1 integron having two 

gene cassettes, aac (6')-I-aadA2, and aadA2-aadA1 respectively and it also to bear 

blaNDM-1 MBL gene. In a study carried out in the USA, two P. mirabilis isolates was found 

to contain blaIMP-27 gene as the integral part of class 1 integron (Dixon et. al., 2016). In a 

hospital isolate, P. mirabilis, was reported to bear blaVIM-1 and aadA2 cassettes in class 1 

integron (Qin et. al., 2015).  

The whole genome sequencing in the current study was done to explore the 

resistance pattern (intrinsic and adaptive antibiotic resistance genes) of Mahananda River 

MBL positive isolates Pseudomonas sp. MR 02 at molecular level. The resulting whole 

genome was to allow comparison between MR 02 genome and to other previously 

sequenced Pseudomonas species and also to help in the comparative analysis between 

phenotype and genotype characters (Figure 4.10). 

The choice of Pseudomonas sp. MR 02 isolates for whole genome sequencing was 

based on antibiotic susceptibility pattern. It showed resistance against all antibiotics 

https://www.sciencedirect.com/topics/medicine-and-dentistry/kanamycin
https://www.sciencedirect.com/topics/medicine-and-dentistry/neomycin
https://www.sciencedirect.com/topics/medicine-and-dentistry/amikacin
https://www.sciencedirect.com/topics/medicine-and-dentistry/streptomycin
http://www.wbhealth.gov.in/
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categories which is defined for pan-drug resistance (PDR) strain by CLSI and EUCAST 

(antibiotic list for Pseudomonas aeruginosa described by Magiorakos et. al., 2012). In this 

study MR 02 isolates are genotypically and phenotypically characterised a PDR strain. 

Two different bioinformatic tools, CARD and BLAST were applied in the 

antibiotic resistance gene analysis from whole genome sequence of Pseudomonas sp. MR 

02 isolates. In draft genome of MR 02, 98 genes were identified as antibiotics resistance 

related genes and among this a total 64 genes have been predicted as antibiotic resistance 

efflux pumps. They cover all the five known efflux pump families of bacteria namely 

MFS, MATE, SMR, ABC and RND. Altogether eleven RND efflux pumps have been 

predicted in MR 02. One of the most relevant efflux pump families in the clinical context 

is the RND family, which has been characterized best in Gram-negative bacteria 

(Fernandez and Hancock, 2012). In general, RND efflux pumps consist of three 

components but in MR 02 single set of four component RND efflux pump TriABC-OpmH 

and MuxABC-OpmB has been found, same is the case with P. aeruginosa (Mima et. al., 

2007 & 2009).  One set of ABC type efflux pump Mac AB has been predicted in MR 02 

and they show homology with E. coli Mac AB. Mac AB pump has involved in macrolide-

specific resistance in E. coli (Kobayashi et. al., 2001). RND efflux pumps like MexAB-

OprM, MexCD-OprJ, MexEF-OprN and MexVW-OprM; MFS efflux pumps like TetG, 

EmrB, EmrAB and MdtA; MATE efflux pumps like NorM and SMR efflux pumps like 

emrE have identified from draft genome of MR 02.  

Presence of mutated genes like gyrA and parC   along with the abovementioned 

efflux channels might have played a role in development of resistance to fluoroquinolones 

in MR 02 (Yoshida et. al., 1990; Piddock et. al., 1999). 14 OprD porin channel genes were 

predicted. OprD is the major channel for entry of carbapenems. In Pseudomonas 

aeruginosa the most common mechanism of resistance to the cabapenems is loss or 

alteration of the outer membrane porin protein OprD (Atsuyuki et. al., 2009).  Out of 14 

porin channels annotated in MR 02 of which only 5 channels exhibited below 50% 

homology with Pseudomonas aeruginosa PA01 porin channels.  

The resistance phenotype against the β-lactam antibiotics was corroborated with the 

genomic presence of three different β-lactamases, PME-1, NDM-1 and AMPC, of which 

PME-1 and NDM-1 exhibited 100% similarity with the reported sequences and only 52% 
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similarity with AMPC reported from Pseudomonas aeruginosa PA01 (PDC-1) sequence. 

PME-1 β-lactamase enzyme was first time detected in Pseudomonas aeruginosa, which is 

isolated from clinic sample. It was grouped in ambler class A extended-spectrum β-

lactamase (ESBL) and conferred resistance to cephalosporin and aztreonam antibiotics but 

not to carbapenems (Tian et. al., 2011). Presence of NDM-1 in Pseudomonas aeruginosa 

was reported for the first time from Serbia (Jovcic et. al., 2011). AmpC enzymes are not 

carbapenemases, they posses however a low potential for carbapenem hydrolysis. But the 

combined effect of AmpC enzyme and the efflux pumps lead to carbapenem resistance in 

P. aeruginosa (Livermore, 1995 & 2002). 

Active efflux of antibiotics is a major way by which bacteria can become multiple-

antibiotic-resistant. Phenylalanine-arginine-β naphthylamide (PAβN) is a well-studied 

efflux pump inhibitor. The MICs of chloramphenicol and tetracycline were reduced to 2.0 

% of their values shown in absence of PAβN, showing that the susceptibility changes were 

entirely due to efflux inhibition (Figure 4.). Similar significant reduction in MIC values for 

fluoroquinolone antibiotics, ciprofloxacin and levofloxacin, was observed in presence of 

PAβN. In P. aeruginosa, an extensive range of antibiotics groups (except polymixin B and 

imipenem) comprising of quinolones, macrolides, tetracyclines, lincomycin, 

chloramphenicol, most penicillins except carbenicillin and subbenicillin, most cephems 

except cefsulodin and ceftazidime, meropenem, and S-4661, are driven out of the cell by 

efflux systems (Masuda et. al., 2000; Lamers et. al., 2013). Besides Mex AB-OprM, 

MexCD-OprJ, MexEF-OprN, and MexXY-OprM, there are several additional 

chromosomally encoded efflux pumps like MexHI-OpmD, MexVW-OprM, the NorM 

ortholog, and mutations of certain genes (gyrA, gyrB, parC, and parE) were identified 

responsible for development of resistance to quinolone group of antibiotics in 

Pseudomonas aeruginosa (Yoshida et. al., 1990; Piddock et. al., 1999). To explain the 

molecular basis of MR 02’s efflux-dependent resistance against chloramphenicol, 

tetracycline, ciprofloxacin, and levofloxacin, we were able to assign 8, 11, 5, and 5 efflux-

system genes/gene-clusters annotated from its whole-genome-sequence.  In addition to 

efflux genes, two mutated genes, gyrA and parC, were also assigned for imparting 

resistance to ciprofloxacin or levofloxacin.  
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At the end of this study, relevant role of blaNDM-1 genes in PDR strain 

Pseudomonas sp. MR 02 was described for ampicillin catabolism. While determining the 

MIC of different antibiotics, very high MIC values were obtained against the ampicillin 

(10000 mg/L). This observation led us to re-think this issue from the bacterial perspective, 

with cleaved β-lactam ring of the antibiotic, the inactivated molecule is nontoxic and can 

be exploited as carbon and nitrogen sources, allowing the bacteria to grow in elevated 

concentration of the drug. The role of NDM-1 in ampicillin catabolism was established 

because the growth of MR 02 in the same ampicillin containing minimal media was 

inhibited, when we added 0.4 mM EDTA. NDM-1 is known to be more susceptible to 

EDTA than other metallo-β-lactamase (Li et. al., 2013). In this study, 0.4 mM EDTA was 

used to completely inhibit NDM-1 activity; which in turn did not allow MR 02 to grow on 

ampicillin. To rule out any untoward effect of 0.4 mM EDTA, uninhibited growth of MR 

02 was demonstrated in minimal medium containing glucose and NH4Cl (Figure A5.1).  

Long back, in 1977, a Pseudomonas fluorescence strain with β-lactamase activity 

was reported to have the ability to use benzylpenicillin as a sole source of both carbon and 

nitrogen (Beckman & Lessie, 1979). Later in 1994, Phormidium valderianum BDU30501 

strain was shown to utilize ampicillin as nitrogen source via a probable mechanism of 

splitting of 6-aminopenicillanic acid into cysteine and valine (Bosnic et. al., 1994). Taking 

the cue from a very recent report by Croft et. al., 2018 that the non-β-lactam region of 

pencillin, phenylacetamide is capable to support growth of bacteria via phenyl acetic acid 

catabolon, we hypothesized on the basis of earlier report ampicillin binds to the two zinc 

ions and various critical residues present in the active site of NDM-1 through number of 

coordination bonds and hydrogen bonds that might render the host bacterium an 

opportunity to utilize the ampicillin as sole source of carbon, nitrogen, and energy. We 

were successful to demonstrate growth of MR 02 on ampicillin not only as sole carbon 

source but both sources of carbon and nitrogen. Despite having a 6-aminopenicillanic acid 

core containing nitrogen in all β-lactam antibiotics, ampicillin possesses a side chain with 

an additional amino group. From the results, it was revealed that ampicillin is also being 

used by MR 02 as nitrogen source.  

Moreover in support of the hypothesis, we assayed growth of the recombinant E. 

coli DH5α: pHSG398: blaNDM-1 strain using ampicillin (100 mg/L) as the only carbon 
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source, we found that expression of blaNDM-1 was sufficient to confer a significant role in 

ampicillin catabolism. These results confirmed the validity of our conjecture as well as the 

role of NDM-1 in ampicillin catabolism. 

 The comparative transcriptome analysis was performed between minimal media with 

glucose as carbon source and minimal media with ampicillin as carbon source grown MR 

02 cells. After RNA sequencing and data analysis, 3707 DEGs were identified between 

two samples. It was revealed that there has been alteration of the expression of metabolic 

genes to meet growth requirements in mineral medium containing ampicillin as sole carbon 

and energy source. MR 02 cells might have employed gluconeogenesis pathway to 

synthesize glucose-6-phosphate to make various cell macromolecules (as glucose was not 

available from the cell surroundings). The expression of pck, gapN, pgm, adhC, gpmI, and 

tpiA were higher along with significant upregulation of aldB (coding for aldehyde 

dehydrogenase) and exaA (coding for PQQ dependent dehydrogenase) genes of the 

gluconeogenesis pathway (Table A5.1). Besides gluconeogenesis pathway genes, three 

genes of the TCA cycle coding for NADP-dependent isocitrate dehydrogenase, 2-

oxoglutarate dehydrogenase E1 component (sucA), succinate dehydrogenase flavoprotein 

subunit (sdkA, frdA); and one gene coding for D-glycerate dehydrogenase (phosphor-

gluconate 2-dehydrogenas) of pentose phosphate pathway were found to be significantly 

upregulated, suggestive of regulation of genes related to growth on ampicillin as sole 

carbon and energy source.  On the other hand, two genes coding for NADPH 

dehydrogenase (quinone) of ubiquinone and terpenoid-quinone biosynthesis pathway was 

significantly downregulated (Table A5.2). MR 02 cells grown in both conditions (glucose 

or ampicillin) have expressed genes for PQQ-dependent dehydrogenases to use a PQQ-

dependent ethanol oxidation system with exception of significant upregulation of two exaA 

genes (coding for PQQ-dependent dehydrogenase, methanol/ethanol family), and one exaC 

gene (coding for aldehyde dehydrogenase) in ampicillin-grown cells. Interestingly, 

significant differences in expression of genes coding for proteins essential for the 

biosynthesis of the cofactor PQQ, organised in an operon pqqABCDE  and pqqF 

(expressed singly) were not observed in ampicillin or glucose-grown cells. Four genes 

coding for different aminotransferase enzymes (02 for cysteine and methionine 

metabolism; 01 each for thiamine and propanoate metabolism respectively), one gene 



General discussion 

148 
 

coding for FAD-binding oxidoreductase (of the arginine and D-ornithine metabolism), two 

genes coding for asparaginase (of the alanine, aspartate and glutamate metabolism), one 

gene coding for acyloxyacyl hydrolase (of the lipopolysaccharide biosynthesis), and hmgL 

gene for hydroxymethylglutaryl-CoA lyase (for butanoate/ valine, leucine and isoleucine 

degradation/geraniol degradation pathway) were significantly upregulated; while two 

genes coding for dihydrofolate reductase (for folate biosynthesis) and 2-hydroxy-3-

oxopropionate reductase (for glyoxylate and dicarboxylate metabolism) respectively were 

significantly downregulated in ampicillin-grown cells (Table A5.2). Two genes coding for 

peptidases were found to be significantly downregulated (M23 family metallopeptidase, 

LD-carboxypeptidase, and aminopeptidase) and upregulated (ATP –dependent Lon 

protease and S24 family peptidase) respectively in ampicillin grown cells.  

Overall it was observed that, for ampicillin catabolism three components are 

required and according to my hypothesis, when any bacterial species carries all these three 

components they are able to grow in ampicillin by consuming ampicillin as carbon and 

nitrogen source. Again to validate this hypothesis, we selected four different MBL 

producing strains; blaNDM-1 positive Proteus sp. KR01, blaNDM-7 positive Escherichia sp. 

KR23, blaVIM-2 positive Pseudomonas mendocina KR25 and blaNDM-1 Acinetobacter sp. 

MR40 for ampicillin catabolism, which are isolated from both rivers. Among these four 

strains only two strains KR23 and MR40 were able to grow in ampicillin containing 

minimal media. When KR01 and KR25 bacterial strains were grown in minimal media 

with ampicillin as carbon source no significant growth was observed and this result also 

validated our hypothesis. On the basis of whole genome analysis of Proteus mirabilis 

phylogenetically nearest species of KR01, and we found that they did not have any PAA 

pathway related genes but in Acinetobacter variabilis nearest species of MR40 have other 

two component amidase and PAA genes which is required for ampicillin catabolism.  
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Summary  

While a few reports give proof of the event of NDM-1-positive bacteria in tertiary 

healthcare centers of West Bengal, India, a finding of apparently more noteworthy for the 

general well-being has been given in the present study with water tests from two rivers 

bisecting two crowded towns, Siliguri and Jalpaiguri separately. No significant variation 

was detected in imipenem resistant bacteria counts between both river water samples. All 

the 15 MBL positive strains were isolated from the mid steam water sample. The most 

abundant and most common MBL in both river water samples were NDM (94%). The 

investigation has demonstrated that the issue of NDM-1 was not kept to clinical pathogenic 

strains, limited within the hospital environment but also has stretched its residence in the 

environmental bacteria. The spread of NDM has been perplexing the study of disease 

transmission, including the spread of an assortment of types of NDM-positive bacteria and 

the interstrain exchanges between species and between genera via the transmission of 

various mobile genetic platforms like plasmids and integrons containing blaNDM, with the 

last instrument having assumed a progressively noticeable impact to date. Nearly 50% 

(8/15) MBL positive strains are carrying aminoglycosides resistance gene cassettes. The 

NDM gene was not evolved only for β-lactam antibiotic inactivation rather it also 

catabolized ampicillin and it provides carbon and nitrogen from ampicillin molecules to 

bacterial cell for growth and other energy sources. The spread of NDM shows that 

antimicrobial resistance is a general medical issue that rises above national fringes and will 

require worldwide collaboration between experts on the off chance that it is to be 

controlled.  
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Appendices 

Appendix A1 

A1.1 Isolation and enumeration of Imipenem resistant bacteria in Mahananda and 

Karala river of Northern West Bengal 

After performing cultures for both river water samples from all sampling sites, using 100 

μl from each dilution upon imipenem containing LB plates, and the plates were incubated 

for 24 hrs at 37°C, the resulting colonies were counted and reported (Table A1.1). No 

colony was observed in the 10-2 dilution or lower. 
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Table A1.1: Total number of culturable imipenem resistant bacterial colonies 

apperead on Luria agar plates containing imipenem (20μg/ml) and 

series dilutions  

Sampling site Dilution  1st  sampling 2nd sampling 3rd sampling 4th sampling 

Mahananda River (Siliguri) 

Sampling date 09-03-2015 07-04-2015 18-11-15 04-12-2015 

 

SSM I 

10-0 31 26 22 4 

10-1 5 2 3 0 

10-2 0 0 0 0 

 

SSM II 

10-0 206 278 135 36 

10-1 22 34 12 2 

10-2 0 0 0 0 

 

SSM III 

10-0 180 205 87 27 

10-1 20 19 7 2 

10-2 0 0 0 0 

Karala river (Jalpaiguri) 

Sampling date 18-03-2015 16-04-2015 15-11-2015 10-12-2015 

 

SSK I 

10-0 20 25 20 22 

10-1 1 2 0 0 

10-2 0 0 0 0 

 

SSK II 

10-0 120 161 118 48 

10-1 14 15 13 5 

10-2 0 0 0 0 

 

SSK III 

10-0 292 368 317 82 

10-1 32 33 31 9 

10-2 0 0 0 0 
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Table A1.2: Mean numbers of culturable imipenem resistant bacteria colonies 

forming units/ml (CFU/ml) isolated from both river (Mahananda and 

Karala) water after incubation 

 Mahananda River 

sampling site 

Karala River 

sampling site 

Sampling 

number 

Dilution SSM I SSM II SSM III SSK I SSK II SSK III 

1 10-0 310 2060 1800 200 1200 2920 

2 10-0 260 2780 2050 250 1610 3680 

3 10-0 220 1350 870 200 1180 3170 

4 10-0 40 360 270 220 480 820 

Total 830 6550 4990 870 4470 10590 

Mean 207.5 1637.5 1247.5 217.5 1117.5 2647.5 

±SD 117.5798 1032.55 826.09 23.63 468.93 1258.71 
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Appendix A1.3: Numerical data on randomly picked colonies from imipenem 

containing plates (imipenem resistant bacteria from Mahananda 

River) having carriage of MBL coding genes 

Sampling date 

and sampling 

points 

Total no. of 

imipenem 

resistant 

bacteria  [in 

agar plates 

(LB + 

imipenem) 

spreaded with 

undiluted 

river water 

samples] 

No. of 

randomly 

picked colonies 

from 

imipenem 

plates 

No. of colonies 

responded to 

inhibition in 

presence of 

EDTA  

No. of 

colonies 

responded 

positively 

to Carba 

NP test  

No. of  Carba- NP 

positive-strains 

generated 

amplicons in 

Multiplex PCR 

experiment 

First sampling (03-03-2015)   

SSM I 31 15 0 0 0 

SSM II 206 102 3 1 1 MR 02 

SSM III 180 100 0 0 0 

Second sampling (07-04-2015) 

SSM I 26 13 0 0 0 

SSM II 278 165 20 3 3 (MR15, MR24, 

MR26) 

SSM III 205 105 0 0 0 

Third sampling (18-11-15) 

SSM I 22 11 0 0 0 

SSM II 135 67 16 3 3 (MR29, MR40, 

MR41) 

SSM III 87 42 0 0 0 

Fourth sampling (04-01-2016) 

SSM I 4 4 0 0 0 

SSM II 36 18 0 0 0 

SSM III 27 13 0 0 0 

Total 1,237 665 39 7 7 
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Appendix A1.4: Numerical data on randomly picked colonies from imipenem 

containing plates (imipenem resistant bacteria from Karala River) 

having carriage of MBL coding genes 

Sampling date 

and sampling 

points 

Total no. of 

imipenem- 

resistant 

bacteria  [in 

agar plates 

(LB + 

imipenem) 

spreaded with 

undiluted 

river water 

samples] 

No. of 

randomly 

picked colonies 

from 

imipenem 

plates 

No. of colonies 

responded to 

inhibition in 

presence of 

EDTA 

No. of 

colonies 

responded 

positively to 

Carba NP 

test 

No. of  Carba- 

NP positive-

strains 

generated 

amplicons in 

Multiplex PCR 

experiment 

First sampling (18-03-2015) 

SSK I 20 10 0 0 0 

SSK II 120 60 13 3 3 (KR01, 

KR04,KR07) 

SSK III 292 150 0 0 0 

Second sampling (16-04-2015) 

SSK I 25 10 0 0 0 

SSK II 161 80 10 2 2 (KR22, KR23) 

SSK III 368 160 0 0 0 

Third sampling (15-11-2015) 

SSK I 20 10 0 0 0 

SSK II 118 60 12 3 3 (KR25, KR26, 

KR29) 

SSK III 317 150 0 0 0 

Fourth sampling (10-12-2015) 

SSK I 22 10 0 0 0 

SSK II 48 25 0 0 0 

SSK III 82 40 0 0 0 

Total 1,593 765 35 8 8 
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Figure A1.1: Screening of metallo-β-lactamase-producing strains from Mahananda 

River 

The figure shows screening results of MBL positive strain from imipenem resistance bacteria which is 

isolated from Mahananda River using modified imipenem-EDTA combined synergy test. The isolates did not 

show any growth on EDTA containing plates after incubation were considered as putative MBL producers.    
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Figure A1.2: Screening of Metallo-β-lactamase producing strain Karala River 

The figure shows screening results of MBL positive strain from imipenem resistance bacteria which is 

isolated from Mahananda River using modified imipenem-EDTA combined synergy test. The isolates did not 

show any growth on EDTA containing plates after incubation were considered as putative MBL producers.
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Figure A1.3: Kirby-Bauer disk diffusion assay results for MBL-positive strains 

isolated from Mahananda River 

Antibiotic susceptibility testing of Pseudomonas sp. MR 02, Pseudomonas sp. MR15, Myroides sp. MR24, 

Acinetobacter sp. MR26, Acinetobacter sp. MR29, Acinetobacter sp. MR40 and Acinetobacter sp. MR41 

against 22 different antibiotics including carbapenem antibiotics.  
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Figure A1.4: Kirby-Bauer disk diffusion assay results for MBL-positive strains 

isolated from Karala River 

Antibiotic susceptibility testing of Proteus sp. KR01, Proteus sp. KR04, Escherichia sp. KR07/KR22/KR23, 

Pseudomonas mendocina KR25, Acinetobacter sp. KR26 and Acinetobacter sp. KR29 against 22 different 

antibiotics including carbapenem antibiotics 
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Figure A1.5: Growth of MBL-positive isolates (isolated from Mahananda River) in 

the presence or absence of EDTA  

Growth curve of MBL positive strains Pseudomonas sp. MR 02/MR15, Myroides sp. MR24, Acinetobacter 

sp. MR26/MR29 and Acinetobacter sp. MR40/MR41 in Luria broth in the presence or absence of 0.4 mM 

EDTA over 10 hrs. OD600= optical density at 600 nm. 

 

 

 

 

 

 

 

 

 

 



Appendices 

184 
 

 

Figure A1.6: Growth of Karala River MBL-positive isolates (isolated from Karala 

River) in the presence or absence of EDTA  

Growth curve of MBL positive strains Proteus sp. KR01, Proteus sp. KR04, Escherichia sp. 

KR07/KR22/KR23, Pseudomonas mendocina KR25,  Acinetobacter sp. KR26 and Acinetobacter sp. KR29 

in Luria broth in the presence or absence of 0.4 mM EDTA over 10 hrs. OD600= optical density at 600 nm. 
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Appendix A2 

 

Figure A2.1: Agarose gel electrophoresis of PCR-amplified 16S rRNA genes in 

different MBL positive bacterial strains isolated from Mahananda 

River  

Lane show positive products (nearly 1500 bp) of the 16S rRNA gene for isolates MR 02, MR15, MR24, 

MR26, MR29, MR40 and MR41, M-Marker 5kb. 

  

Figure A2.2: Agarose gel electrophoresis of PCR-amplified 16S rRNA genes in 

different MBL positive bacterial strains isolated from Karala River  

Lane show positive products (nearly1500 bp) of the 16S rRNA gene for isolates KR01, KR04, KR07, KR22, 

KR23, KR25, KR26 and KR29, M-Marker 5kb. 
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Appendix A4 

 

Figure A4.1: Agarose gel electrophoresis (0.7%) of genomic DNA isolated from 

Pseudomonas sp. MR 02 for whole genome sequencing 
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Table A4.1: Average Nucleotide Identity (ANI) (%) with MR02 vs other Pseudomonas spp.determined with the OrthoANI program 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

1 Pseudomonas  pyomelaninifaciens  MR02 T 75.1 83.5 76.9 78.8 82.1 81.1 85.5 86.9 90.0 89.9 77.2 81.2 85.6 76.9 76.7 74.3 85.3 81.8 76.6 77.4 84.5 82.6 82.0 89.3 84.9 85.7 84.0

2 Pseudomonas oryzihabitan s NBRC 102199
 T

75.1 74.0 73.4 74.4 75.1 74.6 75.4 75.1 74.6 74.4 76.6 74.4 74.5 75.6 75.5 73.4 75.3 75.5 75.2 75.9 74.9 75.4 75.1 74.3 75.2 75.4 75.5

3 Pseudomonas fulva  NBRC 16637 
T

83.5 74.0 75.8 77.2 79.7 79.1 81.8 83.4 83.1 83.0 75.7 79.2 81.6 75.5 75.5 73.3 81.7 79.3 75.3 75.8 81.3 80.7 79.5 82.8 81.3 81.8 81.3

4 Pseudomonas graminis   DSM 11363
T

76.9 73.4 75.8 78.1 77.9 77.6 76.8 76.8 76.7 76.6 75.1 77.5 76.3 75.4 75.2 73.5 76.8 77.8 75.0 75.7 76.7 76.8 77.9 76.3 77.1 77.0 76.9

5 Pseudomonas asplenii  ATCC 23835
T

78.8 74.4 77.2 78.1 79.8 79.6 78.8 78.8 78.5 78.4 76.6 79.5 78.3 76.5 76.3 74.4 78.6 79.7 76.2 77.0 78.3 78.7 79.9 78.2 78.7 78.7 78.8

6 Pseudomonas donghuensis  DSM 101685
T

82.1 75.1 79.7 77.9 79.8 86.3 82.1 82.0 81.5 81.5 77.1 85.7 81.1 77.2 76.9 74.6 81.7 82.9 76.7 77.5 81.4 81.2 93.1 81.3 82.1 82.1 81.5

7 Pseudomonas alkylphenolica   KL28
T

81.1 74.6 79.1 77.6 79.6 86.3 81.4 81.1 80.8 80.7 76.8 86.6 80.5 76.7 76.2 74.4 81.3 82.2 76.2 77.1 80.8 80.6 86.4 80.5 81.5 81.4 81.1

8 Pseudomonas entomophila   L48
T

85.5 75.4 81.8 76.8 78.8 82.1 81.4 85.5 84.9 85.0 77.7 81.5 84.5 77.2 76.9 74.6 87.9 81.9 76.7 77.5 84.5 82.7 82.0 84.6 84.8 88.5 83.8

9 Pseudomonas plecoglossicida  DSM 15088
T

86.9 75.1 83.4 76.8 78.8 82.0 81.1 85.5 90.0 89.8 77.3 81.1 85.7 76.8 76.7 74.4 85.2 81.6 76.5 77.4 84.4 82.6 81.9 89.3 84.8 85.5 83.9

10 Pseudomonas putida  NBRC14164
T

90.0 74.6 83.1 76.7 78.5 81.5 80.8 84.9 90.0 90.4 76.7 80.6 85.0 76.5 76.4 74.1 84.6 80.9 76.1 77.1 83.6 82.1 81.4 90.0 84.3 85.0 83.4

11 Pseudomonas monteilii  NBRC 103158
T

89.9 74.4 83.0 76.6 78.4 81.5 80.7 85.0 89.8 90.4 76.4 80.7 85.1 76.5 76.2 74.0 84.6 80.9 76.0 77.1 83.8 82.0 81.4 90.2 84.2 85.5 83.4

12 Pseudomonas aeruginosa  DSM 50071
T

77.2 76.6 75.7 75.1 76.6 77.1 76.8 77.7 77.3 76.7 76.4 76.5 76.4 77.2 77.4 75.1 77.4 78.0 77.4 78.1 76.9 77.2 77.1 76.3 77.2 77.8 77.5

13 Pseudomonas vranovensis  DSM 16006
T

81.2 74.4 79.2 77.5 79.5 85.7 86.6 81.5 81.1 80.6 80.7 76.5 80.6 76.5 76.2 74.3 81.1 81.8 76.1 76.8 80.8 80.4 85.7 80.5 81.1 81.4 81.2

14 Pseudomonas taiwanensis  DSM 21245 
T

85.6 74.5 81.6 76.3 78.3 81.1 80.5 84.5 85.7 85.0 85.1 76.4 80.6 76.3 76.0 73.8 84.2 80.8 75.9 76.8 83.8 81.7 81.1 84.6 83.7 84.6 83.0

15 Pseudomonas straminae  JCM 2783
T

76.9 75.6 75.5 75.4 76.5 77.2 76.7 77.2 76.8 76.5 76.5 77.2 76.5 76.3 79.0 75.3 77.1 77.3 79.1 79.5 76.7 77.2 77.1 76.3 77.0 77.2 77.3

16 Pseudomonas toyotomiensis  DSM 26169
T

76.7 75.5 75.5 75.2 76.3 76.9 76.2 76.9 76.7 76.4 76.2 77.4 76.2 76.0 79.0 75.5 76.7 77.1 88.4 92.2 76.4 76.7 76.8 76.2 76.7 76.9 76.9

17 Pseudomonas xanthomarina  DSM 18231
T

74.3 73.4 73.3 73.5 74.4 74.6 74.4 74.6 74.4 74.1 74.0 75.1 74.3 73.8 75.3 75.5 74.2 74.8 75.5 76.0 74.2 74.6 74.6 73.8 74.3 74.5 74.8

18 Pseudomonas soli  LMG 27941
T

85.3 75.3 81.7 76.8 78.6 81.7 81.3 87.9 85.2 84.6 84.6 77.4 81.1 84.2 77.1 76.7 74.2 81.8 76.7 77.4 84.5 82.5 81.7 84.2 84.5 90.4 83.7

19 Pseudomonas japonica  NBRC 103040
T

81.8 75.5 79.3 77.8 79.7 82.9 82.2 81.9 81.6 80.9 80.9 78.0 81.8 80.8 77.3 77.1 74.8 81.8 76.8 77.8 81.1 81.1 82.8 80.6 81.5 82.0 81.4

20 Pseudomonas mendocina  NBRC 14162
T

76.6 75.2 75.3 75.0 76.2 76.7 76.2 76.7 76.5 76.1 76.0 77.4 76.1 75.9 79.1 88.4 75.5 76.7 76.8 88.7 76.3 76.7 76.6 75.8 76.5 76.9 76.8

21 Pseudomonas oleovorans  subsp. Oleovorans DSM 1045
T

77.4 75.9 75.8 75.7 77.0 77.5 77.1 77.5 77.4 77.1 77.1 78.1 76.8 76.8 79.5 92.2 76.0 77.4 77.8 88.7 77.0 77.7 77.6 76.9 77.4 77.6 77.8

22  Pseudomonas guariconensis  LMG 27394
T

84.5 74.9 81.3 76.7 78.3 81.4 80.8 84.5 84.4 83.6 83.8 76.9 80.8 83.8 76.7 76.4 74.2 84.5 81.1 76.3 77.0 82.2 81.5 83.6 84.1 84.6 83.4

23 Pseudomonas cremoricolorata  ND07
T

82.6 75.4 80.7 76.8 78.7 81.2 80.6 82.7 82.6 82.1 82.0 77.2 80.4 81.7 77.2 76.7 74.6 82.5 81.1 76.7 77.7 82.2 81.1 81.8 82.8 82.8 81.8

24 Pseudomonas wadenswilerensis  CCOS 864
T

82.0 75.1 79.5 77.9 79.9 93.1 86.4 82.0 81.9 81.4 81.4 77.1 85.7 81.1 77.1 76.8 74.6 81.7 82.8 76.6 77.6 81.5 81.1 81.1 82.1 82.0 81.5

25  Pseudomonas hunanensis  P11
T

89.3 74.3 82.8 76.3 78.2 81.3 80.5 84.6 89.3 90.0 90.2 76.3 80.5 84.6 76.3 76.2 73.8 84.2 80.6 75.8 76.9 83.6 81.8 81.1 83.8 84.8 83.2

26 Pseudomonas reidholzensis  CCOS 865
T

84.9 75.2 81.3 77.1 78.7 82.1 81.5 84.8 84.8 84.3 84.2 77.2 81.1 83.7 77.0 76.7 74.3 84.5 81.5 76.5 77.4 84.1 82.8 82.1 83.8 84.9 83.6

27 Pseudomonas mosselii  DSM 17497
T

85.7 75.4 81.8 77.0 78.7 82.1 81.4 88.5 85.5 85.0 85.5 77.8 81.4 84.6 77.2 76.9 74.5 90.4 82.0 76.9 77.6 84.6 82.8 82.0 84.8 84.9 84.3

28 Pseudomonas parafulva  CRS01-1
T

84.0 75.5 81.3 76.9 78.8 81.5 81.1 83.8 83.9 83.4 83.4 77.5 81.2 83.0 77.3 76.9 74.8 83.7 81.4 76.8 77.8 83.4 81.8 81.5 83.2 83.6 84.3
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Table A4.2: A matrix representing in silco DNA:DNA hybridization values as determined with GGDC v. 2.1.  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

1 Pseudomonas  pyomelaninifaciens  MR02 T 21 27.7 21.9 23.1 25.7 25.1 30.4 33.1 40.4 40.5 21.9 24.9 30.6 22.1 22.1 20.7 29.9 25.4 22.2 22.8 28.7 26.3 25.4 38.7 29.4 31.1 27.9

2 Pseudomonas oryzihabitan s NBRC 102199
 T

21 20.2 19.8 20.2 20.6 20.6 21.1 20.8 20.8 20.5 21.6 19.9 20.7 20.8 21.1 20.2 20.8 20.6 21.1 21.5 20.6 20.4 20.4 20.6 20.7 21 20.6

3 Pseudomonas fulva  NBRC 16637 
T

27.7 20.2 21.3 21.7 23.2 22.9 25.8 26.3 27.2 26.6 20.8 22.6 25.4 21.3 21 20.1 25.1 23.2 21.2 21.3 24.8 23.8 23.3 26.7 24.8 25.5 24.4

4 Pseudomonas graminis   DSM 11363
T

21.9 19.8 21.3 22.8 22.5 22.3 22 21.9 22 21.5 20.2 22.2 21.7 21 20.7 19.9 21.7 22.4 20.5 20.9 21.7 21.4 22.3 21.6 22.1 21.8 21.6

5 Pseudomonas asplenii  ATCC 23835
T

23.1 20.2 21.7 22.8 23.7 23.4 22.9 22.9 23.1 22.4 21.2 23.1 22.7 21.7 21.8 20.4 22.6 23.5 21.3 21.9 22.6 22.2 23.8 22.6 22.8 22.6 22.3

6 Pseudomonas donghuensis  DSM 101685
T

25.7 20.6 23.2 22.5 23.7 31.5 25.4 25.3 25.1 24.6 21.4 30.7 24.4 21.8 21.7 20.6 24.8 26.6 21.6 22.2 24.6 23.8 51.4 24.8 25.7 25.2 23.9

7 Pseudomonas alkylphenolica   KL28
T

25.1 20.6 22.9 22.3 23.4 31.5 24.7 24.5 24.7 24 21.3 32.1 23.9 21.5 21.9 20.5 24.2 25.8 21.7 22.5 24 23.5 32 24.2 24.7 24.6 23.9

8 Pseudomonas entomophila   L48
T

30.4 21.1 25.8 22 22.9 25.4 24.7 30.1 29.5 29.6 22 24.5 28.7 22.1 21.9 21 34.2 25.2 21.9 22.3 28.7 26.3 25.1 29 29 36 27.9

9 Pseudomonas plecoglossicida  DSM 15088
T

33.1 20.8 26.3 21.9 22.9 25.3 24.5 30.1 31.9 31.7 21.8 24.2 30.2 21.9 22 20.5 29.8 25.3 21.8 22.4 28.2 25.7 25.2 31.2 29.4 30.5 27.3

10 Pseudomonas putida  NBRC14164
T

40.4 20.8 27.2 22 23.1 25.1 24.7 29.5 31.9 41.9 21.8 24.3 29.7 22.1 22.1 20.6 29.1 24.8 21.9 22.3 27.9 26 25 40 28.7 29.9 27

11 Pseudomonas monteilii  NBRC 103158
T

40.5 20.5 26.6 21.5 22.4 24.6 24 29.6 31.7 41.9 21.2 23.7 29.5 21.8 21.8 20.3 28.7 24.4 21.5 22.6 27.4 24.9 24.5 40.9 28.3 30.6 26.2

12 Pseudomonas aeruginosa  DSM 50071
T

21.9 21.6 20.8 20.2 21.2 21.4 21.3 22 21.8 21.8 21.2 20.9 21.1 21.8 21.6 20.4 21.6 22.1 21.5 22 21.7 21.1 21.3 21.2 21.5 21.8 21.4

13 Pseudomonas vranovensis  DSM 16006
T

24.9 19.9 22.6 22.2 23.1 30.7 32.1 24.5 24.2 24.3 23.7 20.9 23.7 21.3 21.1 20.2 24 25.4 21.2 21.7 23.8 22.8 30.6 24.1 24.4 24.4 23.3

14 Pseudomonas taiwanensis  DSM 21245 
T

30.6 20.7 25.4 21.7 22.7 24.4 23.9 28.7 30.2 29.7 29.5 21.1 23.7 21.7 21.5 20.1 28 24.3 21.6 22.2 27.4 24.9 24.3 29.1 27.6 28.7 26

15 Pseudomonas straminae  JCM 2783
T

22.1 20.8 21.3 21 21.7 21.8 21.5 22.1 21.9 22.1 21.8 21.8 21.3 21.7 23 20.9 21.9 22.2 23.3 23.5 21.8 21.6 21.8 21.6 21.8 21.9 21.7

16 Pseudomonas toyotomiensis  DSM 26169
T

22.1 21.1 21 20.7 21.8 21.7 21.9 21.9 22 22.1 21.8 21.6 21.1 21.5 23 20.5 21.7 21.8 35.6 46.6 21.5 21.6 21.6 21.9 22.1 21.8 21.8

17 Pseudomonas xanthomarina  DSM 18231
T

20.7 20.2 20.1 19.9 20.4 20.6 20.5 21 20.5 20.6 20.3 20.4 20.2 20.1 20.9 20.5 20.3 20.7 20.4 21 20.4 20.6 20.7 20.4 20.3 20.3 20.8

18 Pseudomonas soli  LMG 27941
T

29.9 20.8 25.1 21.7 22.6 24.8 24.2 34.2 29.8 29.1 28.7 21.6 24 28 21.9 21.7 20.3 24.7 21.8 22.4 28 25.3 24.8 28.6 28.7 40.8 26.8

19 Pseudomonas japonica  NBRC 103040
T

25.4 20.6 23.2 22.4 23.5 26.6 25.8 25.2 25.3 24.8 24.4 22.1 25.4 24.3 22.2 21.8 20.7 24.7 21.9 22.4 24.5 23.8 26.4 24.5 25 25.1 24

20 Pseudomonas mendocina  NBRC 14162
T

22.2 21.1 21.2 20.5 21.3 21.6 21.7 21.9 21.8 21.9 21.5 21.5 21.2 21.6 23.3 35.6 20.4 21.8 21.9 36 21.6 21.5 21.6 21.6 21.9 21.9 21.7

21 Pseudomonas oleovorans  subsp. Oleovorans DSM 1045
T

22.8 21.5 21.3 20.9 21.9 22.2 22.5 22.3 22.4 22.3 22.6 22 21.7 22.2 23.5 46.6 21 22.4 22.4 36 22.3 22 22.2 22.7 22.3 22.6 22.4

22  Pseudomonas guariconensis  LMG 27394
T

28.7 20.6 24.8 21.7 22.6 24.6 24 28.7 28.2 27.9 27.4 21.7 23.8 27.4 21.8 21.5 20.4 28 24.5 21.6 22.3 25.1 24.5 27.3 27.8 28.7 26.5

23 Pseudomonas cremoricolorata  ND07
T

26.3 20.4 23.8 21.4 22.2 23.8 23.5 26.3 25.7 26 24.9 21.1 22.8 24.9 21.6 21.6 20.6 25.3 23.8 21.5 22 25.1 23.6 25.2 25.7 25.8 24.9

24 Pseudomonas wadenswilerensis  CCOS 864
T

25.4 20.4 23.3 22.3 23.8 51.4 32 25.1 25.2 25 24.5 21.3 30.6 24.3 21.8 21.6 20.7 24.8 26.4 21.6 22.2 24.5 23.6 24.6 25.7 25.1 23.9

25  Pseudomonas hunanensis  P11
T

38.7 20.6 26.7 21.6 22.6 24.8 24.2 29 31.2 40 40.9 21.2 24.1 29.1 21.6 21.9 20.4 28.6 24.5 21.6 22.7 27.3 25.2 24.6 28 29.7 26.5

26 Pseudomonas reidholzensis  CCOS 865
T

29.4 20.7 24.8 22.1 22.8 25.7 24.7 29 29.4 28.7 28.3 21.5 24.4 27.6 21.8 22.1 20.3 28.7 25 21.9 22.3 27.8 25.7 25.7 28 29.2 26.5

27 Pseudomonas mosselii  DSM 17497
T

31.1 21 25.5 21.8 22.6 25.2 24.6 36 30.5 29.9 30.6 21.8 24.4 28.7 21.9 21.8 20.3 40.8 25.1 21.9 22.6 28.7 25.8 25.1 29.7 29.2 27.3

28 Pseudomonas parafulva  CRS01-1
T

27.9 20.6 24.4 21.6 22.3 23.9 23.9 27.9 27.3 27 26.2 21.4 23.3 26 21.7 21.8 20.8 26.8 24 21.7 22.4 26.5 24.9 23.9 26.5 26.5 27.3
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Appendix 5 

 

Figure A5.1: Agarose gel electrophoresis (1%) of total RNA extracts from 

Pseudomonas sp. MR 02 for transcriptome sequencing 

Lane C: RNA sample from minimal media grown cell with glucose as carbon source, Lane E: RNA sample 

from minimal media grown MR 02 cell with ampicillin as carbon source  

 



Appendices 

190 
 

Table A5.1: Expression profile of upregulated genes in ampicillin-grown Pseudomonas sp. MR 02 cells  

Gene Name/Locus 

Tag 

Locus FPKM_C FPKM_E Log2Fold 

change 

P value Significance Gene 

Description 

Pathway Annotation 

CSW00_RS00090 NZ_PESJ01000001.1:20673-

21789 

135.253 239.757 0.82591 0.0332 Yes branched-chain amino acid ABC 

transporter substrate-binding 

protein:WP_015271528.1 

K01999 livK; 

branched-chain amino 

acid transport system 

substrate-binding 

protein 

CSW00_RS00420 NZ_PESJ01000001.1:88592-

89510 

151.058 378.018 1.32336 0.00045 Yes glutamate/aspartate ABC 

transporter substrate-binding 

protein:WP_015271573.1 

K10001 gltI, aatJ; 

glutamate/aspartate 

transport system 

substrate-binding 

protein 

CSW00_RS01565 NZ_PESJ01000001.1:32807

8-328513 

112.739 465.496 2.04578 0.00135 Yes DUF1043 family 

protein:WP_003257164.1 

Pathway annotation 

not available 

CSW00_RS01865 NZ_PESJ01000001.1:39301

6-393364 

231.951 984.45 2.0855 0.0007 Yes HPF/RaiA family ribosome-

associated 

protein:WP_003260689.1 

Pathway annotation 

not available 

CSW00_RS00130 NZ_PESJ01000001.1:29740-

30205 

231.887 759.524 1.71167 0.001 Yes glycine zipper 2TM domain-

containing 

protein:WP_013973925.1 

Pathway annotation 

not available 

CSW00_RS00320 NZ_PESJ01000001.1:66837-

68055 

143.945 300.19 1.06036 0.00505 yes argininosuccinate 

synthase:WP_013973956.1 

K01940 argG, ASS1; 

argininosuccinate 

synthase [EC:6.3.4.5] 

CSW00_RS00345 NZ_PESJ01000001.1:71136-

71739 

164.775 451.604 1.45456 0.001 yes peroxiredoxin:WP_003254945.1 K03386 PRDX2_4, 

ahpC; peroxiredoxin 

(alkyl hydroperoxide 

reductase subunit C) 

[EC:1.11.1.15] 

CSW00_RS00615 NZ_PESJ01000001.1:13643 177.704 421.172 1.24494 0.0066 yes anti sigma-E protein%2C Pathway annotation 
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2-137023 RseA:WP_015271600.1 not available 

CSW00_RS01390 NZ_PESJ01000001.1:29367

5-294587 

151.131 268.579 0.829548 0.03065 yes UDP-3-O-acyl-N-

acetylglucosamine 

deacetylase:WP_003260771.1 

K02535 lpxC; UDP-3-

O-[3-

hydroxymyristoyl] N-

acetylglucosamine 

deacetylase 

[EC:3.5.1.108] 

CSW00_RS03055 NZ_PESJ01000002.1:21388

9-214219 

206.676 545.504 1.40022 0.02775 yes hypothetical 

protein:WP_013974748.1 

Pathway annotation 

not available 

CSW00_RS03590 NZ_PESJ01000003.1:46928-

47273 

171.248 626.406 1.87101 0.00445 yes hypothetical 

protein:WP_100412860.1 

Pathway annotation 

not available 

         

CSW00_RS03820 NZ_PESJ01000003.1:86423-

87578 

160.113 300.02 0.905965 0.0189 yes aminotransferase class V-fold PLP-

dependent 

enzyme:WP_054572084.1 

K04487 iscS, NFS1; 

cysteine desulfurase 

[EC:2.8.1.7] 

CSW00_RS04375 NZ_PESJ01000003.1:17046

1-172687 

135.082 278.685 1.0448 0.009 yes NADP-dependent isocitrate 

dehydrogenase:WP_013973293.1 

K00031 IDH1, IDH2, 

icd; isocitrate 

dehydrogenase 

[EC:1.1.1.42] 

CSW00_RS03420 NZ_PESJ01000003.1:10482-

10695 

225.64 1419.37 2.65315 0.0485 yes cold-shock 

protein:WP_003257941.1 

Pathway annotation 

not available 

CSW00_RS04370 NZ_PESJ01000003.1:16877

7-170034 

122.834 210.796 0.779131 0.0405 yes NADP-dependent isocitrate 

dehydrogenase:WP_013973292.1 

K00031 IDH1, IDH2, 

icd; isocitrate 

dehydrogenase 

[EC:1.1.1.42] 

CSW00_RS05520 NZ_PESJ01000004.1:14269

6-144019 

182.153 357.262 0.971832 0.0118 yes flagellar hook protein 

FlgE:WP_023661398.1 

K02390 flgE; flagellar 

hook protein FlgE 

CSW00_RS05575 NZ_PESJ01000004.1:15450

5-156227 

149.078 303.08 1.02363 0.00975 yes flagellin:WP_100412935.1 K02406 fliC; flagellin 
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CSW00_RS05715,C

SW00_RS05720 

NZ_PESJ01000004.1:18276

2-184333 

300.568 540.871 0.847591 0.02095 yes please refer to the 

supplement_sheet_1 

please refer to the 

supplement_sheet_2 

CSW00_RS05790 NZ_PESJ01000004.1:19938

0-199956 

187.707 423.462 1.17375 0.00885 yes GNAT family N-

acetyltransferase:WP_100412950.1 

Pathway annotation 

not available 

CSW00_RS05795 NZ_PESJ01000004.1:20002

9-200752 

151.601 333.953 1.13937 0.0071 yes hypothetical 

protein:WP_100412951.1 

Pathway annotation 

not available 

CSW00_RS05800 NZ_PESJ01000004.1:20077

5-202005 

182.238 374.21 1.03802 0.0069 yes MFS transporter:WP_003257315.1 Pathway annotation 

not available 

CSW00_RS04915 NZ_PESJ01000004.1:19612-

19993 

129.255 333.389 1.36699 0.03105 yes hypothetical 

protein:WP_013973727.1 

Pathway annotation 

not available 

CSW00_RS05205 NZ_PESJ01000004.1:81626-

82043 

225.784 568.295 1.3317 0.0118 yes hypothetical 

protein:WP_013973674.1 

Pathway annotation 

not available 

CSW00_RS05925 NZ_PESJ01000005.1:9985-

11272 

153.023 396.981 1.37532 0.00065 yes carbohydrate ABC transporter 

substrate-binding 

protein:WP_054573357.1 

K17315 gtsA, glcE; 

glucose/mannose 

transport system 

substrate-binding 

protein 

CSW00_RS05945 NZ_PESJ01000005.1:14399-

15752 

158.588 314.747 0.988911 0.01115 yes porin:WP_100412956.1 Pathway annotation 

not available 

CSW00_RS07955 NZ_PESJ01000007.1:36689-

37676 

206.664 533.983 1.3695 0.0003 yes NAD(P)/FAD-dependent 

oxidoreductase:WP_015268950.1 

Pathway annotation 

not available 

CSW00_RS08065 NZ_PESJ01000007.1:56065-

56659 

133.474 262.385 0.975131 0.0384 yes 50S ribosomal protein L25/general 

stress protein 

Ctc:WP_013970896.1 

K02897 RP-L25, rplY; 

large subunit 

ribosomal protein L25 

CSW00_RS07780 NZ_PESJ01000007.1:3717-

4504 

166.519 411.782 1.30619 0.0139 yes peptidylprolyl 

isomerase:WP_003259610.1 

Pathway annotation 

not available 

CSW00_RS09475 NZ_PESJ01000008.1:15084

4-151150 

277.981 997.029 1.84265 0.0043 yes STAS-like domain-containing 

protein:WP_080516231.1 

Pathway annotation 

not available 
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CSW00_RS09995 NZ_PESJ01000009.1:76298-

76781 

236.959 623.546 1.39586 0.0047 yes hypothetical 

protein:WP_015268607.1 

Pathway annotation 

not available 

CSW00_RS10625 NZ_PESJ01000010.1:23099-

24188 

133.415 231.958 0.797948 0.03825 yes asparaginase:WP_015269784.1 K05597 aspQ, ansB, 

ansA; glutamin-

(asparagin-)ase 

[EC:3.5.1.38] 

CSW00_RS11360 NZ_PESJ01000010.1:15819

5-158849 

133.73 279.788 1.06501 0.0168 yes helix-turn-helix domain-containing 

protein:WP_041166538.1 

Pathway annotation 

not available 

CSW00_RS11095,C

SW00_RS11100 

NZ_PESJ01000010.1:11996

9-120595 

427.125 1508.44 1.82033 0.0026 yes please refer to the 

supplement_sheet_1 

please refer to the 

supplement_sheet_2 

CSW00_RS11730,C

SW00_RS11735 

NZ_PESJ01000011.1:56475-

58448 

322.304 1376.97 2.095 0.03465 yes please refer to the 

supplement_sheet_1 

please refer to the 

supplement_sheet_2 

CSW00_RS11920 NZ_PESJ01000011.1:10250

3-103814 

124.142 220.15 0.826495 0.0294 yes nucleotide sugar 

dehydrogenase:WP_100413220.1 

K13015 wbpA; UDP-

N-acetyl-D-

glucosamine 

dehydrogenase 

[EC:1.1.1.136] 

CSW00_RS12165 NZ_PESJ01000011.1:15026

2-150535 

236.954 804.637 1.76373 0.02405 yes DUF3509 domain-containing 

protein:WP_013971511.1 

Pathway annotation 

not available 

CSW00_RS12560 NZ_PESJ01000012.1:61152-

61695 

242.96 501.665 1.046 0.0156 yes glycine zipper 2TM domain-

containing 

protein:WP_013971012.1 

Pathway annotation 

not available 

CSW00_RS12620 NZ_PESJ01000012.1:70223-

70655 

133.994 433.206 1.69289 0.00365 yes nucleoside-diphosphate 

kinase:WP_013971021.1 

K00940 ndk, NME; 

nucleoside-

diphosphate kinase 

[EC:2.7.4.6] 

CSW00_RS12950 NZ_PESJ01000012.1:14603

1-146340 

247.853 2075.53 3.06592 0.00005 yes ribosome-associated translation 

inhibitor RaiA:WP_003255135.1 

Pathway annotation 

not available 

CSW00_RS13935 NZ_PESJ01000014.1:23053- 159.473 734.871 2.20418 0.00005 yes porin family Pathway annotation 
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23659 protein:WP_013973837.1 not available 

CSW00_RS14050 NZ_PESJ01000014.1:47081-

48350 

153.557 349.256 1.18551 0.0031 yes OprD family 

porin:WP_013973818.1 

K18093 oprD; 

imipenem/basic amino 

acid-specific outer 

membrane pore 

[EC:3.4.21.-] 

CSW00_RS14800 NZ_PESJ01000015.1:47491-

47806 

193.554 534.086 1.46433 0.03045 yes hypothetical 

protein:WP_003257582.1 

Pathway annotation 

not available 

CSW00_RS15395 NZ_PESJ01000016.1:23049-

24084 

181.193 307.643 0.763728 0.0422 yes ABC transporter substrate-binding 

protein:WP_015268730.1 

K02055 ABC.SP.S; 

putative 

spermidine/putrescine 

transport system 

substrate-binding 

protein 

CSW00_RS16300 NZ_PESJ01000017.1:97647-

98685 

173.834 1508.08 3.11693 0.00005 yes OmpA family 

protein:WP_004376136.1 

Pathway annotation 

not available 

CSW00_RS16335 NZ_PESJ01000017.1:10604

6-106262 

386.743 28896.9 6.2234 0.00225 yes hypothetical 

protein:WP_003248687.1 

Pathway annotation 

not available 

CSW00_RS16355 NZ_PESJ01000017.1:11327

5-113620 

169.531 1132.79 2.74025 0.0001 yes YggL family 

protein:WP_004376110.1 

Pathway annotation 

not available 

CSW00_RS16525 NZ_PESJ01000018.1:19436-

20255 

108.69 219.071 1.01117 0.01765 yes phosphate ABC transporter ATP-

binding protein:WP_024086823.1 

K02036 pstB; 

phosphate transport 

system ATP-binding 

protein [EC:7.3.2.1] 

CSW00_RS16700 NZ_PESJ01000018.1:52411-

53287 

149.72 294.73 0.977124 0.0124 yes transporter substrate-binding 

domain-containing 

protein:WP_015270051.1 

Pathway annotation 

not available 

CSW00_RS16715 NZ_PESJ01000018.1:55358-

57143 

128.309 216.642 0.755689 0.04915 yes PQQ-dependent 

dehydrogenase%2C 

methanol/ethanol 

family:WP_024086834.1 

Pathway annotation 

not available 
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CSW00_RS16720 NZ_PESJ01000018.1:57305-

58826 

126.894 368.556 1.53826 0.0001 yes aldehyde 

dehydrogenase:WP_015270055.1 

K00138 aldB; 

aldehyde 

dehydrogenase 

[EC:1.2.1.-] 

CSW00_RS16605,C

SW00_RS16610 

NZ_PESJ01000018.1:33752-

34924 

304.875 847.632 1.47522 0.0018 yes please refer to the 

supplement_sheet_1 

please refer to the 

supplement_sheet_2 

CSW00_RS16690 NZ_PESJ01000018.1:49794-

51690 

124.504 532.707 2.09715 0.00005 yes PQQ-dependent 

dehydrogenase%2C 

methanol/ethanol 

family:WP_043935556.1 

K00114 exaA; alcohol 

dehydrogenase 

(cytochrome c) 

[EC:1.1.2.8] 

CSW00_RS17625 NZ_PESJ01000019.1:99295-

100492 

126.736 273.676 1.11064 0.0036 yes aspartate/tyrosine/aromatic 

aminotransferase:WP_015270691.1 

K00832 tyrB; 

aromatic-amino-acid 

transaminase 

[EC:2.6.1.57] 

CSW00_RS17215 NZ_PESJ01000019.1:23160-

24534 

140.566 292.662 1.05799 0.00615 yes LOG family 

protein:WP_100413456.1 

K06966 ppnN; 

pyrimidine/purine-5'-

nucleotide 

nucleosidase 

[EC:3.2.2.10 3.2.2.-] 

CSW00_RS18400 NZ_PESJ01000021.1:27593-

27926 

160.616 434.273 1.43499 0.02735 yes hypothetical 

protein:WP_003253895.1 

Pathway annotation 

not available 

CSW00_RS19105 NZ_PESJ01000022.1:51802-

53506 

127.186 220.516 0.793935 0.0388 yes glutamine--tRNA ligase/YqeY 

domain fusion 

protein:WP_015270632.1 

K01886 QARS, glnS; 

glutaminyl-tRNA 

synthetase 

[EC:6.1.1.18] 

CSW00_RS18970 NZ_PESJ01000022.1:24597-

25497 

122.702 218.827 0.834632 0.0415 yes hydroxymethylglutaryl-CoA 

lyase:WP_015270649.1 

K01640 E4.1.3.4, 

HMGCL, hmgL; 

hydroxymethylglutaryl

-CoA lyase 

[EC:4.1.3.4] 
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CSW00_RS19210 NZ_PESJ01000022.1:76950-

78195 

123.428 222.788 0.852004 0.0259 yes saccharopine dehydrogenase family 

protein:WP_003248123.1 

K00290 LYS1; 

saccharopine 

dehydrogenase 

(NAD+, L-lysine 

forming) [EC:1.5.1.7] 

CSW00_RS20415 NZ_PESJ01000024.1:84741-

86677 

145.196 311.396 1.10074 0.0351 yes site-specific 

integrase:WP_100413640.1 

Pathway annotation 

not available 

CSW00_RS29130 NZ_PESJ01000024.1:2009-

2942 

96.2771 170.382 0.823513 0.0378 yes hypothetical 

protein:WP_137109010.1 

Pathway annotation 

not available 

CSW00_RS20040 NZ_PESJ01000024.1:2943-

4431 

94.1373 171.665 0.866758 0.0224 yes ATP-binding 

protein:WP_137109011.1 

Pathway annotation 

not available 

CSW00_RS20820 NZ_PESJ01000025.1:54972-

55650 

129.243 250.006 0.951871 0.0372 yes DUF3313 domain-containing 

protein:WP_085720250.1 

Pathway annotation 

not available 

CSW00_RS20765 NZ_PESJ01000025.1:42573-

43095 

139.446 331.605 1.24976 0.0159 yes acyloxyacyl 

hydrolase:WP_015270391.1 

K12976 pagL; lipid A 

3-O-deacylase 

[EC:3.1.1.-] 

CSW00_RS21705 NZ_PESJ01000027.1:38493-

38862 

108.469 290.352 1.42051 0.0319 yes hypothetical 

protein:WP_015269978.1 

Pathway annotation 

not available 

CSW00_RS21865 NZ_PESJ01000027.1:83219-

84083 

123.981 235.284 0.924287 0.02135 yes sensor domain-containing 

diguanylate 

cyclase:WP_100413707.1 

Pathway annotation 

not available 

CSW00_RS22025 NZ_PESJ01000028.1:11917-

12937 

139.409 308.122 1.14417 0.0042 yes branched-chain amino acid 

aminotransferase:WP_013972500.1 

K00826 E2.6.1.42, 

ilvE; branched-chain 

amino acid 

aminotransferase 

[EC:2.6.1.42] 

CSW00_RS22620 NZ_PESJ01000029.1:53013-

53307 

142.613 468.081 1.71465 0.02395 yes hypothetical 

protein:WP_015271093.1 

Pathway annotation 

not available 

CSW00_RS22655 NZ_PESJ01000029.1:61229- 128.865 270.685 1.07076 0.0108 yes 2-oxoglutarate dehydrogenase E1 K00164 OGDH, sucA; 

2-oxoglutarate 
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64061 component:WP_015271096.1 dehydrogenase E1 

component 

[EC:1.2.4.2] 

CSW00_RS22665 NZ_PESJ01000029.1:65022-

66795 

140.364 248.891 0.826339 0.0349 yes succinate dehydrogenase 

flavoprotein 

subunit:WP_013973442.1 

K00239 sdhA, frdA; 

succinate 

dehydrogenase / 

fumarate reductase, 

flavoprotein subunit 

[EC:1.3.5.1 1.3.5.4] 

CSW00_RS22720 NZ_PESJ01000029.1:74685-

75615 

147.049 272.469 0.889796 0.0224 yes electron transfer flavoprotein 

subunit alpha:WP_013973453.1 

Pathway annotation 

not available 

CSW00_RS22725 NZ_PESJ01000029.1:75615-

76365 

140.119 328.139 1.22765 0.00445 yes electron transfer flavoprotein 

subunit beta/FixA family 

protein:WP_015271101.1 

Pathway annotation 

not available 

CSW00_RS23265 NZ_PESJ01000030.1:75820-

76738 

145.177 255.773 0.817052 0.03645 yes DUF3577 domain-containing 

protein:WP_022580324.1 

Pathway annotation 

not available 

CSW00_RS23345 NZ_PESJ01000030.1:85255-

86157 

128.765 280.692 1.12424 0.00575 yes please refer to the 

supplement_sheet_1 

please refer to the 

supplement_sheet_2 

CSW00_RS23395 NZ_PESJ01000031.1:8226-

9363 

147.173 270.51 0.878162 0.02145 yes FAD-binding 

oxidoreductase:WP_015269674.1 

K19746 dauA; D-

arginine 

dehydrogenase 

[EC:1.4.99.6] 

CSW00_RS23400 NZ_PESJ01000031.1:9375-

9753 

132.249 388.048 1.55298 0.0166 yes RidA family 

protein:WP_015269675.1 

Pathway annotation 

not available 

CSW00_RS23560 NZ_PESJ01000031.1:39194-

41591 

136.031 244.638 0.84671 0.0329 yes endopeptidase 

La:WP_015269697.1 

K01338 lon; ATP-

dependent Lon 

protease 

[EC:3.4.21.53] 

CSW00_RS23565 NZ_PESJ01000031.1:41743-

42016 

273.111 791.385 1.53489 0.02935 yes HU family DNA-binding 

protein:WP_003259401.1 

Pathway annotation 

not available 
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CSW00_RS23600 NZ_PESJ01000031.1:47646-

48015 

174.18 468.027 1.42602 0.01455 yes DUF962 domain-containing 

protein:WP_015269702.1 

Pathway annotation 

not available 

CSW00_RS24690 NZ_PESJ01000034.1:22144-

22927 

144.605 259.675 0.844589 0.04425 yes AraC family transcriptional 

regulator:WP_013972825.1 

Pathway annotation 

not available 

CSW00_RS25170 NZ_PESJ01000035.1:44995-

45943 

117.048 205.31 0.810705 0.03635 yes inovirus-type Gp2 

protein:WP_100413902.1 

Pathway annotation 

not available 

CSW00_RS25395 NZ_PESJ01000036.1:24982-

25588 

144.672 304.088 1.07171 0.0217 yes DUF4823 domain-containing 

protein:WP_015269417.1 

Pathway annotation 

not available 

CSW00_RS26085 NZ_PESJ01000038.1:32904-

33747 

119.609 226.935 0.923948 0.02565 yes S24 family 

peptidase:WP_100413966.1 

Pathway annotation 

not available 

CSW00_RS26095 NZ_PESJ01000038.1:34375-

34840 

106.524 235.941 1.14725 0.0401 yes hypothetical 

protein:WP_137108992.1 

Pathway annotation 

not available 

CSW00_RS27275 NZ_PESJ01000043.1:27922-

28462 

127.017 285.799 1.16997 0.02025 yes gluconokinase:WP_100414074.1 K00851 E2.7.1.12, 

gntK, idnK; 

gluconokinase 

[EC:2.7.1.12] 

CSW00_RS27910 NZ_PESJ01000049.1:1744-

3091 

169.184 376.423 1.15377 0.00305 yes aspartate aminotransferase family 

protein:WP_054572853.1 

K00822 E2.6.1.18; 

beta-alanine--pyruvate 

transaminase 

[EC:2.6.1.18] 

CSW00_RS28460 NZ_PESJ01000056.1:3748-

4711 

139.002 240.94 0.793572 0.0429 yes D-glycerate 

dehydrogenase:WP_015270505.1 

K00032 E1.1.1.43; 

phosphogluconate 2-

dehydrogenase 

[EC:1.1.1.43] 

CSW00_RS28465 NZ_PESJ01000056.1:4722-

6015 

129.451 228.774 0.821524 0.0317 yes MFS transporter:WP_015270506.1 Pathway annotation 

not available 

CSW00_RS28470,C

SW00_RS28475 

NZ_PESJ01000056:6072-

7804 

275.452 484.942 0.816008 0.0285 yes please refer to the 

supplement_sheet_1 

please refer to the 

supplement_sheet_2 
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CSW00_RS28480 NZ_PESJ01000056.1:7871-

8891 

123.137 218.392 0.826655 0.0326 yes LacI family DNA-binding 

transcriptional 

regulator:WP_013972769.1 

Pathway annotation 

not available 

CSW00_RS28580 NZ_PESJ01000058.1:3532-

4990 

105.045 179.719 0.774736 0.04165 yes hypothetical 

protein:WP_100414182.1 

Pathway annotation 

not available 

CSW00_RS28735 NZ_PESJ01000062.1:4457-

4886 

157.453 598.772 1.92708 0.0012 yes DUF3363 domain-containing 

protein:WP_077946514.1 

Pathway annotation 

not available 

CSW00_RS28765 NZ_PESJ01000063.1:3069-

3882 

138.156 552.734 2.00028 0.00005 yes subclass B1 metallo-beta-lactamase 

NDM-1:WP_004201164.1 

Pathway annotation 

not available 

CSW00_RS28775 NZ_PESJ01000063.1:4259-

4495 

810.685 2138.72 1.39954 0.0435 yes IS91 family transposase:. Pathway annotation 

not available 
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Table A5.2: Expression profile of downregulated genes in ampicillin-grown Pseudomonas sp. MR 02 cells 

 

Gene Name/Locus 

Tag 

Locus FPKM_C FPKM_E log2Foldchange P value Significance Gene Description Pathway Annotation 

CSW00_RS00405 NZ_PESJ01000001.1:81447-

82203 

243.448 128.641 -0.920262 0.02305 Yes DeoR/GlpR family transcriptional 

regulator:WP_015271570.1 

Pathway annotation not 

available 

CSW00_RS02450 NZ_PESJ01000002.1:91429-

92098 

190.185 48.7145 -1.96498 0.00005 Yes NAD(P)H dehydrogenase 

(quinone):WP_015272171.1 

Pathway annotation not 

available 

CSW00_RS02600 NZ_PESJ01000002.1:123573-

124062 

210.223 77.2358 -1.44458 0.01065 Yes transporter substrate-binding domain-

containing protein:WP_100412811.1 

Pathway annotation not 

available 

CSW00_RS02925 NZ_PESJ01000002.1:188079-

189192 

263.349 148.963 -0.822022 0.02995 Yes ABC transporter 

permease:WP_054573424.1 

Pathway annotation not 

available 

CSW00_RS03170 NZ_PESJ01000002.1:240633-

242061 

249.338 146.664 -0.765584 0.04815 Yes mechanosensitive ion 

channel:WP_054572018.1 

Pathway annotation not 

available 

CSW00_RS02465 NZ_PESJ01000002.1:94926-

95442 

372.913 110.076 -1.76034 0.00095 Yes dihydrofolate 

reductase:WP_039612552.1 

K00287 DHFR, folA; 

dihydrofolate reductase 

[EC:1.5.1.3] 

CSW00_RS02480 NZ_PESJ01000002.1:98370-

98919 

363.418 162.882 -1.1578 0.0172 Yes HD domain-containing 

protein:WP_015272177.1 

Pathway annotation not 

available 

CSW00_RS02555 NZ_PESJ01000002.1:114185-

114611 

422.059 198.075 -1.0914 0.0409 Yes DUF2269 domain-containing 

protein:WP_015272187.1 

Pathway annotation not 

available 

CSW00_RS04235 NZ_PESJ01000003.1:147423-

148002 

181.958 59.5475 -1.61149 0.0012 yes cysteine hydrolase:WP_100412886.1 Pathway annotation not 

available 
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CSW00_RS06930 NZ_PESJ01000006.1:13270-

13819 

220.866 109.005 -1.01878 0.04265 Yes hypothetical 

protein:WP_100412987.1 

Pathway annotation not 

available 

CSW00_RS07395 NZ_PESJ01000006.1:119330-

120512 

233.406 127.207 -0.875668 0.02425 Yes NAD(P)/FAD-dependent 

oxidoreductase:WP_015272049.1 

Pathway annotation not 

available 

CSW00_RS08585 NZ_PESJ01000007.1:165795-

167004 

273.679 164.414 -0.735155 0.04935 Yes type II secretion system F family 

protein:WP_015268864.1 

Pathway annotation not 

available 

CSW00_RS08695 NZ_PESJ01000007.1:182395-

182911 

302.039 100.496 -1.5876 0.001 Yes type IV pili biogenesis protein 

FimT:WP_043935296.1 

Pathway annotation not 

available 

CSW00_RS08475 NZ_PESJ01000007.1:142616-

143501 

257.564 129.653 -0.990276 0.0099 Yes LysR family transcriptional 

regulator:WP_061303411.1 

K03566 gcvA; LysR 

family transcriptional 

regulator, glycine 

cleavage system 

transcriptional activator 

CSW00_RS09615 NZ_PESJ01000008.1:180456-

181131 

269.469 132.469 -1.02447 0.01375 Yes heavy metal response regulator 

transcription factor:WP_003253420.1 

Pathway annotation not 

available 

CSW00_RS08975 NZ_PESJ01000008.1:43479-

44376 

298.904 169.943 -0.814634 0.03245 Yes M23 family 

metallopeptidase:WP_013974816.1 

Pathway annotation not 

available 

CSW00_RS09170 NZ_PESJ01000008.1:84621-

85593 

324.831 182.044 -0.835407 0.02805 Yes GTP-binding 

protein:WP_100413076.1 

Pathway annotation not 

available 

CSW00_RS09190 NZ_PESJ01000008.1:87667-

89084 

242.109 61.8187 -1.96954 0.01605 Yes DUF3617 domain-containing 

protein:WP_015272374.1 

Pathway annotation not 

available 

CSW00_RS09745 NZ_PESJ01000009.1:26182-

26440 

401.661 45.2978 -3.14847 0.01365 Yes hypothetical 

protein:WP_003257487.1 

Pathway annotation not 

available 
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CSW00_RS10425 NZ_PESJ01000009.1:167197-

167653 

284.353 124.445 -1.19218 0.03155 Yes hypothetical 

protein:WP_015268533.1 

Pathway annotation not 

available 

CSW00_RS10470 NZ_PESJ01000009.1:174130-

174925 

243.565 141.767 -0.780788 0.0482 Yes sel1 repeat family 

protein:WP_100413106.1 

Pathway annotation not 

available 

CSW00_RS11485 NZ_PESJ01000011.1:3700-

3925 

270.744 35.9367 -2.9134 0.0455 Yes hypothetical 

protein:WP_003257337.1 

Pathway annotation not 

available 

CSW00_RS11615 NZ_PESJ01000011.1:30769-

31738 

226.907 124.262 -0.868718 0.02175 Yes EAL domain-containing 

protein:WP_015269272.1 

Pathway annotation not 

available 

CSW00_RS12835 NZ_PESJ01000012.1:122646-

123021 

261.145 97.9017 -1.41544 0.0166 Yes 4-carboxymuconolactone 

decarboxylase:WP_013971059.1 

K01607 pcaC; 4-

carboxymuconolactone 

decarboxylase 

[EC:4.1.1.44] 

CSW00_RS13450 NZ_PESJ01000013.1:86207-

86651 

384.036 130.017 -1.56254 0.00625 Yes helix-turn-helix transcriptional 

regulator:WP_100413294.1 

Pathway annotation not 

available 

CSW00_RS13410 NZ_PESJ01000013.1:80449-

80794 

385.559 81.5268 -2.2416 0.0015 Yes hypothetical 

protein:WP_043935270.1 

Pathway annotation not 

available 

CSW00_RS13985 NZ_PESJ01000014.1:30773-

31100 

685.344 284.64 -1.26769 0.028 Yes hypothetical protein:. Pathway annotation not 

available 

CSW00_RS14835 NZ_PESJ01000015.1:54262-

55201 

264.559 147.956 -0.838419 0.02745 Yes LD-

carboxypeptidase:WP_100413356.1 

Pathway annotation not 

available 

CSW00_RS14970 NZ_PESJ01000015.1:82306-

82936 

246.175 122.677 -1.00483 0.0181 Yes hypothetical 

protein:WP_061303515.1 

Pathway annotation not 

available 
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CSW00_RS15330 NZ_PESJ01000016.1:9559-

10600 

269.089 152.358 -0.820617 0.0336 Yes hypothetical 

protein:WP_015268737.1 

Pathway annotation not 

available 

CSW00_RS15550 NZ_PESJ01000016.1:59750-

60041 

454.429 157.825 -1.52573 0.04135 Yes hypothetical 

protein:WP_015268711.1 

Pathway annotation not 

available 

CSW00_RS17080 NZ_PESJ01000018.1:126622-

127888 

125.536 12.3954 -3.34023 0.00005 Yes MFS transporter:WP_039612867.1 Pathway annotation not 

available 

CSW00_RS19500 NZ_PESJ01000023.1:15943-

17602 

232.613 122.539 -0.924694 0.01725 Yes Na/Pi cotransporter family 

protein:WP_015268496.1 

Pathway annotation not 

available 

CSW00_RS19510 NZ_PESJ01000023.1:19162-

20185 

293.263 165.053 -0.829264 0.02955 Yes DUF2914 domain-containing 

protein:WP_100413572.1 

Pathway annotation not 

available 

CSW00_RS19630 NZ_PESJ01000023.1:45532-

46489 

238.072 131.199 -0.859635 0.02415 Yes zinc ABC transporter solute-binding 

protein:WP_043935186.1 

K09815 znuA; zinc 

transport system 

substrate-binding 

protein 

CSW00_RS19735 NZ_PESJ01000023.1:64217-

65750 

289.09 163.374 -0.823343 0.0349 Yes SulP family inorganic anion 

transporter:WP_100413579.1 

Pathway annotation not 

available 

CSW00_RS19775 NZ_PESJ01000023.1:74209-

75283 

276.79 163.048 -0.763489 0.0463 Yes aminopeptidase:WP_100413583.1 Pathway annotation not 

available 

CSW00_RS19850 NZ_PESJ01000023.1:83632-

84532 

325.187 194.004 -0.745185 0.04865 Yes LysR family transcriptional 

regulator:WP_015268447.1 

Pathway annotation not 

available 

CSW00_RS20630 NZ_PESJ01000025.1:14584-

15235 

356.527 197.862 -0.849515 0.03955 Yes thiopurine S-

methyltransferase:WP_100413648.1 

K00569 TPMT, tpmT; 

thiopurine S-

methyltransferase 
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[EC:2.1.1.67] 

CSW00_RS21440 NZ_PESJ01000026.1:87256-

88150 

149.288 44.1007 -1.75922 0.00005 Yes 2-hydroxy-3-oxopropionate 

reductase:WP_003259509.1 

K00042 garR, glxR; 2-

hydroxy-3-

oxopropionate 

reductase [EC:1.1.1.60] 

CSW00_RS23845 NZ_PESJ01000032.1:5580-

5967 

290.671 45.25 -2.68339 0.00005 Yes hypothetical 

protein:WP_100413788.1 

Pathway annotation not 

available 

CSW00_RS27450 NZ_PESJ01000045.1:1787-

2522 

176.196 81.6009 -1.11052 0.01 Yes secretin:WP_024087406.1 Pathway annotation not 

available 

CSW00_RS27940 NZ_PESJ01000049.1:7594-

8308 

279.059 134.713 -1.05068 0.0098 Yes helix-turn-helix transcriptional 

regulator:WP_013970739.1 

Pathway annotation not 

available 

CSW00_RS28215 NZ_PESJ01000052.1:2138-

3002 

252.055 129.262 -0.963439 0.01455 Yes ABC transporter 

permease:WP_015268522.1 

Pathway annotation not 

available 

CSW00_RS28700 NZ_PESJ01000061.1:3457-

4995 

3928.59 269.425 -3.86606 0.02645 Yes 16S ribosomal RNA:. Pathway annotation not 

available 
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Table D1: Physicochemical characteristics and bacteriological parameters of Mahananda and Karala River water samples  

(sources: West Bengal Pollution Control Board, Siliguri Laboratory Paribesh Bhawan, Paribahan Nagar, P.O. Matigara, Siliguri, Darjeeling 734428. 

http://emis.wbpcb.gov.in/waterquality/viewsampledatacitizen.do). 

 

Collection date 

Mahananda River sampling  Karala River  

 

Unit 
09/03/2015 07/4/2015 18/11/2015 04/12/2015 18/03/2015 16/4/2015 15/11/2015 10/12/2015 

Parameter         

Ammonia-N BDL 0.128 BDL BDL BDL BDL BDL BDL mg/L 

BOD 2.80 1.50 2.10 1.60 2.10 1.80 2.10 1.00 mg/L 

Boron 0.006 0.006 BDL 0.001 0.005 0.007 0.003 0.005 mg/L 

Calcium 19.20 20.83 8.82 17.63 14.14 6.40 12.02 16.03 mg/L 

Chloride 9.78 18.73 20.55 12.70 2.94 7.88 17.61 14.68 mg/L 

COD 8.16 6.24 11.52 10.56 10.20 8.20 12.48 14.40 mg/L 

Conductivity 185.00 192.00 151.60 146.60 114.50 127.60 89.94 98.24 µs/cm 

Dissolved O2(DO) 8.90 8.20 6.30 6.50 8.10 7.80 5.60 6.50 mg/L 

Fecal Coliform 4000 2600 9000 4000 1700 2700 7000 2700 MPN/100ml 

Fluoride 0.203 0.246 0.129 0.167 0.150 0.332 0.118 0.401 mg/L 

Magnesium 2.25 3.36 1.27 2.30 1.61 3.36 2.88 6.91 mg/L 

Nitrate-N 0.02 0.92 0.50 0.15 0.20 0.10 0.22 006 mg/L 

pH 7.46 6.89 7.31 6.92 7.68 7.20 7.53 7.61 Unit 

Phenolpthalein Alkanity NIL NIL NIL NIL NIL NIL NIL NIL mg/L 

Phosphate-P 0.092 0.075 0.218 0.027 0.108 0.081 0.153 0.191 mg/L 

Potassium 2.00 5.00 5.00 4.00 3.00 3.00 BDL 2.00 mg/L 

http://emis.wbpcb.gov.in/waterquality/viewsampledatacitizen.do
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Sodium 11.00 9.93 8.00 13.00 8.00 5.73 1 6.00 mg/L 

Sulphate 17.94 20.00 16.90 25.78 5.24 4.50 7.47 7.81 mg/L 

Temperature 25 22 20 20 28 34 28 20 °C 

Total Alkalinity 64.00 74.00 76.00 48.00 60.00 36.00 32.0 56.00 mg/L 

Total Coliform 17000 8000 33000 17000 11000 9000 17000 11000 MPN/100ml 

Total Dissolved Solids(TDS) 136.00 108 85.00 126.00 115.00 67.00 84.0 123.00 mg/L 

Total Fixed Solids(TFS) 74.00 12.00 90.00 102.00 74.00 42.00 11.60 68.00 mg/L 

Total Hardness as CaCo3 56.00 66.00 66.00 52.00 41.00 30.00 40.00 64.00 mg/L 

Total Suspended Solids(TSS) 30.00 270.00 34.00 30.00 10.00 12.00 20.00 8.00 mg/L 

Turbidity 11.20 11.10 16.00 5.36 2.44 3.34 32.10 5.37 NTU 



Publications 

207 
 

Publications and Conference papers 
 

Ranjan VK, Saha T, Mukherjee S, Chakraborty R. Draft Genome Sequence of a Novel 
Bacterium, Pseudomonas sp. Strain MR 02, Capable of Pyomelanin Production, Isolated 
from the Mahananda River at Siliguri, West Bengal, India. Genome Announcements. 2018; 
6(3):e01443-17; doi: 10.1128/genomeA.01443-17. 
 
Ranjan VK, Mukherjee S, Thakur S, Gupta K, Chakraborty R. Pandrug-resistant 
Pseudomonas sp. expresses New Delhi metallo-β-lactamase-1 and consumes ampicillin as 
sole carbon source. Clinical Microbiology and Infection. 2020 Nov 
4:S1198743X(20)30667-4. doi:10.1016/j.cmi.2020.10.032. 
 
Ranjan VK, Tiwary BK, Chakraborty R. Quorum sensing dependent production of 
pyomelanin, in Pseudomonas sp. MR 02, offers an advantage to study mechanisms that 
alter biogeochemistry of the habitat. Microbiology in the new Millennium: from Molecules 
to Communities. 27-29 October 2017, Bose institute Kolkata, India (poster).  
 
Ranjan VK, Mukherjee S, Thakur S, Chakraborty R. Super-superbug Pseudomonas 
pyomelaninifaciens MR 02, in water of River Mahananda at Siliguri, India. 2nd 
International Conference on Contemporary Antimicrobial Research. 15-17 December 
2018, Indian Institute Kharagpur, India (poster). 
 



Draft Genome Sequence of a Novel Bacterium, Pseudomonas
sp. Strain MR 02, Capable of Pyomelanin Production, Isolated
from the Mahananda River at Siliguri, West Bengal, India

Vivek Kumar Ranjan,a Tilak Saha,a,b Shriparna Mukherjee,a,c Ranadhir Chakrabortya

aOMICS Laboratory, Department of Biotechnology, University of North Bengal, Siliguri, West Bengal, India
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cDepartment of Botany, Prasannadeb Women’s College, Jalpaiguri, West Bengal, India

ABSTRACT The draft genome sequence of a novel strain, Pseudomonas sp. MR 02,
a pyomelanin-producing bacterium isolated from the Mahananda River at Siliguri,
West Bengal, India, is reported here. This strain has a genome size of 5.94 Mb, with
an overall G�C content of 62.6%. The draft genome reports 5,799 genes (mean
gene length, 923 bp), among which 5,503 are protein-coding genes, including the
genes required for the catabolism of tyrosine or phenylalanine for the characteristic
production of homogentisic acid (HGA). Excess HGA, on excretion, auto-oxidizes and
polymerizes to form pyomelanin.

The genome of Pseudomonas sp. strain MR 02 was sequenced using a NextSeq 500
system. Briefly, approximately 200 ng of DNA was fragmented by a Covaris M220

sonicator to generate ~400-bp segments. End-repaired products were size selected by
AMPure XP beads, PCR amplified with index primers, and analyzed in a 4200 Tape-
Station system (Agilent Technologies). After obtaining the Qubit concentration, paired-
end (PE) Illumina libraries, prepared using the Illumina TruSeq Nano DNA library
preparation kit, were loaded onto the NextSeq 500 system for cluster generation and
sequencing. The copied reverse strands were then used to sequence from the opposite
end of the fragment. Thus, adapter-free data (1.1 Gb) were generated. The high-quality
reads were then de novo assembled using the SPAdes genome assembler (1), and the
quality of the assembly was evaluated using the QUAST software (2). The total size of
the assembly (5,946,931 bp) was distributed in 90 scaffolds (average size of scaffolds,
66,077 bp; N50, 144,752 bp). Genes were predicted from the assembled scaffolds using
Prokka version 1.12 (3). Functional annotation of the genes was performed using the
NCBI Prokaryotic Genome Annotation Pipeline, yielding a total of 5,503 protein-coding
genes, of which 5,460 have shown BLAST hits. Gene Ontology (GO) annotations of the
genes were determined by the Blast2GO platform. GO assignments were used to
classify the functions of the predicted genes. A phylogenetic tree was constructed with
an MR 02 scaffold fasta file and its closely related species using the Alignment and
Assembly Free (AAF) phylogeny tool. The phylogenetic tree was later uploaded to
MEGA 6 (http://www.megasoftware.net/web_help_7/helpfile.htm#). The neighbor-
joining (NJ) tree with a bootstrap of 500 showed that the most closely related strains
of MR 02 were Pseudomonas putida DLL-E4 and Pseudomonas monteilii strain SB3101.

Pyomelanin originates from the catabolism of tyrosine or phenylalanine (4). A
complete breakdown of tyrosine to acetoacetate and fumarate requires the enzymes
aromatic amino acid transaminase (TyrB), 4-hydroxyphenyl pyruvic acid dioxygenase
(HppD), homogentisate dioxygenase (HmgA), maleylacetoacetate isomerase (MaiA),
and fumarylacetoacetate hydrolase (FahA). Two copies each of tyrB (aromatic amino
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acid transaminase) and hppD (4-hydroxyphenylpyruvate dioxygenase) genes, along
with the genes of the hmg (homogentisate dioxygenase) operon (maiA, fahA, and
hmgA), were present in the MR 02 genome. Interestingly, the MR 02 hmg gene
sequence produced 98% (1,279/1,302 bp) identities with the hmg gene of P. putida
strain DLL-E4 and hmg operon of P. monteilii strain SB3101, indicating several point
mutations. In the absence of functional HmgA, or if homogentisic acid (HGA) produc-
tion exceeds that of HmgA activity, HGA is overproduced and excreted from the cells
(5, 6). Consequently, pyomelanin will be formed nonenzymatically outside the cell. The
excreted homogentisic acid will form benzoquinone acetic acid on chemical oxidation
and undergo self-assembly, yielding pyomelanin polymers.

Accession number(s). The GenBank accession number for the 16S rRNA gene

sequence of MR 02 is MF401548. This whole-genome shotgun project has been
deposited at DDBJ/ENA/GenBank under the accession number PESJ00000000. The
version described in this paper is the first version, PESJ01000000. The sequence read
data of assembled contigs have been deposited in the NCBI Sequence Read Archive
under BioProject no. PRJNA415298. Strain MR 02 is currently available from the Korean
Collection for Type Cultures (KCTC) under the accession number KCTC 62307.
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