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ISOLATION OF SIDEROPHORE PRODUCING ANTAGONISTIC 

BACTERIA FROM SOIL AND THEIR CHARACTERIZATION 

3.1. Introduction 
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The rhizosphere was first described by Hiltner (1904) as the volume of soil 

surrounding plant roots influenced by the living root. Rhizosphere is a 

dynamic environment, which harbours diverse groups of microbes. Bacteria 

respond differently to the compounds released by the plant root, and thus 

different compositions of root exudates are expected to select different 

rhizosphere communities. Soil microbial communities are often difficult to 

fully characterize, mainly because they are immensely diverse in genotypic 

and phenotypic composition, heterogeneous and often quite obscure. With 

respect to the latter, bacterial populations in soil top layers can go up to 

more than 109 cells per gram soil, and most of these cells are generally 

unculturable (Garbeva et al., 2004). Traditionally, methods to analyze soil 

microorganisms have been based on cultivation and isolation; a wide variety 

of culture media has therefore been designed to maximize the recovery of 

diverse microbial groups. Some of these soil-bome, non pathogenic 

microorganisms have the ability to antagonize fungal phytopathogens and 

thus prevent plant diseases. 

The main in vitro screening methods that have been performed in plate 

assays with only one microorganism (mainly searching for lytic enzymes or 

siderophores production) or with two different microorganisms (mainly 

searching for antagonistic or parasitic relationships) (Pliego et al., 2011). 

Antagonistic bacterial-fungal interactions are typically assessed in vitro in 

terms of an unoccupied "inhibition zone" between a bacterial colony and 

fungal hyphae cocultured on an agar plate. Two-component screening (e.g. 

dual cultures of a candidate antagonist and a pathogen on agar) is 

exclusively related to interaction studies, and potential antagonists are 

typically ranked according to their ability to inhibit the growth of the 

pathogen expressed by an inhibition zone. The antibiotic producing strains 
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have been studied for their antagonism in this way, and these antibiotics 

are known to be active against fungi in vivo (Knudsen et al., 1997). The 

production of these antagonistic substances sometimes correlate very well 

with the biocontrol ability of these bacteria, and the dual culture method 

has performed reasonably well for their screening (Pliego et al., 2011 ). 

Some authors have argued that this approach is focused on some limited 

facet of the mechanism of antagonism and that these screening methods 

may not be suitable and should be avoided (Campbell, 1986). However, 

screening for this mode of action is easy and inexpensive and permits 

massive screening of several strains of microorganisms. If the goal is to 

select microorganisms with high capabilities of natural metabolite 

production and to develop these natural products for commercial 

applications, prescreening for antibiosis may be appropriate (Pliego et al., 

2011). DNA-based methods currently employed to characterize soil 

microbial community composition in large part rely upon use of the 

polymerase chain reaction for amplification of the small subunit rRNA gene. 

PCR amplification of rRNA genes or other ecologically significant genes 

generates relatively less biased information. Once sequenced, the amplicons 

are analyzed for similarity to other known sequences, and the identity of the 

organ1sm can be suggested based on phylogenetic relatedness (Mazzola, 

2004). 

Although a number of authors have stressed the importance of appropriate 

screening procedures (Merriman and Russell, 1990; Deacon, 1991; 

Campbell, 1994; Knudsen et al., 1997; Whipps, 1997), but, it should be 

considered that any screening method is selective and therefore, it is to be 

expected that only a portion of the antagonistic microbiota will be detected 

(Knudsen et al., 1997; Pliego et al., 2011). As this study aims to utilize 

antagonistic microbial inoculants for control of fungal diseases in plants, 

rhizosphere soil bacteria have been screened for two properties: siderophore 

production and antagonism. Antagonism has been tested against major 

plant pathogenic fungi relevant to the region of study. Further the selected 

isolates have been characterized for certain morphological and biochemical 
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properties. Phylogenetic characterizations have been done by matching their 

16S rRNA gene sequences with other bacteria. 

3.2. MATERIALS AND METHODS 

3.2.1. Isolation ofbacteria from soil 

3.2.1.1. Collection of sample 

Soil samples were collected from 9 different regions of sub-Himalayan West 

Bengal which included different parts of Drujeeling and Jalpaiguri districts 

(Fig. 4 and 5) where biocontrol agents have never been applied. 

Samples were collected from the rhizosphere of maize (Zea mays), mango 

(JYiang~{era indica), lemon (Citrus limon), brinjal (Solanum melongena), jute 

( Corchorus capsularis), Potato (Solanum tuberosum), Cassia (Cassia fistula), 

tea (Camellia sinensis), radish (Raphanus sativus), neem (Azadirachta 

indica), wheat (Triticum sativum) and grass (Eleusine indica). The local 

regions of sample collection were Bagracote (MB), Damdim (MD), Chathat 

(LC), Bagdogra (BB), Lataguri (JL), Siliguri (AS), Kamala Bagan (KT), 

Ellenbarie (NE) and Nagrakata (NG) (Table 3). Geographic Information 

System (GIS) Locations of the places of sample collection and their 

respective codes are presented in table 4. 

For isolation of bacteria, soil samples which comprised of plant roots with 

adherent soil were collected in sterilized polythene packets and transported 

to the laboratory within five hours. At the same time, approximately 100 g 

soil was collected from the same area in clean glass bottles which would be 

necessary for preparation of soil extract. 

3.2.1.2. Media 

Soil extract agar (Barrow and Feltham, 1993) was used to obtain a first level 

screening of the culturable bacterial strains, which are predominant in a 

definite rhizospheric soil. It was achieved by maintaining the pH of the 

medium similar to that of the soil. To prepare soil extract, 75g of soil of the 

specific rhizosphere was dried and sieved through fme mesh. Air dried soil 
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was suspended in 180 ml of distilled water and sterilized by autoclaving at 

15 lbs pressure (1210C for 15 min) and allowed to settle down ovemight. 

The top clear layer of the solution was decanted and a pinch of CaC03 was 

added and allowed to stand for removal of the turbidity. The resulting 

clearer solution was filtered through the Whatman filter paper (Grade-H) for 

removing the traces of fine soil particles. For preparation of soil extract agar 

medium, peptone, beef extract and agar were added in 5.0 g, 3.0 g and 20.0 

gin amount respectively in the 1000 ml clear soil extract solution. Instead 

of distilled water, soil extract was used, which essentially was enriched with 

the indigenous minerals and ions of that soil sample. 

Table 3: List of local regions of sample collection and the respective 

source plants 

Place of Source plant (rhizosphere soil) Code 

-------- assigned isolation Common Name Botanical Name 

Bagracote Maize Zea mays MB 

Dam dim Mango Man . .gifera indica MD 

Chathat Lemon Citrus limon LC 

Bagdogra Brinjal Solanum melongena BB 

Lataguri Jute Corchorus capsularis JL 

Siliguri Potato Solanum tuberosum AS 

Bagdogra Cassia Cassia fistula CB 

Kamala Bagan Tea Camellia sinensis KT 

Ellenbarie Neem Azadirachta indica NE 

Chathat Radish Raphanus sativus CR 

Bagracote Wheat Triticum sativum WB 

Nagrakata Grass (Indian Eleusine indica NG 
goosegrass) 
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Table 4: Geographic Information System (GIS) Locations of the Places 

of Sample Collection and Their Respective Codes 

Place of 
Sampling 

Bagracote 

Bagracote 

Dam dim 

Chathat 

Chathat 

Lataguri 

Siliguri 

Bagdogra 

Bagdogra 

Kamala Bagan 

Ellenbarie 

Nagrakata 

Code assigned 

MB 

WB 

MD 

LC 

CR 

JL 

AS 

CB 

BB 

KT 

NE 

NG 

3.2.1.3. Isolation process 

GIS Location 

Latitude Longitude 

26.8809° N 88.5734° E 

26.8809° N 88.5734° E 

26.8667° N 88.7500° E 

26.5800° N 88.3600° E 

26.5800° N 88.3600° E 

26.7060 oN 88.7662° E 

26.7223° N 88.4248° E 

26.6811 oN 88.3283° E 

26.6811 aN 88.3283° E 

26.6110° N 88.33535° E 

26.7881 oN 89.0408° E 

26.9000° N 88.9667° E 

For isolation of bacteria, the sample packets were opened and soil adhering 

to roots was collected by gently shaking the roots. Ten gram of soil sample 

was mixed in 100 ml of sterile Winogradsky solution (Szreniawska and 

Hattori, 1981) and kept for 2 hours on a shaker (Nielsen et. al., 1998). The 

resultant solution was serially diluted and bacteria were isolated from each 

dilution by the spread-plate method. To prepare the dilution series, 1 ml 

solution was dispensed in another test tube containing 9 ml of sterile 

distilled water to make a dilution of 10-1. In the similar way, a dilution series 

from 10-1 to 10-10 were prepared (Aneja, 2003). Each different dilution was 

spread onto solidified agar media to obtain bacterial colonies. To do this, 
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lOOpl of each dilution was placed on soil extract agar in petriplates of 9 em 

diameter and spread by a glass spreader under aseptic condition. In 

addition to that, each dilution was also spread onto CAS agar media to 

check the presence of siderophore producing bacteria. The plates were 

incubated at 30°C for 48 hours. Each single colony was picked from the soil 

extract agar plates and streaked on sterile nutrient agar plates following 

quadrant streak method. Pure cultures were maintained on NA slants at 

4°C and sub-cultured at regular intenrals. 

3. 2.2. Screening for siderophores producing bacteria using CAS agar 

medium 

All isolated bacterial strains were subjected to screening for siderophores 

production. Qualitative test for siderophore production was done using 

Chrome Azurol Sagar as described by Husen (2003}. The universal Chrome 

Azurol S-agar medium (Schwyn and Neilands, 1987) was used for selecting 

the siderophore producing strains from isolated soil bacteria. The medium 

is a combination of four solutions which were prepared separately and 

sterilized. Solution 1 (Fe-CAS indicator solution) was prepared by mixing 

lOml of lmM FeCh.6H20 (in lOmM HCl, sterile), 50ml of aqueous solution 

of CAS (1.21mg/ml) and 40ml aqueous solution of HDTMA (1.82mgjml). 

Solution 2 (buffer solution) was prepared by dissolving 30.24 g of PIPES 

buffer in water. The final pH was adjusted to 6.8 by using 50% KOH 

solution to obtain a final volume of 800 ml. Next, 15 g agar was added to it 

and autoclaved. Solution 3 consisted of glucose and mannitol (2g each) in 

70 ml distilled water and autoclaved. Solution 4 was prepared by dissolving 

casamino acid in 30 ml water (10% w jv). This solution was sterilized by 

filtering through 0.211 cellulose acetate membrane. All solutions were mixed 

appropriately to obtain the final medium. It was prepared by first allowing 

solution 2 to cool after autoclaving and when temperature reached to about 

50-ssoc, solution 3 and 4 were mixed with it. Finally solution 1 was added 

to it and mixed generously. The medium appeared blue to dark green in 

color due to the presence of dye-Fe-CAS complex. Spot inoculation of 
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bacterial culture onto CAS agar plate was done and incubated at 300C 

ovemight. 

3.2.3. Fungal pathogens used in the study 

Seven fungal pathogens were selected as test pathogens considering their 

agronomic importance in sub Himalayan West Bengal. All pathogens except 

Fusarium solani were isolated as pathogens from various crops of sub 

Himalayan West Bengal (Saha et al., 2008, 2010; Choudhuri et al., 2008; 

Mandai et al., 2006). 

3.2.3.1. Source of fungal pathogens 

Fusarium solani was procured from Indian type culture collection, IARI, 

Pusa, New Delhi and rest of the pathogens were kindly gifted by Dr. 

Aniruddha Saha, Department of Botany, University of North Bengal. The 

details of the source of the strains used in the present study are given in 

Table 5. All the strains were identified by Dr. A. Saha and the identities of 

the ITCC strains were confirmed from IARI, New Delhi. Before using the 

fungi in experiments, they were cultured in PDA and 10 day old fungal 

cultures were taken in glass slide and observed under microscope by 

staining with lactophenol-cotton blue. 

Table 5: List of fungal cultures used as test pathogen. in. the current 
study 

Fungal pathogen Host Plant Strain. identity 

Fusarium solani Brinjal ITCC-4999 

Fusarium equiseti Brinjal ITCC- 6566.07 

Fusarium graminearum Brinjal FSGOl 

Rhizoctonia solani Tea ITCC-5995.05 

Colletotrichum gloeosporioides Brinjal ITCC-5446. 02 

Alternaria altemata Niger ITCC-6250.05 

Lasiodiplodia theobromae Tea ITCC-5446.02 
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3.2.3.2. Maintenance of cultures in PDA 

Freshly prepared sterile PDA slants were used for the maintenance of the 

pathogenic fungal cultures. Pathogens were grown on sterile PDA media 

and were maintained in two different conditions, viz. at low temperature in 

refrigerator (at 4°C) and at room temperature. At the interval of 2-3 weeks 

sub culturing was done for maintenance of cultures. Sub culturing was also 

done for preparation of inoculums for different experiments. 

3.2.4. Evaluation of antifungal activity 

All siderophore producing bacterial isolates were at first screened by the 

dual culture technique for in vitro antagonism against all fungal pathogens. 

The isolates which recorded antifungal activity against all pathogens were 

selected for further evaluation of their antifungal potential. 

3.2.4.1. Screening of isolates by dual culture test 

In this method, both the fungal pathogen and isolated bacterium was 

allowed to grow simultaneously in presence of each other. For fungal 

inoculation, mycelial disc (4 mm diameter) was excised from advancing 

zones of fungal hyphae in PDA cultures of the pathogens and placed at the 

centre of a 90 mrn diameter petriplate containing PDA. The bacterial isolate 

was streaked at a distance of 2-3 em from the centre in a semi-circular 

fashion. The control plate was prepared by inoculating only the pathogen at 

the centre of PDA plates. The plates were incubated at 28oC until the fungal 

growth on the control plate reached the rim of the plate. Inhibition of fungal 

growth along the bacterial line of streaking indicated antagonistic activity of 

bacterial isolates. 

3.2.4.2. Quantitative test for study of in vitro antagonism 

For evaluation of antagonistic potential, the dual culture technique as 

described above was followed. Thus, both the fungal pathogen and selected 

bacterial strains were allowed to grow simultaneously in a similar way but 

the bacteria were now streaked circularly at a distance of 20 mm from the 

central 4 mm fungal inoculum in 90 mm PDA plates. The control plates 
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were inoculated only with the fungal pathogens. Radial growth of the fungal 

mycelia was recorded until the fungal growth in the control plates reached 

the edge of the plates. Percent inhibition of fungal growth was calculated as 

[(90-d)/90] x 100 where d is the diameter (in mm) of fungal growth in the 

test plates. The tests were performed in three replications and the data was 

averaged. 

3.2.4.3. Statistical analysis 

Statistical analysis was done with the help of Smith's statistical package 

(version-2.5), developed by Dr. Gray Smith, Pomona College, Claremont-

91711, USA and Statistical Package for the Social Sciences (SPSS), version 

11.0, SPSS Inc., Chicago, Illinois. Standard error was also calculated using 

this software. 

3.2.5. Characterization. of selected bacterial isolates 

In order to characterize the selected antagonistic bacterial strains, a 

number of morphological and biochemical tests were conducted (Barrow 

and Feltham, 1993; Aneja, 2003). Furthermore, Phylogenetic 

characterization was done by using the partial 16S rDNA sequences which 

were obtained following PCR amplification. Bergey's Manual of Systematic 

Bacteriology and Cowan and Steel's Manual for the Identification of Medical 

Bacteria was studied to determine the identity of bacterial antagonists 

(Barrow and Feltham, 1993; Brenner et al, 2005; Sneath et al, 1984). 

3.2.5.1. Morphological characterization. 

Morphological characterization included both cell morphology and colony 

morphology. Studies on cell morphology were conducted under microscope. 

Colony morphology was studied by observing the colony characteristics in 

NA plates/slants and in NB. 

3.2.5.1.1. Shape and size 

To examine the shape and size of the cells, a drop of cell suspension of the 

bacterium was placed on a clean grease-free slide, heat fixed and stained 



50 

with methylene blue and observed under microscope. Diameter was 

measured after standardizing the stage and ocular micrometer of the 

microscope. 

3.2.5.1.2. Endospore staining 

Endospore formation by the isolates was studied by malachite green 

staining of 3-4 day old culture (Aneja, 2003). A loopful of bacterial colony 

from 24 h old NA slants was smeared with sterile distilled water on a clean 

grease-free slide. The smear was heat fixed and the slide was flooded with 

malachite green. The slide was heated to steaming and the steaming was 

continued for 10 minutes during which stain was added intermittently. The 

slide was washed carefully under tap water and was then stained with 

safranin. Safranin was washed with distilled water after 1 minute. The 

excess water was blotted off and the slide was air dried and observed under 

microscope. Presence of green coloured spores inside red vegetative cell 

indicated endospore formation (Aneja, 2003). 

3.2.5.1.3. Colony characteristics 

Colony characteristics were examined with young cultures (18-24 h) of all 

the selected isolates in NA plates or slants or in NB. Different parameters 

such as elevation, margin of colonies, pigment production, surface were 

tested following Aneja (2003) and Seeley and Vandemark (1972). 

To study growth pattem of bacterial isolates it is mostly seen that the 

organisms are fast, moderate or slow in growth rate when grown for 24 h at 

30°C. The margin of the colonies shows entire, undulate or rough 

appearance for different strains. The surface of some colony on agar plate 

shows glistering or shiny form or dull, moist or smooth features. Several 

colonies appear raised from the agar surface, some may show flat form. 

Colour of the colony was also observed as it may turn different on pigment 

production. The cultural characteristics were also studied in NB. Some of 

the ovemight grown culture shows turbidity throughout the broth while 

some cultures form visible clump or pellicle like growth at the upper layer of 

medium. 
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3.2.5.1.4 Motility test 

To detect the motility of bacteria, tubes of semi solid motility medium were 

stab inoculated with a straight needle (Tittsler and Sandholzer, 1936). The 

tubes were incubated at 300C and motility was indicated by a diffused zone 

of growth around the line of inoculation. 

3. 2. 5.2. Biochemical characterization 

Biochemical characterization of all the isolated siderophore producing 

antagonistic bacterial strains was done following standard published 

methods. Bacteria were subcultured twice from stocks and 24 h old 

cultures were used for the tests. During the tests, an uninoculated tube or 

an untreated tube was included in the biochemical experiments as negative 

control. 

3.2.5.2.1. Clram Staining 

Each bacterial strain was grown in NA for 24 h. Each bacterium was 

separately smeared with sterile distilled water at the centre of clean grease 

free slide. The smear was air dried; heat fixed and was covered with crystal 

violet for 30 seconds. Each slide was then washed with distilled water for a 

few seconds and subsequently covered with Gram's iodine solution for 30 

seconds. The crystal violet-iodine complex was washed off with 95% ethyl 

alcohol. Ethyl alcohol was added drop by drop holding the slides in a 

slanting position against a white background till no colour came from the 

lower edge of the slide. The slides were washed with distilled water and 

drained. Safranin was applied to the smears for 1 minute, washed with 

distilled water and blotted dry with absorbent paper. The stained slides 

were observed under microscope to study the Gram character and cell 

morphology of the bacterial isolates. The staining technique was followed 

after some modification of the method described by Aneja (2003). 

3.2.5.2.2. Indole production 

Test tubes containing tryptone broth were inoculated with bacterial isolates 

and one tube was kept as an uninoculated control. Tubes were incubated at 
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30°C for 48 hours. Next, 1 ml of Kovac's reagent was added to each tube 

including control. The tubes were gently shaken after intervals of 10-15 

min. The test tubes were allowed to stand to permit the reagent to come to 

the top. A cherry red colour in the reagent layer indicated indole production 

(Aneja, 2003). 

3.2.5.2.3. Methyl Red and Voges-Proskauer Test 

MR-VP broths were inoculated with selected bacterial strains and incubated 

at 300C for 48 hours. An uninoculated tube was maintained as controL 

After incubation, culture was divided equally into two tubes for each isolate. 

To one of the tube marked as MR (for Methyl Red), 5 drops of Methyl red 

indicator was added and observed for change of colour. The MR indicator 

remains red in the pH range upto 4 and an appearance of red throughout 

the broth indicates positive result. If the broth retains the original yellow 

colour, it shows a negative test. 

To the other tube marked as VP, 12 drops ofVP reagent I and 2-3 drops of 

V-P reagent II were added. Tubes were shaken gently for 30 seconds. The 

reaction was allowed to complete for 15-30 minutes. Development of ruby 

pink or red color (mostly intense at the top layer of broth culture) indicated 

a positive test (Aneja, 2003). 

3.2.5.2.4. Citrate Utilization 

Simmon's Citrate agar slants were inoculated with isolated cultures by 

streaking and one tube was kept as uninoculated control. All the slants 

were incubated at 300C for 48 hours. Bromothymol blue, the indicator in 

Simmon's citrate agar shows green colour at acidic pH (upto pH 6.8) and 

turns blue in alkaline medium (pH 7.6 and higher). Observation of colour 

change from green to blue indicated positive result {Aneja, 2003). 

3.2.5.2.5. Nitrate Reduction 

Nitrate Broth was inoculated and incubated at 300C for 48 hrs. One ml of 

nitrite reagent A followed by 1 ml of reagent B was added. A deep red colour 

showed the presence of nitrite and thus showed that nitrate had been 
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reduced and indicated a positive reaction. To tubes, not showing a red 

colour within 5 min, powdered zinc was added and allowed to stand. Red 

colour formation confirmed the presence of nitrate in the medium (i.e. not 

reduced by the organism) (Barrow and Feltham, 1993). 

3.2.5.2.6. ONPG Test 

Tubes of ONPG broth were inoculated with the selected isolates and 

incubated at 300C for 48 hours. An uninoculated tube was maintained as 

control. ~-galactosidase activity was indicated by the appearance of a yellow 

colour due to the production of o-nitrophenol (Barrow and Feltham, 1993). 

3.2.5.2.7. Oxidation or Fermentation of glucose 

Tubes containing Hugh and Leifson's 0-F medium were inoculated by 

stabbing with a straight wire. Two uninoculated tubes were used as 

comparative control. Sterile liquid paraffin was poured over the medium to 

form a layer of about one em deep into one of t..l].e tubes of each pair. The 

other tube was left open. The tubes were incubated at 30oC for 5 days. If 

the blue colour of the medium changed from blue to yellow in the open tube 

only, it indicated acid production from glucose by oxidation. Fermentative 

utilization of carbohydrate was indicated by a colour change from blue to 

yellow in both open and sealed tubes (Barrow and Feltham, 1993). 

3.2.5.2.8 Gelatin Liquefaction 

Tubes containing gelatin agar media was inoculated and incubated at 30°C 

for 2 days. The cultures were then allowed to chill by keeping them in ice 

bath for 15 minutes. The tubes in which the medium did not turn solid 

even after chilling but remained liquid were considered positive for gelatin 

liquefaction (Aneja, 2003). 

3.2.5.2.9 Phenylalanine Deamination Reaction 

Tubes containing phenylalanine agar were inoculated heavily with bacterial 

isolates and incubated at 300C for 24 h. Then 0.2 ml of 10% aqueous 

solution of FeCb was run over the growth. A positive reaction was indicated 
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by appearance of a dark green colour on the slope and in the free liquid 

accumulated at the base (Barrow and Feltham, 1993). 

3.2.5.2.10. DNase activity 

Test organisms were inoculated on the agar surface of DNase agar plates by 

line streaking and incubated at 30±20C for 36-48 h. The plates appeared 

greenish blue and a positive result was indicated by formation of a 

pinkish/clear halo around the bacterial growth. (Kanlayakrit et al., 2001) 

3.2.5.2.11. Urease activity 

Tubes containing urea broth medium were inoculated and incubated for 48 

hours at 3QOC. Colour change of the media from yellow to pink indicated 

positive result (Barrow and Feltham, 1993). 

3.2.5.2.12. TSI agar Test 

Tubes were inoculated with test organism by first streaking onto the surface 

ofTSI agar slant and then stabbing the medium in the butt region. All tubes 

were incubated for 24 h at 300C and observation was recorded. A red 

coloration in the medium indicated alkaline reaction and yellow was for acid 

formation. H2S production was shown by blackening of the medium. 

appearance of red coloration in the entire tube (both slant and butt) 

indicated absence of fermentation (Aneja, 2003). 

3.2.5.2.13. Catalase activity 

Bacteria were inoculated in NA slants and incubated at 30°C for 24 

Mter that, 3-4 drops of 10% hydrogen peroxide was allowed to flow over the 

growth of each slant culture. Effervescence over the surface indicated 

positive result (Aneja, 2003). 

3.2.5.2.14. Oxidase activity 

A fresh solution of the reagent was prepared each time of use by adding a 

loop full of oxidase reagent (tetramethyl-p-phenylenediamine 

dihydrochloride) to about 3 ml of SDW. A filter paper disc was soaked in a 
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sterile plastic Petri dish with a few drops of the indicator solution and a 24 

h culture of the bacteria in NA was smeared across the moist paper with a 

platinum loop. The appearance of a dark purple colour on the paper within 

30 seconds denoted a positive reaction (Barrow and Feltham, 1993). 

3.2.5.2.15. Ornithine Decarboxylase Test 

Tubes containing decarboxylase agar base media supplemented with 

ornithine were inoculated with bacterial isolates and incubated at 300C for 

48 h. The tubes were then acidified with 0.1 N HCl drop by drop until the 

medium was yellow. Then 0.2 ml of a 10% aqueous solution of FeCb was 

added, mixed and observed for colour change. A positive reaction indicates 

a dark green colour which quickly fades (Barrow and Feltham, 1993). 

3.2.5.2.16 Lysine Decarboxylase Test 

Tubes containing decarboxylase agar base media supplemented with lysine 

were inoculated with bacterial isolates and incubated at 300C for 48 h. The 

tubes were then acidified with 0.1 N HCl drop by drop until the medium 

was yellow. Then 0.2 ml of a 10% aqueous solution of FeCb was added, 

mixed and observed for colour change. A positive reaction indicates a dark 

green colour which quickly fades (Barrow and Feltham, 1993). 

3.2.5.2.17. Acid formation from different carbohydrates 

All bacterial strains were tested for their ability to utilize different sugars as 

their sole carbon source and to produce acid. The sugars tested were 

maltose, glucose, lactose, sorbitol, inositol, mannitol, sucrose, raffinose, 

rhamnose, trehalose, arabinose, xylose and adonitol. Peptone water broth 

supplemented with 0.2% phenol red (lOml indicator in 1 L medium) was 

inoculated with bacterial culture and incubated at 3QOC for 24-48 h. The 

indicator Phenol Red remains red at neutral pH but turns colourless at 

acidic pH. Thus, the colour change of the broth culture from red to yellow 

confirms positive result for sugar fermentation and if remains red, is a 

negative result. The change of colour was recorded by comparing with the 

uninoculated (control) tube (Aneja, 2003}. 
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3.2.5.2.18. Fluorescence on Pseudomonas Agar (For Fluorescein) 

medium 

The ability of isolates to produce fluorescent siderophores was tested by 

streaking bacteria on Pseudomonas Agar (For Fluorescein) (HiMedia) and 

incubating at 300C for 48 h. Following incubation, the plates were inspected 

under UV light source (at 254nm) for emission of fluorescence. The emitted 

fluorescence was compared visually to that of a standard P. jluorescens 

strain (NRRL 823932) which was also inoculated as a positive control. 

3.2.5.3. Phylogenetic characterization 

Phylogenetic characterization included partial sequencing of the 16S rRNA 

gene and comparing the obtained sequences with that of other sequences 

available in NCBI GenBank. For this, genomic DNA was isolated from each 

antagonistic bacterial isolate and used as templates for amplification of the 

target gene. Blast searches were conducted with the amplicon sequences 

and related species were analysed for final identification of the bacterial 

strains. 

3.2.5.3.1. Isolation of genomic DNA by CTAB method 

Genomic DNA was isolated from all the different antagonistic bacterial 

isolates following the CTAB method (Gomes et al., 2000). At start, a 24 

h old NB culture of bacteria was distributed in six 1.5 ml eppendorf tubes 

and centrifuged at 10,000 rpm for 10 min at 4oc. The supernatant was 

discarded and the pellet was re-suspended in 20 pl TE buffer. Next, 3 pl 

Proteinase K (10mgfml) and 30 pl 10% SDS were added to it, mixed well 

and incubated at ssoc for 16 hours. Then 80 p.l of 1% CTAB in 1M NaCl 

and 100 111 of SM NaCl were added to the tubes, mixed and incubated at 

65oC for 10 min. The mixture was centrifuged at 12,000 rpm for 10 min at 

4oc. The clear supernatant was transferred to a clean eppendorf tube, and 

mixed with 0.6 volume chilled 70% ethanol to precipitate the DNA. The 

eppendorf tubes were centrifuged at 12,000 rpm for 15 min. The DNA pellet 

obtained after discarding the supernatant was washed twice by adding two 

volumes of 70% ethanol and centrifuged again at 10,000 rpm for 10 min. 
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The pellet was allowed to dry for 30-40 min at room temperature and finally 

re-suspended in 100 pi of TE buffer. 

3.2.5.3.2. RNase treatment 

For RNase treatment, genomic DNA suspended in 100 111 TE buffer was 

incubated with 60 11g RNase at 37oc for 30 min. Following incubation, DNA 

was re-extracted with PCI (Phenol: chloroform: Isoamyl alcohol25:24: 1) and 

purified DNA was precipitated with chilled ethanol. The DNA was washed 

twice with ethanol as described above, dried and resuspended in 50 111 of TE 

buffer (Soni and Kumar, 2009). 

3.2.5.3.3. Quantification of DNA 

Before quantifying the DNA, the purity was checked by determining the 

OD26o/OD2so value. For this, optical density was recorded at wavelengths of 

260 nm and 280 nm. The reading at 260 nm allows calculation of the 

concentration of nucleic acid in the sample. The reading at 280 nm gives 

the amount of protein in the sample. Pure preparation of DNA has 

OD2Go/OD2so value in the range of 1.8 to 2.0. 

The standard value of 1 O.D. at 260 nm for double-stranded DNA 

corresponds to 50 ngjpl of dsDNA. For quantification of isolated DNA, the 

DNA sample (1 111) was diluted in 50 111 TE buffer (dilution factor = 50) and 

OD was recorded in a spectrophotometer (Systronics, Visiscan-167). 

3.2.5.3.4. Gel electrophoresis 

The DNA quality was further checked by agarose gel electrophoresis 

conducted in a submarine gel electrophoresis system (Bangalore Genei 

(India) Pvt. Ltd., India). To prepare gel block, 0.8% agarose was suspended 

in lX TAE buffer and heated to melt. It was boiled till clear solution was 

obtained. The solution was allowed to cool to about 50-55°C, following 

which, ethidium bromide (0.5J.Lg/ml) was added to it, mixed properly and 

poured into gel casting tray. It was then allowed to solidify. After 

solidification, the gel was transferred to electrophoresis tank such that the 

gel block was completely submerged in 1X TAE running buffer. DNA 
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samples (51Jl) were mixed with l!Jl gel loading buffer and loaded onto wells. 

Electrophoresis was run at 50-55 volt for 1 hour and observed under UV 

transilluminator (Bangalore Genei (India) Pvt. Ltd, Bangalore, India). 

Presence of sharp and bright fluorescent orange bands confirmed proper 

DNA isolation. 

3.2.5.3.5. PCR amplification of 16S rRNA gene 

The 16S rRNA gene of all the antagonistic bacterial isolates was amplified 

by PCR using their respective genomic DNA as templates. 16S rDNA 

primers ID1 and 157 rP2 (Weisburg et al., 1991) were used for the 

amplification (Table 6). PCR was performed in 25pl reaction volume 

containing 2.5f..ll of lOX Taq DNA polymerase buffer without MgCb, 2.5mM 

l'v1gCb, 2mM dNTP mix, 211M primer (each forv1ard and reverse), SOng 

template DNA and 3U of Taq polymerase. The reaction mix was amplified 

using the following program: initial denaturation at 94°C for 5 min followed 

by 30 cycles of denaturation at 94°C for 1 min, annealing at 54°C for 1 min, 

extension at 72oC for 2 min and a final extension at 72CC for 7 min on a 

thermal cycler (Applied Biosystems GeneAmp PCR 2400). 

Table 6: List of primers used in various PCR amplification processes 

Name ofthe Primer 

fDl 

157 rP2 

Sequences References 

5'-AGTITGATCCTGGCTCA-3' 
Weisburg et 

5'-ACGGCfACCTTGTTACGACTT-3' al., (1991) 

168-23S ITS forward 5'AAGTCGTAACAAGGTAG-3' 

168-23S ITS reverse 5'-GACCATATATAACCCCAAG-3' 

3.2.5.3.6. Detection of PCR amplicon in agarose gel 

Kumar et 
al, (2002) 

Agarose gel (1 %) was prepared as mentioned earlier. PCR products were 

resolved on 1% agarose gel containing ethidium bromide (0.5/lg/ml) at 50V 

for 1 h in lX TAE running buffer along with a 500 bp ladder DNA. The 

resolved amplicons were observed under UV transilluminator and 

photographed. 
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3.2.5.3.7. Cloning ofPCR amplicons 

The successfully amplified 16SrRNA genes of the selected antagonistic 

strains were cloned before proceeding for sequencing. The pGEM-T Easy 

Vector System II, purchased from Promega Corporation, Madison, USA, was 

used following manufacturer's instructions. The PCR products were cloned 

in the pGEM-T Easy vector without purification of PCR products. For vector 

ligation, the reaction mixture was as follows: 2X rapid ligation buffer 5/ .. ll, 

pGEM T-Easy vector (SOng) 1.0!-!1, PCR products 1.5!-!1, T4 DNA ligase 1.01-11 

and final volume 101-11 made up with deionized water. Ligation reaction was 

thoroughly mixed by vortexing and stored at 40C for ovemight. 

3.2.5.3. 7.1. Preparation of competent cells 

Escherichia coli JM 109 were grown in lOml Luria-Bertani (LB) broth in a 

conical flask and incubated over night at 37oc at 120 rpm. From this flask 

100J.Ll culture of E. coli cells was transferred to fresh 10 ml LB medium flask 

and grown for 2-4 h at 37oc until the OD (at 600 nm) attained a value of 

0.4-0.6. The culture was taken in microcentrifuge tubes and pelleted at 

6,000 rpm for 7 min at 4oc. The supematant was discarded and the pellet 

was allowed to dry. To the pellet, Sml of solution I (80 mM MgCh and 20 

mM CaCb) was added and mixed gently and centrifuged at 4000 rpm for 7 

min at 4°C. Then the supematant was discarded and Sml of Solution II (100 

mM CaCb) was added and mixed gently. Then the micro-centrifuge tubes 

were incubated in ice for 45 minutes and subsequently centrifuged at 4000 

rpm for 7 min at 4oc. The supematant was discarded and the retained 

pellet was resuspended in 500 1-11 Solution IL The resulting cells were 

competent cells and were further used in the study. 

3.2.5.3. 7.2. Transformation 

To 1001-11 competent cells taken in fresh microcentrifuge tube, lOj..d prepared 

ligation mixture was added. The eppendorf tube was incubated in ice for 45 

min. Following incubation, the tube was placed in a preheated 42aC 

circulating water bath for 90 sec and then rapidly transferred to an ice 

bath. Next, the cells were allowed to chill for 10 min and 300 111 LB medium 
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was added to the tube and incubated at 37oC for 2 h in a rotary shaking 

incubator. 

3.2.5.3. 7.3. Blue white screening 

Following incubation, the transformed cells (100 ~1) were taken out from the 

eppendorff tube and spreaded on a pre-warmed (at 37°C) LB plates 

containing ampicillin (100 Jlg/ml), IPTG (0.5 mM) and X-Gal (80 pgjml) with 

the help of plate master (Hi Media Laboratories, India). All plates were kept 

inside the laminar air flow for 10 min for absorbing the media, sealed with 

parafilm and incubated in an inverted position at 37°C for overnight. The 

plates were then observed for formation of blue and/ or white colonies. The 

white coloured recombinants were selected and used for sequencing of the 

cloned insert. 

3.2.5.3.8. Sequencing of cloned PCR products 

After obtaining the positive clones, they were sequenced at Bangalore Genei 

Sequencing Services, India and Xcerlis Labs, Gujarat, India. The sequences 

of the amplicons are listed in Appendix II. The partial 16S rRNA gene 

sequences were submitted to NCBI GenBank. The selected bacterial strains 

were identified by similarity searches of the sequences using the BLAST 

function of GenBank (Altschul et al. 1990; Tamura, et al. 2007). 

3.2.5.3.9. Identification of Pseudomonas strains using 16S-23S ITS 

specific primer 

This PCR amplification was performed to identify specifically the fluorescent 

pseudomonads among the strains identified as Pseudomonas sp. PCR 

amplification was performed on a thermal cycler (Applied Biosystems 

GeneAmp PCR 2400} with a final reaction volume of 25~1 containing 2. 5!11 of 

lOX Taq DNA polymerase buffer with 2.5 mM MgCb, 2mM dNTP mix, 211M 

primer (each forward and reverse), 50 ng template DNA and 3U of Taq 

polymerase. PCR was performed under the following conditions: initial 

denaturation at 94oC for 5min, followed by 40 cycles at 92oC for 4 min, 
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28oC for 1 min, 72oC for 2 min and a final extension at 72°C for 10 min. 

Primers used are tabulated in Table (6). 

3.2.5.3.10. Phylogenetic analysis of Pseudomonas isolates 

The 16S rDNA sequences of the seven Pseudomonas isolates were compared 

with available 16S rDNA sequences of fifty other Pseudomonas strains in 

GenBank databases using the BLAST search facility at the National Center 

for Biotechnology Information (NCBI). The 16S rRNA gene sequences of the 

bacterial strains having similarity range from 96% to 100% with the target 

sequence were used for sequence alignment. The phylogenetic trees were 

constructed with the neighbor-joining method by using MEGA 4.0 (Tamura 

et al., 2007). Confidence in the tree topology was determined by bootstrap 

analysis using 1000 re-samplings of the sequences (Felsenstein, 1985). 

3.3. RESULTS 

3.3.1. Isolation of bacteria from rhizosphere soil 

Rhizosphere soil samples were collected following random sampling 

patterns from non-uniformly distributed locations of sub-Himalayan West 

Bengal including districts of Darjeeling and Jalpaiguri. The source plant 

was selected depending on the local vegetation and I or cultivation. Serial 

dilution of the soil samples and spreading onto soil extract agar led to the 

isolation of altogether 208 bacterial colonies (Fig. 6, 7). The serial dilution 

plating on CAS agar plate produced orange halo around single colonies 

(Fig.8a,b). The isolates were coded according to the source soil and place 

from where it was collected (Table 7). 

3.3.2. Screening for siderophore production 

All isolates were screened in bluish-green coloured CAS agar medium for 

selection of siderophores producing strains. Of 208 bacterial isolates, 68 

strains (32.7%) were found to produce siderophore. Some isolates failed to 

grow on CAS agar (Fig. 8c,e). A typical orange halo around colonies 

indicated siderophore production (Figure 8c,d,e,f). Some strains showed 

variations in colour of the halo (light yellow to pinkish purple). The intensity 



Fig.6: Isolation of bacteria from soil senally d1luted ..;;ample spread onto soil 
extract agar produced isolated bacterial colonies, (a) c:~ampk at 10 ' dilution 
and (b) sample at .. 0 'diluttor. 

Fig.7: Isolation of pure culture ofbacteria by streaking on nutrient agar plates: 
(a) Strain MB02; (b) Stram 8805. 



Fig.8: Screening of bacteria in CAS agar plates, the orange halo around 
bacterial colony indicating siderophore production, (a), (b) serially 
diluted soil sample spread onto CAS plate, (c),(d),(e),(f) isolated 
bacteria pomt maculated m CAS plates to 1dentify siderophore 
producing strains. 
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or Size of the halo also differed. The 68 isolates ~xhitnt~ng n>'ntst 

siderophore production were selected for further studies. 

Table 7: List of bacterial isolates from different rhizospberic soil 

--- ~-----------

Source of 
rhizospbere 
soil (crop) 

Maize 

\1ango 

,,emon 

dnnJal 

. utc 

L'otcJtP 

r'aSS18 

Tea 

\Jeerr. 

1-<acll <>h 

WlH'a! 

trrass 

Code Total 
assigned Number 

of 
isolates 

MBl-18 

MDl 12 

L,(' l _q 

BRl 22 

TL 1 -8 

ASl )fl. 

CBl ;4 

KTl H~ 

~El 2~, 

u~: H 

WBl )4 

NOl 16 

18 

12 

09 

22 

OR 

18 

)5 

Total number of isolates: 

)4 

16 

208 

Siderophore producing isolates 

MBOl, MB02, MB03. MB05, \1806, 
MB07, MB12 

VIDO l, \1002 MD03 \1DO+ VII>O!:• 
VID06 

LC02, LC06 

BB 1 RB"t 

JL04 ,JLO~) ,Ji I JH ,JI l l 1 

Jl 16 JLl7 

'\S01 AS•.! 

CdO. 'BO~ r T~f)(, t) • 

'' I 

WBOJ 

3.3.3. In vitro antagonism of bacterial isolates 

AU the 6R s1derophore produnng tsola;f'c;, "vere -,net·nni for •1 ·- HP<;f'''( ( )' 

showed that 20 bactenal strams among the t>K lS01d.U.., .Ne t •. Jc· l),t 

inhibiting the mycelial growth of Fusanum eqwsetz W1g lJi lnswritplorizu 

theobromae (Fig. 10), Rhizoctonia solam (Fig. 11) Colletotnchum 

gloeosporioides (Fig. 12), Alternaria altemata (Fig. 13), Fusanum solam !hg 

14) and Fusarium graminearum (Fig. 15) along the bactenal line of 

streakmg. Several isolates besides the selected 20 also showed antagorusn1 



Fig.9: Inhibitory effect of selected bacterial isolate on the growth of 
Fusarium equiseti evident by the dual culture test in PDA 
plates. 

(a) Growth of F. equiseti on PDA plate, (b) microscopic observation 
of spores ofF equzsetz; 

Restricted fungal growth observed during initial screening in 
presence of strams (c) ASO 1 and (d) MDO 1; 

Strong antifungal activity exhibited by strains (e) ASO 1 and (f) AS04 



Fig.lO: Inhibitory effect of selected bacterial isolate on the growth of 
Lasiodiplodia theobromae evident by the dual culture test in 
PDAplates: 
(a) Growth of L.theobromae on PDA plate, (b) microscopic 
observation of spores of L. theobromae; 
Restricted fungal growth observed during initial screemng m 
presence of strains (c) MB05 and (d) ASO 1; 
Strong antifungal activity exhibited by strains (e) AS04 and 
(f) CB02 



Fig.ll: Inhibitory effect of selected bacterial isolate on the growth of Rhizoctoma 
so/ani evident by the dual culture test m PDA plates: 

(a) Growth of R solanr on PDA plate, (b) slant culture .,howmg sclerotia of 
R so/am: 

Restricted fungal growth observed during mittal screenmg in presence o• 
strains (c) CR07 and (d) KT05; 

'itrong anti fungal activity exhibited by strains (e) AS04 and (f) ( 'B02 



Fig.12:Inhibitory effect of selected bacterial isolate on the growth of 
Collectotrichum gloeosporioides evident by the dual culture test m 
PDAplates: 

(a) Growth of C. gloeosporioides on PDA plate (b) microscopic 
observation of spores of C.gloeosporioides; 

Restricted fungal growth observed dunng initial oscreemng m 
presence of strains (c) ASO 1 and (d) CR 12: 

Strong antifungal actiVIty exhibited bv strams (e) AS04 and 
(f) 8807 



Fig.13: Inhibitory effect of selected bacterial isolate on the growth of 
Altemariaaltemataevident by the dual culture test in PDAplates: 

(a) Growth of A.altemata on PDA plate, (b) microscopic observatior 
oflightly stained spores of A.altemata; 

Restricted fungal growth observed during initial screening in 
presence of strains (c) MB02 and (d) MBO 1 ; 

Strong antifungal activity exhibited by strams (e) CR :o and 
(t) NG07 



Fig.14:Inhibitory effect of selected bacterial isolate on the growth of Fusarium 
so/ani evident by the dual culture test in PDA plates: 
(a) Growth of F. wlam on PDA plate, (b) microscopic observatiOn of 
conidia ofF so/ani, 

Restricted fungal growth observed during initial screening m presence of 
strams (c) ASOl and (d) BB05; 
Antifungal activity exhibited by strams (e) AS04 and (f) CB02 



Fig.15: Inhibitory effect of selected bacterial isolate on the growth of 
Fusarium graminearnm evident by the dual culture test in PDA 
plates: 
(a) Growth of F.graminearnm on PDA plate, (b) microscopic 
observation of conidia of F.graminearnm; 
Restricted fungal growth observed durmg imhal screening tr. 

presence of strains (c) NG07 and (d) MDOl; 
Antifungal activity exhibited by strains (e) ASO 1 and (f) CB02. 
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in dual culture tests but not against all the seven pathogens and were 

therefore not used for further study. 

The qualitative study of antagonism was followed by quantitative evaluation 

of antagonistic potential. The diameter of mycelial growth in dual culture 

plate was compared with the control plates (plates with only test fungus). 

Percent inhibition of growth of different pathogens was calculated (Table 8). 

The results of all dual culture tests showed that isolates ASO 1 and AS04 

were the best antagonists that inhibited the growth of all test pathogens to 

more than 64%. Other strains showing an overall moderate antifungal 

activity were BB05, MDO 1, CR12 and KT05. Highest antagonistic activity 

was exhibited by BB05 (83%) against A. altemata. However, it was not 

equally effective against all pathogens as it showed only 53% activity 

against C. gloeosporioides and 55% activity against R. solani. The 

antagonistic potential of some strains showed much variation, for example, 

MDO 1 showed 82% activity against R. solani but only 20% activity against 

L. Theobromae. Similarly, CR07 showed 75% activity against A. altemata 

but only 27% activity against F. graminearum. ASO 1 showed more than 70% 

activity against four pathogens while AS04, the most promising strain, 

showed the same against six pathogens out of the seven tested. Considering 

their overall performance the strains ASO 1 and AS04 were selected for in 

vivo studies. 

3.3.4. Characterization of antagonistic bacterial isolates 

Altogether twenty bacterial isolates showing potent antagonistic activity 

against all selected fungal pathogens were subject to characterization in a 

polyphasic approach. The approach included morphological, biochemical 

and phylogenetic studies. 

3.3.4.1. Morphological characterization 

Morphological studies are summarized m table 9a and 9b. A wide 

variety of various morphological features were recorded by the strains. All 

isolates were found to be straight rods but their sizes varied from being long 

rods (MB02) to coccobacilli (CR12). All strains were motile except JLll. 
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Table 8: In vitro study of antagonistic activity of bacterial isolates against seven fungal pathogens 

% Inhibition of Growth of Fungal Pathogens* 
Bacterial Fusarium Lasiodiplodia Rhizoctonia Colletotrichum Alternaria Fusarium Fusarium 
strains equiseti theobromae solani gloeosporioides alternata solani graminearum 

BB05 66.6±1.1 61.1±0.7 55.3±0.3 53.2±0.7 83.1±0.4 75.5±0.6 79.8±0.6 

BB07 64.4±0.3 63.2±0.6 56.7±0.5 49.8±0.5 64.2±0.3 56.7±0.4 57.6±0.5 

JLll 57.2±0.3 24.3±0.3 59.8±0.6 57.5±0.4 50.0±0.8 42.4±0.7 42.3±0.3 

MD01 72.2±0.2 19.9±0.5 82.1±0.5 67.7±0.7 63.1±0.5 70.9±0.6 72.2±0.2 

CB02 57.8±0.4 62.3±0.4 60.9±0.8 68.7±0.5 57.6±0.4 65.6±0.5 56.7±0.5 

AS01 64.5±0.3 70.0±0.4 75.4±0.8 71.0±0.3 65.4±0.5 68.7±0.5 72.3±0.6 

AS04 74.5±0.5 73.5±0.5 77.6±0.5 73.2±0.2 64.3±0.2 73.4±0.7 72.1±0.5 

CR04 49.0±0.6 34.6±0.3 57.6±0.5 47.7±0.5 55.4±0.6 49.8±0.2 45.6±0.4 

CR07 53.5±0.7 57.9±0.5 58.7±0.4 47.5±0.6 75.4±0.4 57.6±0.8 27.8±0.5 

CR10 52.1±0.2 22.1±0.6 53.2±0.4 56.4±0.3 31.2±0.2 37.6±0.5 55.7±0.4 

CR12 62.3±0.2 59.8±0.2 59.8±0.6 65.3±0.4 70.9±0.3 62.2±0.4 62.1±0.6 

CR13 62.3±0.4 24.7±0.8 57.7±0.4 70.9±0.6 50.9±0.3 46.7±0.9 54.4±0.6 

CR14 55.6±0.7 45.4±0.6 60.9±0.2 54.7±0.4 63.1±0.7 61.2±0.4 41.2±0.3 

MBOl 60.9±0.6 58.7±0.1 31.1±0.4 46.5±0.5 57.9±0.8 63.4±0.4 45.5±0.7 

MB02 59.8±0.8 57.7±0.7 22.0±0.4 42.1±0.4 64.2±0.7 55.7±0.6 60.1±0.6 

MB05 68.9±1.0 61.9±0.4 46.7±0.6 38.3±1.2 63.9±0.5 67.8±0.7 66.8±0.6 

NG04 56.6±0.5 50.7±0.6 63.1±0.5 42.1±0.5 55.4±0.8 54.4±0.3 52.1±0.6 

NG05 51.0±0.6 32.5±0.7 32.1±0.6 47.6±0.5 61.0±0.6 24.2±0.8 66.6±0.7 

NG07 53.1±0.4 42.0±0.6 59.9±0.5 45.4±0.8 54.3±0.6 49.1±0.9 49.8±0.7 

KT05 57.8±0.9 53.3±0.5 79.8±0.9 59.7±0.8 63.5±0.5 66.5±0.8 56.8±0.7 

''': Mycelial diameter was measured when the fungal growth in the control plate reached the edge of the 90 mm diameter petriplate; '±': Standard error 
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Table 9a: Morphological and cultural characteristics of antagonistic bacterial isolates 

Bacterial Characteristics 
strains Shape Size(length Endospore Motility Colony character 

X breadth) formation a Growth Colour Surface elevation Pigmentb In broth 
(l.un) 

BB05 Rod 1.4X0.7 - motile moderate Off Smooth, Flat Yellowish Turbid with 
white shiny green pellicle 

BB07 rod 1.6X0.8 - motile moderate Off Smooth, Flat Yellowish Turbid with 
white shiny green pellicle 

JLll Long 1.5X0.4 - Non- moderate white Sm.ooth, Low - Turbid 
rod motile shiny convex 

MDOl rod 1.6X0.7 - motile moderate white Smooth, Flat fluorescent Turbid with 
shiny pigment pellicle 

CB02 rod 0.9X0.6 - motile moderate red Opaque, Low Red Reddish 
shiny convex pigment turbid 

ASOl Short 1.3X0.8 - motile moderate Off Smooth, Flat Yellowish Turbid with 
rod white shiny green pellicle 

AS04 Short 1.2X0.7 - motile moderate Off Smooth, Flat Yellowish Turbid with 
rod white shiny green pellicle 

CR04 rod 1.3X0.6 - motile moderate white Smooth, Flat - Turbid 

Irregular 
edge 

CR07 rod l.OX0.3 + motile moderate white entire Flat Turbid with 
pellicle 

CRlO rod 1.3X0.8 + motile Fast white Dull, Flat - Turbid with 

growing opaque pellicle 

a: '+' indicates endospore formation, '-' indicates no visible endospore; b: '-' indicates absence of pigments 
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Table 9b: Morphological and cultural characteristics of antagonistic bacterial isolates 

Bacterial Characteristics 
strains Shape Size(pm) Endospore Motility Colony character 

formation a Growth Colour Surface elevation Pigmentb In broth 

CR12 Short 0.7X0.6 - motile moderate White Smooth low - Turbid 
rod convex 

CR13 rod 1.6X0.6 - motile moderate White Smooth Flat - Turbid 

CR14 rod 3.1Xl.O + motile moderate White Smooth, Raised - Turbid with 
translucent pellicle 

MBOl Short l.SX0.8 - motile moderate white smooth Flat Yellowish Turbid with 
rod green pellicle 

MB02 Long 2.1X0.8 + motile Fast White Dull, Flat - Turbid with 
rod growing opaque pellicle 

MB05 Rod 3.2Xl.l - motile moderate White, smooth Low - Turbid 

translucent convex 

NG04 rod 1.6X0.7 - motile moderate brownish wrinkled Flat - Turbid with 
pellicle 

NG05 Rod 2.9Xl.O - motile moderate White, smooth Low - Turbid 

translucent convex 

NG07 rod 2.9X0.9 + motile moderate White Smooth, Raised - Turbid with 
translucent pellicle 

KT05 Long 2.1X0.8 + motile Fast White Dull, Flat - Turbid with 

rod growing opaque pellicle 

a: '+'indicates endospore formation, '-'indicates no visible endospore; b; '-'indicates absence of pigments 
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The isolates CR07, CRlO, CR14, MB02, NG07 and KTOS were found to 

produce spores. The strain CB02 produced a deep red pigment when grown 

on NA. Several isolates (BBOS, BB07, ASOl, AS04, MDOl and MBOl) 

produced yellowish green fluorescent pigment in Pseudomonas agar plates 

(for Fluorescin) (Fig. 18c). 

3.3.4.2. Biochemical and physiological characterization 

The results of biochemical tests performed with twenty bacterial antagonists 

are tabulated in tables lOa, lOb and lOc. The isolates CR07, CRlO, CR14, 

MB02, NG07 and KTOS were Gram positive strains while rest were Gram 

negative. Indole production test was positive for two strains, JLll and 

NGOS (Fig 16c); other 18 isolates showed negative result for this test. Ten 

strains were oxidase positive while all strains except CR12 were catalase 

positive. Eleven strains (CR04, CR07, CRlO, CR12, CR13, CB02, JLll, 

MB02, MBOS, NGOS, KTOS) were found to be positive for ONPG test (Fig. 

16a). Isolates CB02, NGOS and JLll recorded urease production while the 

rest tested negative (Fig.l6b). Fourteen strains were found to be oxidative in 

OF test while six strains were fermentative (Fig. 18b). Sixteen strains were 

able to reduce nitrate (Fig. 18a) and three isolates (CRlO, MB02 and KTOS) 

were able to produce DNase. Gelatine was found to be liquefied by twelve 

strains (BB07, CR04, CR07, CRlO, CR14, CB02, MDOl, JLll, MBOl, 

MB02, NG07 and KTOS). Ten strains each were positive for MR and VP test, 

while six were positive for both. All isolates except CR12 were able to utilize 

citrate (Fig. 17b). Two strains (MBOS and NGOS) were positive for H2S 

production. All twenty isolates tested negative for the production of phenyl 

alanine deaminase. Two strains each were found to be positive for ornithine 

decarboxylase (CB02 and CR04) and lysine decarboxylase reactions (CB02 

and JLll). A wide variation was found in acid production tests with various 

sugar substrates. All isolates except CR12 were found to produce acid from 

glucose. CR12 did not produce acid from any of the sugars tested. Acid was 

produced from maltose by all isolates except CR12 and JLll (Fig. 17a). On 

comparison with descriptions depicted in Bergey's Manual, the identities of 

the isolates upto the genus level was apparent. 
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Table lOa: Biochemical characters of the antagonistic bacterial isolates 

Biochemical Bacterial Antagonistsa 
Characteristics BB05 BB07 ASOl AS04 CR04 CR07 CRlO 

Gram character + + 
Indole production 

Methyl Red + + 

VP test + + + 

Citrate utilization + + + + + + + 
Acid in TSIA + + + + + + 

H2S in TSIA 

Gelatin + + + + 
liquefaction 

Oxidase + + + + 
Catalase + + + + + + + 

0-F 0 0 0 0 F 0 0 

ONPG + + + 

Urease 

Nitrate reduction + + + + 

DNase production + 

Phenylalanine 
deaminase 

Ornithine + 
decarboxylase 

Lysine 
decarboxylase 

Sugar utilization: 
D-Glucose + + + + + + + 

Maltose + + + + + + + 

Lactose + + 

D-Sorbitol + + + + + 

m-lnositol + + + + 

D-Mannitol + + + + 

Sucrose + + + + + + + 

Raffinose + + + 

L-Rhamnose + + 

Trehalose + 

L-Arabinose + + + + + + 

D-Xylose + + + + + 

Adonitol + 
a F: Fermentative; 0: Oxidative; '+': positive; '-': negative. 
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Table lOb: Biochemical characters of the antagonistic bacterial isolates 

Biochemical Bacterial Antagonistsa 
Characteristics CR12 CR13 CR14 CB02 MDOl JLll MBOl r 
Gram character + 

Indole production + 

Methyl Red + + 

VP test + + + + 

Citrate utilization + + + + + + 

Acid in TSIA + + + + + 

H2S in TSIA 

Gelatin + + + + + 
liquefaction 

Oxidase + + + + 

Catalase + + + + + + 

0-F 0 F 0 F 0 F 0 

ONPG + + + + 

Urease + + 

Nitrate reduction + + + + + + 

ONase production 

Phenylalanine 
deaminase 

Ornithine + + 
decarboxylase 

Lysine + + 
decarboxylase 

Sugar utilization: 
0-Glucose + + + + + + 

Maltose + + + + + 

Lactose + 

0-Sorbitol + + + + + 

m-Inositol + + + + 

0-Mannitol + + + 

Sucrose + + + + + 

Raffinose + 

L-Rhamnose + 

Trehalose + + 
L-Arabinose + + + + 

0-xylose + 
Adonitol + + + + 
a F: Fermentative; 0: Oxidative;'+': positive;'-': negative. 
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Table lOc: Biochemical characters of the antagonistic bacterial isolates 

Biochemical Bacterial Antagonistsa 
Characteristics MB02 MB05 NG04 NG05 NG07 KT05 

Gram character + + + 
Indole production + 
Methyl Red + + + + + 
VP test + + + + 
Citrate utilization + + + + + + 
Acid in TSIA + + + + + + 
H2S in TSIA + + 
Gelatin liquefaction + + + 

Oxidase + 
Catalase + + + + + + 
0-F 0 F 0 F 0 0 

ONPG + + + + 

Urease + 

Nitrate reduction + + + + + + 

ONase production + + 

Phenylalanine 
deaminase 

Ornithine 
decarboxylase 

Lysine 
decarboxylase 

Sugar utilization: 
0-Glucose + + + + + + 

Maltose + + + + + + 

Lactose + + + 

0-Sorbitol + + 

m-Inositol + + + + 

0-Mannitol + + + + 

Sucrose + + + + + + 

Rafftnose + + + + 

L-Rhamnose + + + + 

Trehalose + + 

L-Arabinose + + + + 
0-Xylose + + + + 

Adonitol 
a F: Fermentative; 0: Oxidative; '+': Positive; '-': Negative. 



Fig.16: Biochemical characterization of selected bacterial isolates 
(a) ONPG utilization: Appearance of yellow colour shows pos~tive test by 
strains MB02 and NGOS when compared to control; 

(b) Ur('ase production: Appearance of red colour indicates pos1tivf test bv 
strruns JL ll and CB02 Yellow colour shows negative test by stram NG07 
when compared to control; 

(c) Indole production· Formation of cherry red nng on top mdwatcs pos1t1Vt> 

test for <;trains JL 11 and NGOS when compared to control 



Contrail 

Fig.17: Biochemical characterization of selected bacterial isolates: 

(a) Fermentation of maltose· Utilization of maltose is indicated by change m 
colour from red to yellow by strains NG04 and NG07 '\l"egat1ve tt>s• 
indicated by CR12 due to appearance of red colour when { ompart>d to 
control, 

(b) Citrate utilization: Change in colour from grt"en to blue t•1d1c.att"s 
positive test by MDOl and CR14 Green colour showed negatlVt" test by 
C'R 12 when compared to control 



Fig.18: Biochemical characterization of selected bacterial isolates: 

(a) Reduction of Nitrate: Deep red colour shows positive nitrate- reduction 
test by strains BB07, MBOl, CB02 and JLll and yellow colour indKates 
negative- result by AS04 when compared to control; 

(b) 0 ·F te-st: Fermentative metabolism shown by yellow colour 1r. both open 
and paraffin-covered tubes by CR04 and yellow colour in only open tubt 
but not in paraffin covered tube indicates oxidative metabolism by KT05 
when compared to blue control tubes; 

(c) ft l"uorescence in Pseudomonas agar under CV light by <>trrun Aso.-::.. 
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3.3.4.3. Phylogenetic characterization 

The extracted and purified (RNase treated) DNA run in agarose gels 

produced intense fluorescent bands when viewed in a UV-transilluminator 

(Fig. 19a). Amplification of the 16SrRNA gene followed by gel electrophoresis 

of the PCR product resulted in an amplicon of approximate band size 

1500bp for each isolate (Fig. 19b). Cloning of the PCR amplification product 

in pGEM-T easy vector and subsequent transformation of E. coli JM109 led 

to the successful identification of transformed cells via blue white screening 

(Fig. 19d). All the 16S rRNA gene sequences obtained from the sequencing 

seiVice provider were deposited in the NCBI GenBank and Accession 

Numbers were provided (EU661864, EU661866, JX535385, JX960418, 

KC109315-28, KC117l53-4) (Table il). Alignment of the obtained 16S rDNA 

sequences with that of the strains from the GenBank database resulted in 

98 to 100% similarity matches. 

3.3.5. Identification of the antagonistic isolates 

The results of molecular analyses were consistent with the biochemical and 

physiological traits of the isolates as reported in Bergey's Manual of 

Systematic Bacteriology (1986, 2005). The findings from biochemical 

characterization studies as well as BLAST searches led to the final 

identification of individual isolates. The identity of each isolate is listed in 

Table 11. It was found that out of twenty bacterial isolates, seven belonged 

to the genus Pseudomonas; two strains (ASO 1, AS04) were P. putida and one 

isolate, BB07, was identified as P. jluorescens. The species could not be 

ascertained for the rest of the pseudomonads (BB05, MDOl, NG04 and 

MBOl); hence they were designated as Pseudomonas sp. Six isolates were 

identified as Bacillus strains of which one isolate, MB02, was identified as 

B. subtilis. Other five isolates (KT05, CRlO, CR07, CR14 and NG07) were 

identified as Bacillus sp. Isolate CR12 was identified as Alcaligenes faecalis; 

and two isolates (MB05 and NG05) were identified as Citrobacter freundii. 

Two isolates were found to belong to the genus Enterobacter of which CR04 

was identified as Enterobacter cloacae while CR13 was designated as 



72 

Enterobacter sp. One isolate each were identified Klebsiella sp. (JLll) and 

Serratia sp. (CB02). 

Table 11: List of identitified antagonistic bacterial isolates and 
corresponding Accession Numbers 

Bacterial strain Identified bacteria GenBank 
code Accession 

Number 

BBOS Pseu.dornonas sp. KC109321 

BB07 PsL=udornonas jluorescens JX535385 

JLll Klebsiella sp. KC109327 

MDOl Pseudomonas sp. KC109323 

CB02 Serratia sp. KC109325 

ASOl Pseudomonas putida EU661866 

AS04 Pseudomonas putida EU661864 

CR04 Enterobacter cloacae KC109315 

CR07 Bacillus sp. KC109320 

CRlO Bacillus sp. KC117154 

CR12 Alcaligenes faecalis KC109316 

CR13 Enterobacter sp. KC109317 

CR14 Bacillus sp. KC117153 

MBOl Pseudomonas sp. KC109322 

MB02 Bacillus subtilis JX960418 

MB05 Citrobacter freundii KC109318 

NG04 Pseudomonas sp. KC109324 

NGOS Citrobacter freundii KC109319 

NG07 Bacillus sp. KC109326 

KTOS Bacillus sp. KC109328 

3.3.6. Amplification of fluorescent Pseudomonas specific gene 

The 168-238 rRNA intervening sequence (ITS) of the seven Pseudomonas 

isolate was amplified in order to further validate the identity of the 

Pseudomonas strains. The isolates ASOl, AS04, BBOS, BB07, MBOl, MDOl 
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and NG04 and the standard Pseudomonas fluorescens strain (NRRL 

823932) showed 560bp product (Fig.19c). All these isolates were thus 

confirmed to be fluorescent pseudomonads. However, isolate NG04 which 

was also identified as Pseudomonas sp. did not produce the requisite band 

and was therefore not considered to be a fluorescent pseudomonad. 

3.3.7. Phylogenetic analysis of the Pseudomonas isolates 

The phylogenetic relationship among the Pseudomonas isolates was 

established based on their partial 16SrRNA gene sequences. The 

phylogenetic tree was constructed based on the percent difference in 

genetic relationships between the allied strains in the NCBI database. 

Phylogenetic analysis was conducted using MEGA version 4.0. The 

result of analysis expressing the genetic relations between the seven 

Pseudomonas isolates and 50 other Pseudomonas strains has been 

represented in Fig.20. 

3.4. DISCUSSION 

Soil-borne pathogens are often difficult to control and conventional 

methodologies such as crop rotation, breeding for resistant plant varieties 

and the application of pesticides are insufficient to control root diseases of 

important crop plants (Weller et al., 2002; Haas and Defago, 2005). After 

the observation of disease suppressive soils, scientists were attracted to the 

idea that microorganisms could be used as environment-friendly biocontrol 

agents for disease management in agriculture (Ownley and Windham, 

2004). Considerable evidence has accumulated in the past few decades 

which indicate that plant associated microorganisms can act as natural 

antagonists and may be utilized to protect susceptible plants such that they 

remain almost free of infection despite ample exposure to virulent inoculum 

of soilborne pathogens (Weller et al., 2002). 

Soil represents a highly heterogeneous environment for the microbiota 

inhabiting it; the different components of the soil provide myriads of 

different microhabitats. In soil, a wide range of factors affect microbial life 

such as the plant type, which is a major determinant of the structure of 
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Fig.19: Agarose gel electrophoresis of (a) extracted genomic DNA of 
different bacterial strains, (b) 1500 bp long PCR product 
obtained by amplifying the 16S rRNA gene of different 
bacterial strains using universal fDl and 157 rP2 primers, 
DNA size marker at extreme right (500 bp ladder), (c) 560 bp 
length PCR product obtained by amplifying using 168 23S 
rRNA ITS region gene using primers specific for 
Pseudomonas strains DNA size marker ( 1 OObp 
ladder) in left; (d) Blue white screening of transformed E. colz 
JM109 cells 
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P. putidastrainA504165 (GenBank: EU661864) 
P. putida strain ON 1.2 165 (GenBank: EF682071) 
P. putida strain 75165 (GenBank: GU828030) 

Pseudomonas sp. CTN-2165 (GenBank: FJ032013) 

Pseudomonas sp. Ep27 165 (GenBank: AM403529) 

'----- P.plecoglossicida strain X5DHY-P 165 (GenBank: Jq034609.) 

Pseudomonassp. HY 165 (GenBank: EU708624) 

Pseudomonas sp. Z62zhy partial165 (GenBank: AM41 0621) 

P. putidastrain 31920-1165 (GenBank: FJ932760) 

P. putida isolate PD39165 (GenBank: DQ836052) 

P. putida isolate BCNU106165 (GenBank: DQ229315) 
'------- Pseudomonas sp. NJ-61165 ·(GenBank:AM421982) 

Pseudomonassp. JC1165 (GenBank: EU704696) 

Pseudomonassp. M801165 (GenBank: KC109322) 
'--------- Pseudomonassp. R-35724 partial165 (GenBank:AM886089) 

.-------- Pseudomonassp. BJC15-A12165 (GenBank: JX401501) 

L-....---:8:-:11~ P. moraviensisstrain MaAPA4165 (GenBank: JQ317794) 

77 
P. fluorescensstrain 8807165 (GenBank: JX535385) 

88 
P. aeruginosa strain C1165 (GenBank: HM560953) 

100 
Pseudomonassp. MBEE126 gene for 165 (GenBank:Ab733542) 

74 P. stutzeristrain 2A3316S (GenBank: JX177724) 

95 Pseudomonas sp. D5MZ141-No. 7 gene for 165 (GenBank: AB733401) 

Pseudomonassp. strain 8805165 (GenBank: KC1 09321) 

a2 Pseudomonas sp. WRS-26165 (GenBank: EU853215) 

as P. fluorescens strain PDD-36b-5 16S (GenBank: JF706526) 

78~ P. putida partial165 (GenBank:AM184239) 
64 Pseudomonas sp. 517165 (GenBank: JX293310) 

82 P. fluorescens strain RHH4516S (GenBank: HQ143617) 
100 Pseudomonassp. TAD11716S {GenBank: FJ225265) 

P. putida 165 (GenBank: DQ060242) 
Pseudomonas sp.AIU 362 gene for 165 (GenBank:AB436915) 
Pseudomonas sp. JLF-a391 partiai16S (GenBank: Fm201275) 

...----- Pseudomonassp. HR 1316S(GenBank:AY032725) 
.----- Pseudomonas sp. IM4165 (GenBank: FJ211165) 

P.putida strainA501165 (GenBank: EU661866) 

P. stutzeri 165 (GenBank: JQ897 434) 
Pseudomonassp. W15Feb3816S (GenBank: Eu681021) 

'--------------- P. f/uorescensstrain Bi2516S (GenBank: HQ336317) 

.-------- P. chlororaphis subsp. aureofaciens strain Sh2165 (GenBank: JX47717 4) 
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P. montei/iistrainSB3067165(GenBank: GU191931) 
Pseudomonas sp. B-16 16S (GenBank: JX 122828) 

P. koreensis strain EA2-7 16S (GenBank: JF496406) 

Pseudomonas sp. ML2 16S (GenBank: AF378011) 

P. stutzeripartiai16S (GenBank:AJ270458) 

Pseudomonassp strain MD01165 (GenBank: Kc1 09323) 

.---- P. fluorescens gene for 16S (GenBank: AB621591) 

Pseudomonassp. ONBA-17165 (GenBank: 00079062) 

Pseudomonassp. BJQ-04165 (GenBank: FJ600361) 

P. putida strain ppnb1165 (GenBank: Fj545651) 

P. fluorescensstrain LMG 7220165 (GenBank: GU198116) 
..--- P. putida strain 15505-590 165 (Gen8ank: EF620456) 

P. putidastrainATCC 17390165 (GenBank:Af094737) 

P. koreensis strain UT30 165 (GenBank: JX 133187) 

P. putida genefor16S (GenBank:AB681333) 

P. knackmussii strain 1356165 (GenBank: JN646015) 

'----------------- Pseudomonassp.strain NG04165 (GenBank: Kc109324) 

'------------------ P. putida isolate PD39165 (GenBank: DQ836052) 

Fig. 20: Phylogenetic tree generated by neighbour-joining method on the basis of 
partial 16S rDNA sequences showing the position of seven Pseudomonas isolates 
among 50 other member of the genus Pseudomonas. Bootstrap values (expressed 
as percentages of 1000 replications) are shown at the nodes. The Accession 
Numbers of the strains are denoted in the parentheses. Emboldened names of the 
strains indicate those isolated during the present study 
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microbial communities in soil. Other major factors are soil composition 

such as pH, presence of organic matter and key nutrients and also the 

agriculture management regime which has a profound effect on microbial 

community structure (Garbeva et al., 2004). 

In the present study soil sampling sites were selected from a variety of 

regions and crop fields distributed in the sub-Himalayan plains of the 

Datjeeling and Jalpaiguri districts. The major collection sites were 

cultivated fields including tea gardens but natural vegetation was also 

included; such as grass rhizosphere soil was sampled from Nagrakata. 

Besides, mango and neem tree rhizosphere soil was also included. Since the 

microbial activities are 10-1 ,000-times higher in the vicinity of plant roots 

than in unplanted soil (Ownley and Windham, 2004) and it harbours both 

pathogens as well as antagonistic microbes, there is ample opportunity to 

successfully recover the antagonistic microbes from the rhizosphere region. 

Altogether 208 culturable bacterial strains were isolated in this study. Of 

these, only 68 isolates (32%) were found to be siderophore producing by the 

CAS agar screening technique. This detection method is sufficiently 

sensitive in detecting siderophore producing microorganisms especially the 

gram negative bacteria (Schwyn and Neilands, 1987; Milagres et al., 1999) 

and is universally accepted (Milagres et al., 1999). Several authors have 

used it to screen and assay siderophorogenic Gram negative (Majumdar et 

al., 2007; Chaiharn et al., 2009; Sayyed and Chincholkar, 2010) as well as 

Gram positive bacteria (Park et al., 2005). The assay has been used for 

screening fungi (Howard, 1999) and archae (Dave et al., 2006) also. During 

this study, although in most cases the typical orange halo indicated 

siderophore production; variations in colour intensity, size of the halo and 

nature of colour change (purple, pink, yellow) was also noticed. These 

variations indicated differences in the nature of siderophores produced. The 

colour intensity can be related to dissimilarities m siderophore 

concentration (Milagres et al., 1999). Furthermore, several strains failed to 

grow in the CAS agar medium. Schwyn and Neilands (1987) observed that 

the detergent hexadecyltrimethyl-ammonium bromide (HDTMA) used in 
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preparation of the CAS medium may be toxic to some microorganisms. In a 

study on biocontrol strains of the rice rhizosphere, Chaiharn et al. (2009) 

observed that only 23.1% of the total bacteria isolated from the rice 

rhizospheric soil in Northern Thailand produced siderophores when 

screened by the CAS agar medium. The authors found that apart from 

exhibiting a wide variation in nature and intensity of colour change of the 

blue CAS medium, about 14.8% of the strains failed to grow in this 

medium. Yu et al. (20 11) screened the rhizospheric soil surrounding 

peppers, rubber trees and tomato grown in Hainan, China for siderophore 

producing bacteria according to the universal CAS agar plate assay. The 

strain with the largest size of halo, named CAS 15 was selected for further 

biocontrol and plant growth promoting studies. Arora et al. (200 1) screened 

12 rhizobia! isolates for siderophore production via a modified CAS agar 

method of which only two strains, RMP3 and RMP5 showed orange colour 

production and yellow-orange coloured halo around the colonies, on CAS 

reagent overlaid on YEM agar. The authors :found variation in size of the 

halo vvith RMPS exhibiting a larger halo in comparison to those of strain 

RMP3. 

The present work was designed to recover the microbes which should bear 

the inherent ability to outcompete the soil borne pathogens for survival in 

the natural environment. The scarcity of bioavailable iron in soil habitats 

and on plant surfaces instigates a furious competition (Loper and Henkels, 

1997). Repeated failures or inconsistency in performances of several 

potential biocontrol agents have been attributed to their poor rhizosphere 

competence. Rhizosphere competence of biocontrol agents comprises 

effective root colonization combined with the ability to survive and 

proliferate along growing plant roots over a considerable time period, in the 

presence of the indigenous microflora (Weller et al., 2002; Compant et al., 

2005). Given the importance of rhizosphere competence as a prerequisite of 

effective biological control, competition for nutrients and niches is a 

fundamental mechanism by which biocontrol agents protect plants from 

phytopathogens (Compant et al., 2005). 
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Of the 68 siderophorogenic isolates, 20 strains were found to be 

antagonistic to all the seven tested pathogens, F. equiseti, L. theobromae R. 

solani, C. gloeosporioides, A. alternata, F. solani and F. graminearum. 

Several other strains were also found to exhibit antifungal activity against 

one or more pathogens (data not shown). However, the aim of this study 

was to isolate the antagonistic strains which were most promising and 

active against a broad spectrum of pathogens. Thus the strains which failed 

to restrict the growth of all the test pathogens were not considered for 

further characterization. Siderophores are secreted in an iron-limiting 

condition for competitively sequestering the ferric iron from the 

environment. The antagonistic activity of the siderophore producing strains 

in the present study was tested in PDA which is a nutrient rich medium; 

therefore, the limited pathogen growth cannot be attributed to deprivation 

of iron alone. Thus, additional antagonistic mechanisms are most likely 

involved such as antibiosis or predation which are causing the restricted 

growth in dual cultures. 

Isolates ASOl and AS04 were the best antagonists as evident by dual 

culture tests. The inhibition percentage ranged from 64% to 77% against all 

the test pathogens. However, a maximum of 83% inhibition was exhibited 

by BB07 against A. alternata but the performance was poor against other 

pathogens such as R. solani (55.3%) and C. gloeosporioides (53.2%). 

Similarly MDO 1 also showed excellent inhibition against R. solani (82 .1 %) 

but registered only 19.9% inhibition against L. theobromae. Given the need 

for antagonists effective against a wide range of pathogens, the isolates 

ASO 1 and AS04 were chosen for in vivo studies. Several researchers have 

used the dual culture assay to identify antagonistic microbes in the 

environment. Chaiharn et al. {2009) used the dual culture test to detect 

antagonistic strains against rice pathogens, Alternaria sp., F. oxysporum, P. 

oryzae and Sclerotium sp. In dual culture technique, the siderophore 

producing rhizobacteria showed a strong antagonistic effect against the 

Alternaria (35.4%), Fusarium oxysporum (37.5%), Pyricularia oryzae (31.2%) 

and Sclerotium sp. (10.4%) strains tested. Streptomyces sp. strain A 130 and 

Pseudomonas sp. strain MW 2.6 in particular showed a significant higher 
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antagonistic effect against Alternaria sp. while Ochrobactrum anthropi D 5.2 

exhibited a good antagonistic effect against F. oxysporum. Bacillus firmus D 

4.1 inhibited P. oryzae and Kocuria rhizophila strongly inhibited Sclerotium 

sp. Siddiqui and Shaukat (2002) evaluated the antagonistic activity of the 

strains CHAO (Pseudomonas jluorescens), IE-6 S+ (P. aeruginosa) and 

569Smr (Bradyrhizobiurn japonicum) against motile tomato pathogens 

Macrophomina phaseolina, F. solani and R. solani by the dual culture test in 

petriplates containing Czapek Dox agar. Strain CHAO produced zones of 

inhibition of 4, 3 and 5 mm, respectively, against M: phaseolina, F. solani 

and R. solani. P. aeruginosa strain IE-6S+ produced zones of inhibition of 3 

and 4 mm, respectively, against M. phaseolina and R. sol ani whereas 

against F. solani, the colonies of both organisms met each other and no 

further growth of either organism was observed. Singh et al. (2010) used the 

dual culture technique to quantifY the antagonistic activity of ten strains of 

Pseu.domonas aeruginosa (PN1-PN10) isolated from rhizosphere of chir-pine 

against Macrophomina phaseolina. Of the ten strains, the strain PNl ·\vhich 

recorded maximum siderophore production by the CAS assay was found to 

exhibit maximum antagonistic activity causing 69% colony growth 

inhibition. Yu et al. (2011) evaluated the atagonistic potential of siderophore 

producing strain CAS15 by the dual culture test in PDA plates against 15 

fungal pathogens including F. oxysporum, F. solani and C. gloeosporioides. 

The rates of inhibition ranged from 19.26 to 94.07<%. Arora et al. (2001) 

screened 12 rhizobial isolates for the ability to inhibit Af. phaseolina on YEM 

agar plates. Of aU the isolates, only the two siderophore-prod ucing strains, 

RMP3 and RMP5, showed strong antagonism against .Jl;J. phaseolina. Strains 

RMP3 and RMP5 showed 72% and 77% inhibition of fungal gro~rth, 

respectively after 5 days of incubation, compared to control. 

All the twenty antagonistic isolates were subjected to characterization 

studies by a polyphasic approach that included morphological and 

physiological characterization by general and microscopic observations and 

biochemical tests; and phylogenetic characterization via 16SrRNA gene 

sequencing followed by sequence homology searches using softv,rare tools 

(MEGA-4.0). The results of both phenotypic and genotypic tests were 
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analysed together for appropriate recognition of the antagonistic isolates. In 

the last decade, because of the widespread use of PCR and DNA 

sequencing, 16S rDNA sequencing has played a pivotal role in the accurate 

identification of bacterial isolates (Woo et al., 2008). The DNA evidence of 

the existence of thousands of novel species is clear, but parallel advances in 

cell culture and phenotyping are needed to actually describe the biology of 

these bacteria and work with them experimentally. Moreover, it is 

considered as highly desirable to standardize the phenotypic descriptions of 

bacteria (Bochner, 2009}. 

Taxonomical analysis of the i:v."enty antagonistic isolates led to the 

identification of bacteria belonging to seven different genera, Pseudomonas, 

Bacillus, Alcaligenes, Citrobacter, Enterobacter, Klebsiella and Serratia. 

Seven out of twenty strains belonged to the genus Pseudomonas which was 

the most commonly isolated genus; and six of these were fluorescent 

pseudomonads. Within the Pseudomonas sensu stricto, which corresponds 

to the rRNA group I (Palleroni, 1984, 2005, 2008), the fluorescent 

pseudomonads include all Pseudomonas species with the ability to produce 

fluorescent pyoverdine siderophore(s), noticeably P. aernginosa, P. syri.ngae, 

P. putida and P. fluorescens (Bossis et al., 2000). Apart from isolate NG04, 

the other pseudomonads exhibited yellow-green fluorescence in 

Pseudomonas agar plates. This provided an indication that these strains 

may belong to the fluorescent pseudomonad group. An attempt was made to 

identify the fluorescent pseudomonads because they are natural 

siderophore producers and thus should be better colonizers than the non 

siderophore producers. Therefore, amplification of 168-238 rRNA ITS region 

gene using primers specific for fluorescent pseudomonads was performed 

which led to further corroboration of the results obtained from phenotypic 

tests. However, the taxonomic studies considering the results of 

biochemical characterization tests as well as 168 rRNA gene sequences and 

homology searches could identify only three strains upto the species level. 

Isolates ASO 1 and AS04 were identified as P. putida while BB07 was 

identified as P. fluorescens. The strains BB05, MBO 1 and MDO 1 were 

maintained as Pseudomonas sp. Kumar et al. (2002) used the same 16S-
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23S rRNA ITS specific primers to confirm the identity of the fluorescent 

pseudomonads which were isolated from soil through direct screening in 

King's B medium. Only the colonies that were fluorescent in the specific 

medium were used for the taxonomic analysis, therefore all the selected 18 

colonies produced the expected amplicon size and were thus confirmed as 

fluorescent pseudomonads (Kumar et al., 2005). 

Fluorescent Pseudomonas strains are well known contributors to the 

disease suppressiveness of soils or protect plants from disease(s) caused by 

soil-home fungal pathogens when used as inoculants (Couillerot et al., 

2009; Ramette et al., 2011). However, a large number of strains with 

disease suppression potential are presented as P. fluorescens in the 

literature, but only some of these biocontrol strains actually belong to this 

species (Sanguin et al., 2008). Many of the other strains correspond in fact 

to closely-related species from the same 'P. jluorescens' complex, noticeably 

P. kilonensis, P. aurantiaca, P. thivervalensis and P. brassicacearum (Frapolli 

et al., 2007), which are often difficult to distinguish from P. fiuorescens. In 

addition, a few strains of a different P. fluorescens lineage are taxonomically 

ill-defined and usually referred to as ARDRA-1 based on 16S rRNA gene 

restriction profiling (Keel et al., 1996; Couillerot et al:, 2009). The current 

state of the Pseudomonas taxonomy makes it difficult to assess the 

phylogenetic distribution of biocontrol agents within P. fluorescens and 

closely-related fluorescent pseudomonads (Bossis et al., 2000). Therefore in 

this study in order to avoid a probable misrepresentation, some of the 

present isolates were maintained as Pseudomonas sp. 

Bacillus was the second most common bacteria among other strains that 

were isolated in this study. Six isolates were recognized to be Bacillus 

through phenotype characters and phylogenetic considerations (Claus and 

Berkeley, 1986). MB02 was identified as Bacillus subtilis while the rest of 

the isolates were maintained as Bacillus sp. Bacillus subtilis isolates are 

reported to be effective at controlling plant diseases caused either by soil

home, foliar or post-harvest pathogens (Janisiewicz and Karsten, 2002; 

Ongena et al., 2005; Arguelles-Arias et al., 2009). Some strains are 
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incorporated in commercially available biocontrol products (Emmert and 

Handelsman, 1999; Warrior et al., 2002). Bacillus spp. has been reported to 

suppress a variety of plant diseases including cucurbit powdery mildew 

(Romero et al., 2007); Verticillium wilt in eggplant (Li et al., 2008); take-all in 

wheat (Liu et al., 2009); Fusarium wilt in tomato (Cazorla et al., 2007) and 

eggplant (Saha et al., 20 12a) and damping off in tomato (Leclere et al., 

2005). Bacillus is highly accepted as biocontrol agent and often preferred to 

all other types of bacteria due to its spore forming properties which makes 

it easier to be integrated into formulated biocontrol products with long term 

viability (Emmert and Handelsman, 1999; Romero et al., 2007). 

Among the other bacteria isolated during the present study, Serratia spp. 

are well known bioinoculants and has been reported as strong biocontrol 

agents against several fungal pathogens (reviewed by Saha et al., 2012b). A 

siderophore producing strain of Alcaligenes faecalis has been reported to 

suppress the plant pathogens Aspergillus niger, A. jlavus, Fusarium 

oxysporum and Alternaria altemata more efficiently than the 

oraganochlorine fungicide, bavistin (Sayyed and Chincholkar, 2009). 

However, on the other hand, Siddiqui and Mahmood (1992) reported that A. 

faecalis had an adverse effect on plant growth. Enterobacter cloacae EcCT-

501, which produces both hydroxamate and catecholate siderophores was 

found to suppress Pythium damping-off of cucumber and other plant hosts. 

Kavroulakis et al. (2010) reported the inhibitory effects of extracellular 

products of Enterobacter sp. AR1.22, which was found to be the most 

effective rhizospheric biocontrol agent among six other bacteria selected 

through in-vitro screening against F. oxysporum. 

In the present study, different types of bacteria with broad spectrum 

antifungal activity were isolated from the rhizosphere soil of a variety of 

plants. The antagonistic isolates recovered from the soil appear to have the 

potential for further analysis of plant protection mechanisms and biocontrol 

studies. However, in this study, the most potential isolates AS01 and AS04 

both of which were identified as P. putida were selected for further 

biocontrol study. 


