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1.1. Introduction and literature review 

Sand dune is a mound; hill or ridge of vast amount of shifting sand. There are broadly two 

types of sand dunes; extremely dry interior deserts (Sahara and desert of Rajasthan) and 

coastal sand dunes (CSD) that are found near the sea. Coastal ecosystems are dynamic 

environments which are changing constantly and are shaped by the ocean. Coastal ecosystem 

includes intertidal, sandy shores, rocky shores, mudflats, mangroves, salt marshes and 

estuaries. Sandy shores, referred as coastal sand dunes, are ridge of sand that lies in between 

the marine and terrestrial ecosystem. These are influenced by tides. They are formed over 

many years. When wind blows towards the land side, the sand is trapped by beach grasses and 

crawlers. Grasses are the main reason for dune formation. Grasses hold sand together with 

their roots temporarily long enough until their leaves trap the sand and promote the dune 

expansion. Vegetation plays a key role in maintaining the sand dune ecosystem. They act as 

sand binder, wind trappers and dune stabilizers. CSD ecosystem helps to protect the 

surrounding area from erosion. CSD act as a buffer against intense winds and waves. These 

also protect landwards communities (Cooper, 1958). 

1.2. Dune succession  

Coastal sand dune is formed when the marine sand is delivered to the beach by the shore 

waves. Sand when exposed to the air dries out and becomes vulnerable to the aerodynamic 

processes. Grasses anchor the dunes with their roots, holding them temporarily in place, while 

their leaves trap sand, promoting dune expansion (Muthukumar and Selvin, 2011). The critical 

factors involved in the dune formation are supply of sediments, size of grain, speed of wind, 

surface of sand, topography and roughness of the surface (Hesp, 1989). There is a minimum 

threshold speed of wind that must be obtained in order to transport the sand particles 

depending upon the grain size. Once the threshold speed is crossed the windblown sediments 

from the sea transports it close to the ground. Each individual grain moves in a series of small 

jumps and this process is known as “Saltation”.   

1.3. Vegetation found at Coastal Sand Dune   

Pioneer grasses (Ammophilia arenaria, Elymus arenarium and Spinifex littoreus) are the first 

to grow on sand and trap the windblown sand. These are usually fast growers and produce 
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lateral and vertical roots to bind sand particles together. These grasses decay and provide 

humus to soil so that other plants can grow. Grasses from CSD are fast growing, produces 

upright stem and, rapid vertical and lateral roots in order to avoid sand burial (Maun, 1998). 

Also, builds rhizome system to bind sand particles together. Pioneer grasses such as Marram 

grass (Ammophilia arenaria) (Fig. 1.1), Lyme grass (Elymus arenarium) etc, grow in all 

seasons (annual) and provide conditions that helps in growth of other plants and 

microorganisms. These grasses provide humus when decay to soil enabling the other plants to 

grow. The sand dune is maintained with the help of vegetation as wind trappers, sand binders 

and dune stabilizers. The vegetation found in the sand dunes is adapted to habitat by 

developing various mechanisms to sustain the stress condition. For example, the roots of 

Spinifex littoreus can grow up to 62 cm, which help in trapping the sand. Additionally, the 

outer surface of the leaf is covered with thick cuticles, which help the plant to protect the 

tissues from heat. Thick cuticles also help in retaining water. Ipomoea pes-caprae forms large 

mats that assist in stabilizing dunes. These are excellent sand binders. Cakile maritima tolerate 

constant sand burial (Barbour et al., 1985). The plants growing on the coastal sand dunes of 

Goa are Spinifex littoreus, Cyperus arenarius, Spermacoce stricta, Launea pinnatifida, 

Justicia simplex, Lactuca remotiflora, Ipomea-pes caprea, Sporobolus virginicutes and 

Clerodentron inerma (Desai, 1995). The coast of Goa has the dominant flora of Ipomoea-pes-

caprea and Spinifex littoreus in their Embryo and Fore dune.  

 

Fig. 1.1 Pioneer grass, Ammophilia arenaria growing at Coastal Sand Dune 

1.4. Different zones of CSD 



 CHAPTER I 
 

 3 | P a g e  
 

Coastal sand dunes are classified into 6 different zones depending on the pH and vegetation 

found and these are Embryo dunes, Fore dunes, Yellow dunes, Gray dunes, Dune slack and 

Mature dunes (Turner et al., 1962) (Fig 1.2). 

 

Fig. 1.2 Different Coastal Sand Dune zones (source:internetgeography.net/topics/how-are-

sand-dunes-formed/) 

Embryo dunes (ED) lie on the seaward coast along sand ridges parallel to the ocean. The 

conditions at ED are harsh with regular salt spray from the sea and strong winds. Some 

pioneer species found in this particular dune are Marram (Ammophila arenaria), Spinifex 

littoreus, Ipomoea pes-caprae and Sea wort grasses (Fig 1.3). The pH is alkaline (8.5) due to 

presence of calcium carbonate from sea shells debris. 

Fore dunes (FD) are located just above the high tide line and runs parallel to the first beach 

ridge. Vegetations found in FD are Ipomoea pes-caprae, Spinifex littoreus, Amaranthus 

spinosa and Elymus arenarius. These are well adapted to the FD conditions. These grasses 

have deep roots which can reach the water table. Majority of the vegetation have root nodules 

that are responsible for fixing atmospheric nitrogen. The pH at FD ranges from 7.5 to 8. 
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Yellow dunes (YD) are parallel and closer to Fore dune but little higher. More humus is 

present in this dune as compared to Fore dune. Plant species reported in this dune are 

Calystegia soldanella, Eryngium maritimum and Carex arenarium. Plants from YD are most 

efficient in binding surface sand because they cover surface of CSD and forms horizontal 

network of roots. This dune is called Yellow dune because the plant cover is patchy and clean 

yellow sand can still be clearly seen over large area. The pH at YD is 7.5. 

Gray dunes (GD) are located 50-100 m from the edge of the ocean towards the land side of 

the Yellow dune. Grey or green lichens colonize the dune extensively and give sand a 

characteristic dirty grey colour. Mosses such as Brynum and Tortula ruraliformis colonize 

Gray dunes. These dunes have the high humus content. The pH is slightly acidic (6.5). 

Dune slack is where humus washes away into after leaching from all dunes. These slacks are 

waterlogged and only marsh plants such as creeping willow can survive. The pH at dune slack 

is acidic (pH 5) due to presence of high humus content. 

Mature dunes (MD) are found several hundred meters from the shore. Climax plants such as 

oak, birch trees are found here. The pH at mature dune is acidic (pH 2-3) due to high humus 

content formed from the degraded leaves and other organic matter. Plants such as Casuarina 

equisetifolia, Pandanus spp., Banksia integrifolia, Acacia spp., Terminalia spp. and 

Calophyllum inophyllum are found here. 

According to the studies done by Desai et al. (2002) on the coastal sand dunes of Goa, there 

exist mainly three types of dunes that is white dune (Embryo and Fore dune), Yellow dune 

and Gray dune. 
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Fig. 1.3 Vegetation and physical conditions at Coastal Sand Dunes 

1.5. Environmental conditions at CSD 

A coastal sand dune is stressed and extreme environment in terms of nutrients availability, 

fluctuations in temperature and pH and low moisture content (Martinez, 2003). In spite of 

disturbances and nutrient deficiencies, diverse flora, fauna and microorganisms have adapted 

to coastal sand dune habitat. Sand dunes soils along the coastline are one of the specialized 

habitats characterized with sparse vegetation and subjected to have some influence of the sea. 

Thus the sand dunes provide an interesting niche for the study of microorganisms. 

1.6. Microorganisms from Coastal Sand Dune  

Bacteria belonging to the genera Chryseobacterium, Microbacterium, Pantoea, Acinetobactor, 

Agrobacterium, Bacillus, Brevibacillus, Erwinia, Rhizobium, Rhodanobacter and 
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Xanthomonas are found in rhizosphere of coastal sand dune plants such as Calystegia 

soldanella, Lanthyrus japonica, Elymus mollis, Vitex rotundifolia, Carex kobomugi, Artemisia 

fukudo, Messerchmidia sibirica, Glehnia littoralis (Lee et al., 2006). Genus Pseudomonas was 

reported from rhizospheric as well as non-rhizospheric areas of CSD (Shin et al., 2007). 

Pseudomonas fluorescens was found in rhizosphere of Sphagnum and Tortula. 

Microbacterium arborescens, alkaliphilic pigmented bacteria was isolated from rhizosphere of 

Ipomoea-pes-caprea (Godinho et al., 2007). Pseudomonas aeruginosa was isolated from non-

rhizosphere of coastal sand dunes (Gaonkar et al., 2012). Table 1.1 contains the list of various 

microorganisms previously reported from CSD environments.   

Table 1.1 Various microorganisms reported from Coastal Sand dune vegetation 

Microorganisms Sources References 

Pseudomonas fluorescens R, Sphagnum and Tortula Shin et al., 2007 

Chryseobacterium R, Calystegia soldanella 

     

      Lee et al., 2006 

Microbacterium R, Lanthyrus japonica 

Pantoea R, Elymus mollis 

Acinetobactor R, Vitex rotundifolia 

Agrobacterium R, Carex kobomugi 

Bacillus R, Artemisia fukudo 

Brevibacillus R, Messerchmidia sibirica 

Erwinia R, Glehnia littoralis 

Microbacterium arborescens R, Ipomoea-pes-caprea Godinho et al., 2007 

Pseudomonas aeruginosa NR Gaonkar et al., 2012 

Bacillus megaterium NR Nayak et al., 2013 

Bacillus marisflavi, 

Chromohalobacter israelensis 
NR Prabhu et al., 2018 

Alcanivorax sp., Marinobacteria sp., 

Pseudomonas sp. 

NR 

 
Shinde et al., 2020 

Keys- R: rhizosphere, NR: non- rhizosphere. 

1.7. Pigments  

Many of the textile, food and pharmaceutical industries require colorants or dyes for different 

purposes such as dyeing clothing, food colorants, feed additives and colored tablets. Over 

many years, the chemical dyes were extensively used for such purposes. In the recent year, the 

disadvantages of using such dyes have been reported. The initiatives to bring about non-

harmful and environmental friendly dye have been taking place. Chemical dyes are more 
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easily and widely available in the market compared to biological colorant. Many studies have 

suggested use of microbial pigments for such purposes. But problem arises with the amount of 

pigments that are produced by microorganisms are very low. Hence, scientists have tried to 

formulate a growth media to give maximum production of bacterial pigment. Pigment 

productions by microorganisms depend mainly on the environmental conditions (Malik et al., 

2012). Pigment producing bacteria are found particularly predominant in areas subjected to 

stress conditions such as intense sunlight, nutrient limitations, high concentration of salt and 

metals such as lead, cadmium and iron. Thus, it is more likely to find the microorganisms that 

produce pigment in sand dunes. The pigment producing bacteria shows resistance to UV 

radiations and also toxic heavy metals (Lima et al., 2012).  

1.7. 1. Sand dunes could be a potential source of pigment producing bacteria  

Coastal sand dune is hypothesized to be a potential source for isolating pigment producing 

bacteria due to the intense direct UV rays. Pigmentation mechanism in bacteria is a defence 

against high temperature and UV rays (Stafsnes et al., 2010; Tuli et al., 2015). Pigmentation 

protects the cell against photo damage.    

1.7.2. Pigmented microorganisms 

Over the past few years, pigmented bacteria have been studied for their beneficial properties 

in different fields. Pigments are light-absorbing compounds which are responsible for the 

colors that organism display. Pigments play important roles in the survival of the producer 

organism. Xanthomonadin protects Xanthomonas oryzae from ultraviolet light damage. 

Majority of bacteria produces pigments under the influence of unfavorable environmental 

conditions, viz high temperature [thermophiles], high or low pH [acidophilic or basophilic], 

high salinity [halophiles] in order to adapt. Sand dune is ecosystem with harsh environmental 

condition such as high salinity, low nutrients, unstable ground, fluctuating temperature and 

pH. Therefore, CSD could be a potential source in finding the pigmented bacteria. CSD 

ecosystem is less explored for microbial studies compared to marine and terrestrial 

ecosystems. Pigmented bacteria in addition to producing antibiotics, they also produce 

compounds which has antioxidant, anti-carcinogenic and immune-modulation properties. In 
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recent years, scientists have been exploring the pigmented bacteria for their potential in plant 

growth promotion. 

Bacterial pigments are of two type viz. water soluble and insoluble. In water soluble, the 

pigments get diffused into the surrounding medium. Pigmented bacteria can be visualized in 

specific growth medium. Pigment production in microorganisms depends on environmental 

conditions. In laboratory, pigment production by microorganisms depends on the medium 

compositions. Less expression of pigment was observed in Pseudoalteromonas tunicate, when 

it was grown in nutrient-rich medium, indicating that the expression of carotenoids is inhibited 

by organic rich nutrient (Egan et al., 2011). The pigmented species tend to have more exacting 

growth requirements, for example some require specific amino acids. Additionally, certain 

studies have stated that pigmented bacteria have peroxidase activity rather than catalase 

activity (Bowman, 2007).  

1.7.3. Advantages of bacterial pigments 

It is believed that pigments maintain integrity and stability of bacteria (Sajjad et al., 2020). 

Dark pigmentation of extremophiles offers protection from oxidative stresses. Pigmentation is 

beneficial for bacteria for their cellular activities. They aid in bacterial pathogenicity. Pigment 

also helps them in cell protection and survival in harsh environment. Pigments are produced 

by bacteria to absorb UV radiation and to quench oxygen free radicals. Some bacterial 

pigments are antibiotics which inhibits fungi, bacteria and yeasts.  Some examples are 

prodigiosin (Serratia), erythromycin (Streptomyces), pyocyanin (Pseudomonas), pyoverdine 

(Spirilloxanthine) and pyochelin (Spirillum) are potent antibiotic pigments.  

Limited iron concentration is present in the environment. Microorganisms produce iron 

chelating compounds known as siderophores. These compounds scavenge the trace amount of 

iron from the environment. This mechanism of siderophore production by microorganism 

helps the plants to acquire iron. Additionally, these siderophore producers also act as 

antimicrobial agents. They compete with pathogenic fungi and bacteria for iron and deprive 

them iron. Pigments, pyoverdine and pyochelin produced by Pseudomonas sp. act like 

siderophore. Extremophiles are very colorful (Garcia-Lopez and Cid, 2016).  
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Staphylococcus is a pigmented pathogen. It produces staphyloxanthin, due to which it has 

multidrug resistance. Pigments are known to be synthesized in cell wall or periplasmic space 

(Ramesh et al., 2019). The pigment staphyloxanthin acts as barrier for the antibiotics to act on 

cell wall and plasma membrane. This pigment also acts as virulent factor. The antioxidant 

activity of the pigment helps them to escape the reactive O2, which host immune system carry 

out to inhibit pathogens (Pal et al., 2020). Pigmented bacteria showing resistance to heavy 

metal is explored in process of soil and water remediation polluted by arsenic, copper, 

cadmium, mercury and nickel (Malik et al., 2012). Pigmented bacteria are useful in biosensors 

technology. They help in detecting certain environmental pollutions (Malik et al., 2012). 

Carotenoids are known for antioxidant activity protecting against various types of reactive 

oxygen species (ROS), such as hydrogen peroxide (H2O2), hydroxyl radicals and superoxide 

anions. Carotenoids can also quench singlet oxygen (O2). Several plant-associated bacteria, 

synthesize carotenoids, which aid in the defense against the deleterious effects of ROS 

generated by chlorophyll during photosynthesis (Mohammadi et al., 2012; Radhakrishnan et 

al., 2017). Carotenoids act as photo-protectants against the damages by UV radiation. In 

certain pathogenic bacteria such as Cronobacter sakazakii and Staphylococcus aureus, 

presence of carotenoids makes the bacteria virulent in nature (Kirti et al., 2014). 

Microbial pigments are used in medical, industrial and agricultural field. In medical field, it 

can be used as anticancer agent, immunosuppressant, antibiotic and anti-proliferative. In food 

industries, they can be used for adding color and flavors in food, some examples are β-

carotene, riboflavin, lycopene and monascus. Pigments anthocyanin, prodigiosin and violacein 

are used for coloring certain products (Kirti et al., 2014). There are several advantages of 

using microbial pigments over chemical pigments such as microbial pigments are harmless, 

biodegradable, environment friendly, availability in variety of shades and microorganisms can 

grow fast and easily on low-cost media.  

1.7.4. Types of pigments 

Bacterial pigments are classified into carotenoid, prodigiosin, melanin, phenazine, violacein 

and quinine and their derivatives based on their chemical nature.  
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Carotenoids include yellow-orange, lipids soluble pigment which is widely distributed in 

nature. Carotenoid is a long chain of conjugated hydrocarbons, generally C40 torpedoed 

compounds formed by the condensation of eight isoprene units (Fig. 1.4). Carotenoids 

producing bacteria are hugely explored for their scavenging activity. Carotenoids also protect 

the cells against photo-oxidative damage (Britton, 2008). 

Some examples of the microorganisms that produces carotenoid, includes Brevibacterium 

linens, Brevibacterium mcbrellneri, Chitinophaga pinensis, Bacillus indicus, Bacillus firmus, 

Flavobacterium sp., Gordonia aichiensis, Gordonia araii, Methylobacterium populi BJ001, 

Micrococcus luteus, Mycobacterium aurum, Pseudomonas putida S610, Pseudomonas 

xanthomarina, Sphingobacterium spiritivorum, Staphylococcus epidermidis, Streptomyces 

albus, Streptomyces coelicolor, Streptomyces griseus and Vibrio campbellii. 

  

http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R278
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R278
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R161
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R185
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R384
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R383
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R205
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R165
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R191
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R254
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R170
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R391
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R391
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R169
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R168
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R209
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R209
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R172
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R218
http://bioinfo.imtech.res.in/servers/procardb/?c=organisms&m=getDetail&id=R149
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Fig. 1.4 Structure of various pigments produced by prokaryotic microorganisms; A) β-

carotene, B) phycocynobilins, C) prodiogisin, D) melanine, E) pyoverdine F) pyocyanin G) 

violacein (Venil et al., 2013) 
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Many of the bacteria producing carotenoid pigment contain a conserved operon known as 

carotenoid biosynthesis operon. It consists of genes crt E, crt X, crt Y, crt I and crt B (Misawa 

et al., 1995). Phytoene synthase, encoded by crt B, is the enzyme for the first step in 

carotenoid biosynthesis pathway (Fig 1.5). If this gene gets mutated there will be no 

pigmentation in the microorganisms. Gene crt E, encodes for the enzyme geranylgeranyl 

pyrophosphate synthase. The genes crt X, crt Y, and crt I encodes for the enzymes 3-

hydrooxy-beta-carotene glycosylase, lycopene cyclase and phytoene dehydrogenase, 

respectively.  Production of carotenoid pigments is regulated by ESal/ESaR quorum sensing 

system and significantly contributes to the virulence of pathogens.  

 

Fig. 1.5 Carotenoid biosynthesis pathway  
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Prodigiosin is red water soluble pigment. It is a linear tripyrrole (Fig 1.4) and synthesized 

using bifurcated pathway. Pyrrole precursor (mono and bi) are synthesized separately and then 

joined together to form prodigiosin pigment. In final step of the biosynthesis, condensation of 

mono and bi pyrrole is catalyzed by prodigiosin condensing enzyme which is a heat liable 

enzyme (Williams, 1973). Prodigiosin was first characterized in Serratia marcescens 

(Kobayashi and Ichikawa, 1991), which is a major producer of prodigiosin found till now 

(Furstner, 2003).   

Melanin is a black brown pigment. It is a complex high molecular weight compound, formed 

from an auto-oxidative reaction from active precursor i.e. tyrosine. Melanin is formed because 

of presence of tyrosinase enzyme. It is a copper containing oxygenase enzyme that has 

activities of cresolase and catecholase. Both these enzymatic activity together mediates the 

conversion of tyrosine through Mason-Raper pathway to dopachrome which polymerizes to 

melanin through number of non-enzymatic reactions (Pavan et al., 2020). Melanin is not 

necessary for growth but is required for survival and adaption against harsh environmental 

conditions. Melanin has antioxidant and antiradical properties. They act as cation exchange 

polymer that protects the tissues against oxidizing and reducing conditions by trapping free 

radicals. Melanin is used in preparation of sunblock cream to protect the human skin from UV 

radiation (Geng et al., 2008). 

Phenazine is nitrogen containing molecule. It is synthesized from Shikimic acid pathway 

from chorismic acid. The production of phenazine is controlled by quorum sensing. Two 

molecules of chorismic acids condensed to form basic phenazine using glutamine (nitrogen 

donor) (Ingram and Blackwood, 1970). Phenazine pigments are pyoverdine (fluorescent 

water soluble pigment) and pyocyanin (blue-green). Pyoverdine have the ability to transport 

iron compound. It is also a chelator (pseudobactin) and can promote plant growth by 

inhibiting plant pathogens in rhizosphere of plant. Pyocyanin is a blue diffusible pigment. It is 

mainly produced by Pseudomonas aeruginosa (Kerr, 2000).   

Violacein is a purple pigment. Only few species have been known to produce it, one such 

example is Chromobacterium violaceum. It is indole derivative produced by oxidizing 

tryptophan. Violacein protects the cell against UV radiations. It has antibiotic and anti-
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protozoan (ameoba and trypanosome) properties (Duran et al., 2007). It has anti-tumoral, anti-

ulcerogenic and antiviral activities. It has potential use in phototherapy.  

Riboflavin also known as vitamin B2 is a water-soluble vitamin/pigment. Bacteria produce 

this pigment via endogenous riboflavin biosynthetic pathway (García-Angulo, 2017). The 

structure of this pigment is isoalloxazine ring with side chain of ribytil at N10 position 

(Beztsinna et al., 2016). Bacteria produce riboflavin only when it is not available in 

environment. Inside the bacterial cell, riboflavin is modified to the flavins and 

phosphorylation of it leads to Flavin mononuclotide (FMN). To FMN, addition of adenylyl 

group then becomes Flavin adenine dinucleotide (FAD) (García-Angulo, 2017). FAD and 

FAM are vital in cell, since it is cofactors for enzymes involved in several cellular redox 

metabolisms. It is used as yellow food colorant. It tastes bitter and has a pungent smell 

(Powers, 2003). Bacteria such as Clostridium acetobutylicum, Candidaguilliermundiior, 

Debaryomyces subglobosus, Eremotheciumashbyii and Ashbya gossypi are capable of 

producing riboflavin.  

Actinorhodin is a blue pigment produced by Streptomyces coelicolor. It was named λ-

actinorhodin, related to antibiotic actinorhodin produced by different bacteria having LD50 

(median lethal dosage) greater than 15000 mg kg
-1

, making it non-toxic (Zhang et al., 2006). 

Phycoerythrin is an accessory pigment to chlorophyll in photosynthetic bacteria. It captures 

light energy and transfers it to the chlorophyll reaction center. It is found in fluorescent 

Pseudomonad. It is used as indicator in order to detect the rate of free radicals damage. 

Radicals react strongly to phyoerthyrin (Batista et al., 2018). R-Phycoerthyrin is used to 

fluorescently label antibodies (Mahmoudian et al., 2010). It can be bound to IgG antibodies 

using linker protein. Fluorescently labelled antibodies are then exposed to pathogens and 

staining them (Lloyd-Evans et al., 1999).  

1.7.5. Factors affecting microbial pigment 

It has been stated that pigment microorganism should be capable of utilizing a various Carbon 

(C) and Nitrogen (N) sources. They must provide reasonable color yield and must be tolerant 

to pH, temperature and minerals. Microoransims fitting in all these criteria is known as ideal 
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pigment producers. There are various factors affecting microbial pigment production and they 

are temperature, pH, light, carbon and nitrogen source in media constituents. 

1) Temperature: Monoscus sp. and Pseudomonas produces pigments at particular 

temperature (Kumar et al., 2015).  

2) pH: It has been reported that neutral to slight alkaline pH in media leads to the 

lycopene formation by bacteria and Acidic would lead to beta carotene formation.  

3) Carbon and nitrogen source: Glucose, fructose, maltose, lactose, galactose and 

nitrogen source like peptone, tryptone and glutamate are best for pigment production. 

Conversely, glucose was reported to be the best carbon source for the production of 

pigments. Further, ammonium and peptone provides good growth and higher pigment 

concentration in the number of pigment producing bacteria (Kumar et al., 2015). 

4) Types of fermentation: A study on Monascus purpureus states solid state 

fermentation can yield 3 folds more pigments than submerged fermentation (Nimnoi 

and Lumyong, 2011).  

5) Minerals: Few studies have suggested that minerals play a vital role in pigment 

production, for example Mn stimulates the pigment of Lactobacillus plantarum and 

Streptococcus lactis in liquid medium (Joshi et al., 2003). 

The extraction of pigment from bacteria could be achieved by using a number of solvents. 

Table 1.2 lists out the various solvents used for extracting the particular kind of pigment. 

Table 1.2 also lists out the absorption spectra for the respective pigment.   
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Table 1.2 Solvents for particular pigments and their absorption spectra for identification 

spectrophotometrically 

Sr.no. 
Types of 

pigment 

Solvents 

(used for extraction) 

Absorption 

Spectra (nm) 

1 Carotenoid Ethanol, acetone, ether 400-500 

2 Prodigiosin Acetone, ether 525-555 

3 Phenazines Methyl chloride 

250-290, weak peak at 350-

400, above 400 peak -

phenol/amine present 

4 Melanine Hot 0.5M NaOH, 1M Na2CO3 - 

5 Violacein 
Ethanol 579-430 

10 % (v/v) H2SO4 700 

6 Indigo Chloroform 602(blue)/552(violet) 

Keys: nm (nanometer) 

 

1.7.6. Application of pigments 

Majority of textile, pharmaceutical and food companies require colorants. Synthetic or 

chemical colorants which are utilized in the industries are unsafe, carcinogenic and are 

responsible for causing various disorders in humans and animals (Kumar et al., 2015). Textile 

industries make use of dioxins [polychlorinated dibenzo-p-dioxins (PCCDs) and 

polychlorinated dibenzofurans (PCDFs)], which are extremely toxic and carcinogenic. 

Disposing of dioxins into nearby water bodies leads to bio-accumulation and bio-

magnification, which causes severe problems. It is immensely important to use a safer option 

of disposal for such synthetic dyes. Therefore, microbial pigments can play a crucial role in 

replacing the harmful synthetic dyes into a much safer option. Several microbial strains have 

been reported to produce variety of pigments which could replace the use of synthetic dyes. 

Pigments can also be used as feed additives.       

Pigmented bacterial species are known to produce an array of low and high molecular weight 

compounds possessing antifouling, algaecide and antibiotic activity. These compounds are 

toxic proteins, polyanionic exopolymers, substituted phenolic and pyrolle (containing 

alkaloids, cyclic peptids) and range of bromide substitute compounds. Some suggestions have 

been made by scientists in regards to correlation between pigmentations by bacteria and their 

proclivity for producing “biologically active compound” whose mechanism is not yet 

understood (Egan et al., 2002; Darshan and Manonmani, 2015).  Several Pseudoalteromonas 

http://en.wikipedia.org/wiki/Polychlorinated_dibenzodioxins
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sp. producing antibiotic are pigment producers such as P. denitrificans is red pigmented, P. 

luteoviolacea is violet pigmented and P. phenolica is brown pigmented (Bowman, 2007). The 

industry is now able to produce some bacterial pigments for applications in food, 

pharmaceuticals, cosmetics and textiles (Egan et al., 2011).  

Pigments of Pseudoalteromonas, Sphingomonas, Serratia, Paracoccus and Vibrio, which 

were isolated from brown algae from Karimunjawa Island, Indonesia reported to have 

antimicrobial ability against pathogens S. aureus, E. coli, B. subtilis and Candida albicans 

(Lunggani et al., 2018). Ahmad et al. (2012) extracted the prodigiosin, violacein and 

carotenoid pigments from Serratia marceseus, Chromobacterium violaceum and 

Chryseobacterium sp., respectively and used them to dye different types of fabrics. The 

colorfastness (tendency of a dye to adsorb onto the fabric even after washing and exposure to 

light) of pigments showed highest on acrylic, silk and polyester fiber whereas showed average 

on cotton fibers. Eye requires maintaining yellow color of retina macula which protects the 

eye from harmful UV rays and act as a sunblock. Carotenoid (beta-carotene and astaxanthin) 

produced by several bacteria is used to maintain the yellow color retina macula. Bacterial 

pigments such as carotene, xanthophylls, prodigiosin and melanin have antioxidant, anti-free 

radical properties. Various applications with respect to bacteria and their pigments are listed in 

Table 1.3.  

Difficulties in using bacterial pigments can be in extraction of pigment in pure and 

concentrated forms. To overcome these difficulties, optimization of fermentation process and 

the medium components are vital for economy. There is a need to find out better formula for 

fermentation media for each bacterial pigment on large scale by using economical and easily 

available sources. 

  

http://microbewiki.kenyon.edu/index.php/Chromobacterium_violaceum
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Table 1.3 Application of different bacterial pigments 

 

Bacteria Pigment Habitat Applications 

Pseudoalteromonas 

denitrificance 
Prodigiosin 

Marine 

sponges 

Antimicrobial 

Immunosuppressant 

P. luteoviolacea Violacein NM Antibacterial, Anticancer 

P. tunicata Dark green NM Antibacterial, Anticancer 

P. phenolica Brown Sea water Anti-MRSA 

Pantoea 

agglomerans 
Deep blue NM Food and clinical materials 

Serratia 

marcescens 
Prodiginines Sea water Antimicrobial, antimalarial, anticancer 

Streptomycetes sp. Prodiginines NM Antibiotic 

Microbacterium 

arborescens 
Orange CSD 

Food colorant, Precursors of vitamin A, 

Animal feed 

Bacillus subtilis Riboflavin 
Sea water, 

soil 

vitamin enriched milk products, energy 

drinks 

Cyanobacteria Pyocyanin NM 

Dietary supplement rich in proteins, 

Protection from UV radiation 

Anti-inflammatory, Anti-proliferative 

Chromobacterium 

violaceum 

 

Violet 

Soil, water 

(tropical 

and 

subtropical 

areas) 

Antiviral, antibacterial, anti-

ulcerogenic, anti-leishmanial, 

anticancer, cytotoxic effects against 

U937 and HL60 Leukemia cell lines 

P. rubra Prodigiosin NM Antibacterial, antifungal, antimalarial 

Hahell chejuensis Prodigiosin 
NM Antibiotic, immunosuppressive, 

anticancer 

Flavobacterium β-carotene NM Food supplement and additives 

Monascus sp. Red 
NM Making in red rice and red shaohsing 

wine  

Exiguobacterium 

sp. 
Yellow Sea water Antagonistic and antioxidant activity 

Agrobacterium 

aurantiacum 
Astaxanthin 

NM 
Antioxidant 

Paracoccus 

zeaxanthinifaciens 
Zeaxanthin 

NM Additive in poultry feed, strengthen 

yellow color of skin in animals, 

accentuate the color of yolk of egg 

Pseudomonas 

aeruginosa 
Green CSD Degradation of hydrocarbons 

Keys: NM: Not mentioned, CSD- Coastal sand dunes, MRSA: methicillin-resistant 

Staphylococcus aureus. 
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1.8. Biodiversity of microorganisms from CSD  

There is an absolute need to study microbial community structure of a habitat in order to 

explore more about the crucial role that these microorganisms play in the ecosystem. 

Microorganisms are responsible for many natural processes such as recycling of nutrients 

(Nitrogen and phosphorous), decomposition, mineralisation, bioremediation, bio-fertilization 

and many more. Several studies have revealed that microorganisms are the fundamental 

element of any habitat including terrestrial and marine. Microorganisms are crucial in soil 

structure development especially in CSD (Wasserstrom et al., 2017). Any changes in the 

abundance and composition of microbial community in soil can affect the essential natural 

process which can ultimately affect the diversity of the other organisms.  

CSD is a hostile ecosystem for living beings. There are several unfavourable environmental 

condition persists at CSD, which makes it a unique habitat. Such habitat populates 

microorganisms which adapts to stressful conditions of CSD. Collimonas fungivorans isolated 

from CSD of Dutch Wadden Island, Terschelling gives a general picture of bacterial 

adaptations to low nutrient soil environment (de Boer et al., 2004; Leveau et al., 2010). C. 

fungivorans have the ability to extract nutrients from living fungi, rocks and minerals.  

Out of total land surfaces, sand dune covers 6 x 10
6
 km

2
 worldwide (Tropek et al., 2013). 

Biodiversity at CSD is less explored despite of its importance. Calystegia soldanella and 

Elymus mollis are two of the major herbaceous CSD plants and considered to be responsible 

for supporting the rhizosphere and stabilizes the biodiversity in CSD. The diversity of 

culturable bacteria associated with these two major sand dune plants was recorded. The results 

showed the differences between the rhizospheric and root endophytic microbial communities. 

Pseudomonas sp. dominates the communities in both rhizosphere as well as endophytes. 

Members of Bacteroidetes and Firmicutes were found in the rhizosphere and 

Alphaproteobacteria in the endophytes (Lee et al., 2006). Pseudomonas, Chryseobacterium 

and Pantoea were found in association with CSD plant C. soldanella (Lee et al., 2006). 

Further, Pseudomonas and Aeromonas hydrophila were found in association with CSD plant 

E. mollis. Chryseobacterium soldanellicola and C. taeanense were isolated from roots of CSD 

plants Calystegia soldanella and Elymus mollis from coastal areas in Tae-an, Korea (Park et 

al., 2005). Studies on the sand dune grasses, Ammophila arenaria and Elymus mollis from 
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Oregon showed the presence of nitrogen-fixing bacteria within their stem and rhizome (Dalton 

et al., 2004). They observed that the Pseudomonas and Stenotrophomonas were predominant 

bacteria in both the dune grasses. This study concluded that these grasses contain endophytic 

and diazotrophic bacteria that may contribute to the phenomenal success of these grasses on 

nutrient poor sand. 

From the very limited reports on CSD isolates had shown vast potential in various fields. 

These potential includes degradation of hydrocarbons and tar balls, production of PHA, plant 

growth promoting abilities and sequestration of metals (Gaonkar et al., 2012; Nayak et al., 

2013; Gaonkar et al., 2013; Jayaprakashvel et al., 2014; Shinde et al., 2020).  

1.8.1. Diversity of pigmented microorganisms from Coastal Sand Dune  

Pigmented bacteria are usually found in areas which are subjected to high stress conditions 

such as intense sunlight, lack of nutrients and high salt and metal concentration similar to the 

ones found in CSD environment.  

Hence, the study hypothesizes the obtaining of pigmented bacteria from CSD. Few attempts 

have been made to study the bacterial diversity of rhizospheric, non-rhizospheric and root 

endophytic communities of CSD plants using culture-dependant and independent approaches. 

In a culture-dependant study, pigmented strains of Bacillus sp. and Pseudomonas sp. were 

found predominant at CSD, Miramar-Goa (Godinho et al., 2010; Gaonkar et al., 2011). 

Several pigmented strain of Pseudomonas sp. were found most common in rhizosphere of 

CSD plants Calystagia soldanella, Elymus mollis and Ammophila arenaria (Dalton et al., 

2004; Park et al., 2005; Lee et al., 2006). Yellow pigmented bacteria, Chryseobacterium 

soldanellicola and C. taeanense were isolated from rhizosphere of CSD plants Calystegia 

soldanella and Elymus mollis (Park et al., 2005). Orange pigmented bacteria, Microbacterium 

arborescenes AGSB sp. nov. was isolated from rhizosphere of Ipomoea-pes-caprae from 

Goa-India (Godinho, 2007). Red pigmented bacteria, Streptomyces griseus was isolated from 

non-rhizosphere of sand dunes (Antony-babu et al., 2008). Yellow pigmented bacteria, 

Pseudomonas aeruginosa was isolated from non-rhizosphere of CSD from Miramar, Goa-

India (Gaonkar et al., 2012). Yellow pigmented, Bacillus marisflavi was isolated from CSD of 
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Goa (Prabhu et al., 2018). Pigmented bacteria isolated from CSD and their applications are 

compiled in table 1.4.  

Table 1.4 Pigmented bacterial strains isolated from CSD and their applications 

 

Bacteria from CSD 
R/N

R 
Isolation place Application Pigment Reference 

Bacillus subtilis, 

Klebsiella rosea, 

microbacterium 

arborescens 

R Goa, India PGPR 

Yellow, 

Pink, 

Orange 

Godinho et al., 

2010 

Bacillus marisflavi NR Goa, India PGPR Yellow 
Neha et al., 

2018 

Pseudomonas 

aeruginosa 
NR Goa, India 

Hydrocarbon 

degradation 
Yellow 

Gaonkar et al., 

2011 

Bacillus megaterium, B. 

flexus, Peracoccus, P. 

oxyzaehabitans 

R & 

NR 
Goa, India 

PHA 

accumulatio

n 

Yellow 
Nayak et al., 

2013 

Fluorescent 

pseudomonads 
R Chennai, India PGPR Yellow 

Jayaprakashvel 

et al., 2014 

Pseudomonas R Chennai, India PGPR Yellow 
Muthezhilan et 

al., 2012 

Fluorescent 

pseudomonads 
R Chennai, India 

Antifungal  

activity 
Yellow 

Sangeetha et 

al., 2011 

Streptomycetes NR 

Northumberlan

d, United 

Kingdom 

Bactericidal 

activity 
Red 

Antony-Babu 

and 

Goodfellow, 

2008 

Keys: PHA: Polyhydroxyalkonates, PGPR: Plant Growth Promoting Rhizobacteria, ND: Not 

Determined, R: Rizhosphere, and NR: non-rhizosphere. 

1.9. Metagenomics next generation sequencing (mNGS) 

The mNGS technique that adapts the running of all DNA present in sample containing mixed 

population of microorganisms and assigns them to a reference genome in order to study the 

proportion and kind of microorganisms present in a particular habitat or ecosystem. The 99.9 

% of the microbial communities are considered to be non-culturable, whereas rest 0.01 % are 

known to be grown in laboratory conditions. Biodiversity of microorganism can be estimated 

using cultured-based and culture-independent methods. The advantage of using culture-

independent method or as also known as metagenomics approach is that, a huge data is 
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generated and microbes which are unable to grow in the lab conditions can be identified. This 

technique has disadvantages as it considers viable and non-viable cells as well.  

In recent year, concern over the earth’s biodiversity decline is increasing. Change in the 

biodiversity can leave to change in productivity and sustainability in an ecosystem (Butchart et 

al., 2010; Hooper et al., 2012). With a recent technology of high-throughput sequences, a 

change has been seen in the last decade in how scientists understand the biodiversity and study 

the community structure and composition of an ecosystem.  In the metagenomics approach, 

total DNA of environmental samples is utilized with the high-throughput sequences 

technology.  Figure 1.6 gives a brief idea of the protocol adapted for mNGS. First step in 

mNGS is to obtain the environmental sample and process it for extraction of genomic DNA, 

followed by fragmentation of DNA. Adaptors are attached to the DNA fragments for 

barcoding and DNA libraries are prepared. These fragments of DNA are independently 

sequenced, if any human related DNA is found they are removed. Contigs of long stretch of 

DNA are assembled. These contigs are aligned with the database reference sequences and 

taxonomical classification was done.  
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Fig. 1.6 Graphical representation of 16S rRNA V3-V4 library preparation and sequencing   
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1.10. Plant growth promoting organisms from sand dunes 

Plant growth promotion (PGP) is enhancing the growth of plant through various fertilizers. 

Fertilizers can be chemical and biological, based on their nature. Chemical fertilizers are 

harmful and persistence in nature. Therefore, eco-friendly bio-fertilizers are preferred over 

chemical fertilizers in recent years. Bio-fertilizers are microorganisms when applied to seeds 

or mixed with soil, capable of promoting plant growth by enhancing the availability of 

nutrient to plant and is environmentally safe (Vessey, 2003). Some examples of 

microorganisms being used as bio-fertilizers are Azotobacter, Azospirillum, Rhizobium, 

Pseudomonas putida and Pantoea agglomerans. Microorganisms having various capabilities 

such as ability to fixing N2; solubilize phosphate, produces phyto-hormones are used as bio-

fertilizers. Various studies have suggested that bacteria can be used for enhancing the growth 

of different plants. Such bacteria are referred to as plant growth promoting bacteria (PGPB). 

Beneficial bacteria that colonize the roots of plant and help them to grow are known as plant 

growth promoting rhizobacteria (PGPR).  

CSD despite of being environmentally stressed, flora and fauna have been thriving there all 

year round. This is possible due to support of microorganisms that inhabit CSD and have 

adapted to its conditions. Plant roots release a wide variety of compounds into the surrounding 

soil, including sugar, amino acids, organic acids, vitamins, polysaccharide and enzymes. 

These create unique micro-environment for the microorganisms living in association with 

plant roots, in the rhizosphere. Here bacteria are abundantly present, most often organised in 

micro-colonies. Rhizobacteria benefits from the nutrients secreted by the plant roots. In turn 

the bacteria provide plant with nutrients, growth hormones and protection against pathogens. 

Strains of Pseudomonas isolated from plant tissue as well as from rhizosphere of CSD plants 

(Calystegia soldanella, Lanthyrus japonica, Elymus mollis, Vitex rotundifolia, Carex 

kobomugi, Artemisia fukudo, Messerchmidia sibirica, Glehnia littoralis) showed excellent 

plant growth-promoting potential. Other bacteria are also found in this region such as 

Chryseobacterium sp., Microbacterium sp., Pantoea sp., Acinetobactor sp., Agrobacterium 

sp., Bacillus sp., Brevibacillus sp., Erwinia sp., Rhizobium sp., Rhodanobacter sp., 

Xanthomonas sp. Among which, C. kobomugi and M. sibirica also exhibits good plant growth 

promoting ability. Microbacterium arborescens AGSB isolated from rhizosphere of Ipomoea 
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pes-caprea was found to be good plant growth promoters (Aureen et al., 2010). Bacillus 

marisflavi had been isolated from CSD Goa and studies for its plant growth promotional 

potential on rice (Prabhu et al., 2018). Fertile agricultural lands are scarce due to the increase 

human urbanization activity. Coastal sand dune ecosystems consist of 30 % of total land and 

are not used for the agricultural practice. Significance of the Present study is utilization of 

bacterial isolates obtained from CSD ecosystem as bio-fertilizer in arid sandy areas.  

The mechanism by microorganisms to support plant growth are divided into two categories 

i.e. direct and indirect mechanism based on the support given by microorganisms to the plants 

(Fig. 1.7). The direct mechanism by microorganism involves production of growth hormones 

(Indole-3-Acetic acid/auxin), Phosphate solubilization, ACC deaminase and Nitrogen fixation. 

The indirect mechanism involved production of siderophore, EPS, antifungal, HCN and 

ammonia production.  

 

Fig. 1.7 Various direct and indirect plant growth-promoting factors by bacteria to help plant 

grow faster and more efficient (Source: Mhatre et al., 2019)  
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1.10.1. Direct PGP mechanisms by bacteria 

1.10.1.1. IAA production by PGPB 

Bacteria produce plant growth hormone indole acetic acid (IAA). Tryptophan acts as 

precursor for the IAA production. Studies have showed that IAA is a major factor responsible 

for plant growth promotion. Tryptophan naturally present in the environments is taken up by 

the microorganisms and converts it into the IAA (Glick, 2012). This IAA is then taken up by 

plants leading to its growth promotion. Excess amount of IAA could have inhibitory effect on 

the growth of roots (Xie et al., 1996; Mayak et al., 1999). Several microorganisms have been 

reported to be IAA producers. Few examples of IAA producing microorganisms includes 

Kocuria turfanensis, Enterobacter sp., Pseudomonas aeruginosa, Bacillus licheniformis and 

Penicillium roqueforti (Prashanth and Mathivanan, 2010; Goswami et al., 2014; Ikram et al., 

2018).  

1.10.1.2. Phosphate solubilizing bacteria (PSB) 

Phosphorus (P) is essential macronutrients for plants and it is present in insoluble form in 

environment. It is provided externally in soil for promoting plant growth as P fertilizers. 

Problem arises with use of chemical P fertilizer since soluble inorganic P gets immobilized 

rapidly and becomes unavailable to plants.
 
Less P in soil affects the crop production. Certain 

plant growth promoting bacteria have the capability of solubilizing inorganic phosphate. P-

solubilizing bacteria (PSB) can act as inoculums to promote plant growth.  PSB releases 

organic acid such as succinic acid, oxaloacetic acid (Goldstein, 1995). The hydroyl and 

carboxyl group of these organic acids chelate the cations bound to phosphate thereby 

converting it to soluble form (Kpomblekou and Tabatabai, 1994). P is fixed as insoluble, iron 

phosphate and aluminum phosphate in the acidic soil and as calcium phosphate in alkaline 

soils (Tunesi et al., 1999; Lopez-Pineiro and Garcia-Navarro, 2001). Commercially, PSB are 

used as bio-fertilizers. One example is Mammoth P, a consortium of 4 bacteria, Comamonas 

testosterone, Pseudomonas putida, Citrobacter freundii and Enterobacter cloacae (Baas et al., 

2016). Apart from the consortium, individual PSB strains of Pseudomonas putida, Pantoea 

agglomerans and Microbacterium laevaniformis are also currently being used commercially 

as bio-fertilizers (Baas et al., 2016). Bacteria such as Pseudovibrio sp. FO-BEG1 was able to 
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release iron chelating molecules known as siderophore in order to dissolve iron containing 

minerals. Additionally, it also allowed the phosphate to adsorb on to it. Thereby making it 

available and without producing any organic acid to solubilize the phosphate (Romano et al., 

2017). Heavy metals such as lead, cadmium which is present in contaminated environments 

are precipitated by P compounds thereby immobilizing it and restricting from further 

movement. Such phenomenon is known as P-heavy metal precipitation. Thus, PSB can also be 

used for bio-remediate contaminated soil. 

1.10.1.3. 1-aminocyclopropane carboxylate (ACC) deaminase activity by bacteria 

ACC deaminase converts the ACC, precursor for ethylene production, into alpha-ketobutyrate 

and ammonia. Bacteria possessing 1-aminocyclopropane carboxylate (ACC) deaminase 

activity stimulates the growth of plants under various stress conditions (Glick et al., 2007). 

The activity of bacteria for producing this enzyme can be screened by using Dworkin and 

Foster (DF) minimal medium containing ACC as a sole nitrogen source (Dworkin and Foster, 

1958).  

1.10.2. Indirect PGP mechanisms by bacteria 

1.10.2.1. Siderophore production 

Siderophores are low molecular weight, high affinity iron chelators. Under iron limiting 

conditions, microorganisms secrete siderophore (an iron binding compound). Siderophore 

produced by microorganism chelates the iron and other metal from the surrounding 

environment, increases the bioavailability of the metals to the plants and could also kill the 

phytopathogens from rhizosphere by creating competition for the iron (Kloepper et al., 1980; 

Bar-Ness et al., 1991). Bacteria capable of siderophore production can act as PGPB. 

Siderophore production is detected by Chrome Azurol Sulfonate (CAS) agar assay. CAS agar 

medium is blue in colour from the iron present in the medium as microorganisms take up the 

iron with the help of siderophores in the medium and turn orange in colour.    

1.10.2.2. Exopolyssacharide production 

EPS produced by bacteria aggregates soil particles leading to increase in water holding 

capacity thus, improves the water uptake by roots of plant (Godinho et al., 2009). Also the 
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soluble phosphate or iron can be kept in that state by adsorption on EPS. Microorganisms 

produce extracellular polysaccharide to give the cell shape and rigidity. They produce it 

during stationary phase (Plante and Shriver, 1998). EPS is accountable for adhesion and 

cohesion property of P. aeruginosa biofilms (Chen and Stewart, 2002; Myszka and Czaczyk, 

2009). Bacteria produce exopolysaccharide (EPS) that can have indirect impact on plant 

growth promotion. EPS are also useful in marine bacteria to capture nutrients. There are 

various uses of bacterial EPS; it can be used as flocculants, stabilizers, adhesive, thickening 

agents, gelling agents, emulsifier and flushing agents (Becker and Puhmer, 1998).  

1.10.2.3. Ammonia production 

Ammonia is a nitrogen source for plants and is an essential nutrient. Microorganisms are 

capable of converting organic debris into ammonia, thus contribute in PGP (Glick, 2012).  

1.10.2.4. Hydrolytic enzymes production 

Microorganisms producing such as chitinase, protease, cellulase, β-1, 3 glucanase are capable 

of lysing the cell wall of the phyto-pathogen thereby killing them (Frankowski et al., 2001) 

and also capable of converting the plant debris into humus which is utilized as nutrients by 

plants.  

1.10.2.5. Hydrogen cyanide (HCN) production 

Bacteria produce HCN in order to kill the competing microbe which could be phyto-

pathogens, in doing so it provides protection to the plants against phyto-pathogens. 

1.10.2.6. Antifungal activity  

Antifungal activity of bacteria is helpful for the plants because it gives protection against 

various plant pathogenic fungi such as Rhizoctonia solani and Fusarium oxysporum.  

 

1.11. Antimicrobial activity of CSD isolates  

Microorganisms are the best source for varieties of novel biologically active secondary 

metabolites. They are known as “mini-biological” factory for producing various valuable 

compounds. These metabolites are helpful in controlling several diseases, protecting humans 
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and animals against several pathogenic bacterial strains. The stressed conditions at CSD 

makes microorganisms and other life forms present here more competent and hence they may 

have potential in antimicrobial activity. Majority of the antimicrobial compound producers are 

recorded as pigmented bacteria. Additionally, few studies have also shown antimicrobial 

activity by an extracted pigment from bacteria.   

There are several reports of the pathogenic strains showing resistance towards the drugs. This 

phenomenon is called as multiple drug resistance (MDR). Due to the MRD mechanism in 

pathogens, demand for new antimicrobial agents has increased. Scientists are in search of 

novel antibiotics which show broad spectra activities against the various pathogens. 

Pigmented bacteria are well known to produce secondary metabolite having antimicrobial 

properties (Sinha et al., 2017). There are possibilities of finding new drug for a pathogen.  

1.12. Enzymes production by bacteria 

Enzymes are known as “nature’s catalysis”. Enzymes have appeared as one of the most 

leading biocatalysts possessing the potential in their contribution to the unexploited 

multibillion dollar technology bio-industries. They are known to have multifaceted application 

in various industries. The enzymes are classified into 6 different classes, namely EC1 

Oxidoreductases; EC2 Transferases; EC3 Hydrolases; EC4 Lyases; EC5 Isomerases; and EC6 

Ligases by the International Enzyme Commission on basis of the reaction they catalyse 

(Mojsov, 2012). Enzymes are obtained for industrial purposes from microorganisms, plants 

and animals. For various reasons the microbial enzymes have been preferred over others. 

These reasons include, low cost, high quantity, less time for production, environmentally 

sustainable and stability in extreme conditions. Microbial enzymes have huge advantages over 

other due to the advances made in cloning enzyme gene and expression from various 

microorganisms. Also the demand is increasing because of their novel and specific properties 

related to pH, temperature and salinity (Menoncin et al., 2009). Special attention has been 

bestowed upon microbial enzymes due to their broad substrate utilization, stability, selectivity. 

Microorganisms obtained from various ecosystems have been known to produce extracellular 

hydrolases (Gopinath et al., 2005; Anbu et al., 2004; Anbu and Hur, 2014). These hydrolases 

are either endohydrolases or exohydrolases on basis of the site of cleavage whether it is 

external or internal. Economically important hydrolytic enzymes include amylase, lipase, 
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protease, cellulase and xylanase. It has been reported that only 2 % of world’s microorganisms 

have been screened for enzyme production (Hasan et al., 2006). Bacterial strains are most 

convenient to use for enzyme production than fungi and yeast, since they have higher activity 

and are easier for genetic and environmental manipulation to yield high biomass and enzyme 

activity. Using various enzymes for making detergents is proved to be an effective method 

since proteases can remove proteinaceous stains; amylases can act on starch and other 

carbohydrate stains and lipases can remove oily stains. Detergent additive enzymes should 

ideally have two qualities; it should be active at alkaline pH and compatible with other 

components of detergents (Anstrup and Andersen, 1974).  

1.12.1. Amylase  

Starch is most significant carbon reserve on the planet and has an immense commercial 

importance (Martin and Smith, 1995). Starch is made up of glucose polymer in semi-

crystalline structure and is known as starch granule. Amylase enzymes catalyse hydrolysis of 

starch molecules. Amylases are of two sub-types alpha and beta amylases. Amylase cleaves 

down 𝛼-1-4 glycosidic bonds of starch molecule. Bacterial amylase is preferred by industries 

because it is cost effective, eco-friendly, good quality and high quantity. A majority of 

bacterial amylase is produced by species of Bacillus, some examples includes B. subtilis, B. 

megaterium, B. vulgaris, B. licheniformis, B. amyloliquefaciens, B. cereus and many more 

(Gopinath et al., 2017). Other than Bacillus spp., species of genera such as Chromohalobacter, 

Corynebacterium, Lactobacillus and Pseudomonas have also been known to produce amylase. 

Interestingly, some of the halophilic bacteria as well as archeae such as Haloarcula hispanica, 

Halobacillus sp., Chromohalobacter sp., Bacillus dipsosauri, and Halomonas meridiana have 

been known to produce amylase as well (Kathiresan and Manivannan, 2006). Amylase makes 

up to 25 % of the total world enzymes and is one of the most abundant enzymes on earth 

(Souza and Magalhães, 2010). Amylases are used in wide varieties of industries such as 

detergents, food, paper, textile and pharmaceutical industries. It is used in making varieties of 

syrups from corn, maltose, glucose (Mojsov, 2012).  From CSD habitat of Miramar-Goa, 

Bacillus megaterium was recorded to have amylase activity (Nayak et al., 2013). 

1.12.2. Cellulase  
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Cellulose, the most abundant natural biopolymer on earth, is hydrolyzed by cellulase enzymes 

into glucose via a three enzymatic reaction catalyzed by three enzymes viz. endo-β-1,4-

glucanase, cellobiohydrolase and β-D-glucosidase. Biomass of cellulose is a renewable and 

cellulase enzymes are used in water waste management, animal feeds, textile, brewing and 

wine making (Yin et al., 2010). Cellulase-producing bacteria (CPB) have been isolated from 

various different sources including, compost, soil, organic matter, plant decay and also from 

extreme environment i.e. hot spring. For screening of CPB, most commonly carboxymethyl 

cellulose substrate is used and recently, substrates such as 2-(20-benzothiazolyl) phenyl (BTP) 

cellooligosaccharides with two to four polymerizations (BTPG2-4) are preferred. Examples of 

CPB are Bacillus polymyxa, B. subtilis, Paenibacillus campinasensis and B. cereus, 

Cellulomonas cellulans, B. licheniformis, Bosea sp. and B. thuringiensis (Sadhu and Maiti, 

2013).  

1.12.3. Xylanase  

In hardwood and annual plants, D-xylan is the most abundant polysaccharide apart from 

cellulose. They account for 20-35 % of total dry weight. They are found in lesser quantities in 

softwoods (8 % of dry weight). Xylan is short linear chain of (1-4)-linked beta-D-

xylopyranosyl residues. Xylanase is an enzyme responsible for degrading xylan and is a 

systems of several hydrolytic enzymes such as endo-B-1,4-xylanases and beta-xylosidases. 

The endo-B-1,4-xylanases is responsible for attacking the main chain of xylan and  beta-

xylosidases hydrolyses the xylooligosaccharides into D-xylose subunits. Several accessory 

enzymes, in addition to these two, are responsible in degradation of xylan (Poutanen et al., 

1991). Xylanase has a lot of applications in combination with cellulose, which mainly 

includes bioconversion of lignocellulosic materials. Lignocellulosic materials include waste 

from agriculture and forestry. These waste products are converted into high-level valuable 

products such as fuels and chemicals (Mandels, 1985). Xylan is easily hydrolyzed by acid and 

thus the degradation by enzyme becomes less approachable alternative. However, xylanase 

can be more specifically used for the purpose of production of oligosaccharides from xylan 

isolated from plants (Sasaki et al., 1993). This process is commercially done in Japan and is a 

success. The oligosaccharides formed by such process is mainly xylobiose and xylotriose, 

these can be used as food additives and artificial sweeteners. Other potential application of 
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xylanase are increasing the recovery of starch from wheat flours, helping in the fruit juices 

extraction and clarification, baking products modification, improving the digestibility of 

animal feed by increasing the feed efficiency (Watson et al., 1993). 

1.12.4. Proteinase  

Protein in fibrous form such as feathers, nails, hair, horns etc. are abundantly found in nature 

as waste. These wastes can be converted to biomass that people can use. Proteins can be 

hydrolyzed by the enzyme proteinase derived from microorganism. Protease are divided into 

three subunit based on the pH at which they are active, such as acidic, alkaline and neutral 

protease. The major use of protease is in detergent industry and it is necessary for a protease 

enzyme to work in alkaline condition, hence many scientists are focusing on studying alkaline 

protease. Alkaline proteases have vast application in several industries including, dairy 

industry for production of cheese, dehairing of animal hides and skin in the leather industry, 

laundry detergents to remove proteinaceous stains, brewing, meat, and photographic 

industries. In addition, proteases are used for catalyzing peptide synthesis, leather processing, 

degrading proteinaceous waste into biomass which is useful and also to resolve racemic 

mixtures of amino acids. Extracellular proteases secreted by B. megaterium are useful in 

solubilizing fish meat. B. subtilis utilizes wastes of leather industry and makes glue which is 

high quality that can be used in carpentry (Dalev and Simeonova, 1992). Some examples of 

protease producers are Streptococcus sp., Bacillus stearothermophilus, Bacillus lichenformis, 

Bacillus firmus and Bacillus subtilis (Anwar and Saleemuddin, 1997). 

1.12.5. Lipase  

Enzyme lipases [EC 3.1.1.3] also known as triacylglycerol acylhydrolases, are water soluble 

playing important role in metabolism of fat and digestion process. Lipids comprises of vast 

amount of the earth’s biomass. Lipolytic enzyme plays a key role in breaking down and lipid 

mobilization within cells of organisms. Lipases play a critical role in the process of catalyzing 

hydrolysis, esterification and transesterification which involves water-insoluble compounds 

such as oils and fats (Brockman et al., 1988). Lipases are carboxyl-esterase which acts on long 

chains of triglycerides into di and/or mono-glycerides, fatty acids and glycerols. 

Microorganisms in the literature which are reported to produce lipase are Acinetobacter 



 CHAPTER I 
 

 33 | P a g e  
 

radioresistens, Pseudomonas sp., Pseudomonas aeruginosa, Staphylococcus caseolyticus, 

Bacillus stearothermophilus, Burkholderia cepacia, Burkholderia multivorans, Serratia 

rubidaea, Bacillus sp., Bacillus coagulans and Bacillus subtilis (Li et al., 2005; Treichel et al., 

2009). They have been applied in various industries such as food, textiles, detergents, 

cosmetics, detergents, and paper industries (Houde et al., 2004). Lipase applications are 

biodiesel production from vegetable oils, detergents for removal of oil stains, lipid 

metabolism, making cocoa butter from palm mid-fraction, making “Betapol” (substitute for 

human milk fat), making rich/low calorie lipids such as pharmaceutically important 

polyunsaturated fatty acids (PUFA) (Hasan et al., 2006).  

1.13. Significance of work 

CSD is a less studied ecosystem which experiences extreme and stressed conditions. There are 

few reports on bacterial diversity at CSD. Therefore present study is focus on the bacterial 

diversity at CSD. CSD is not a favorable ecosystem for organisms due to low nutrients, 

drought conditions, high salinity, fluctuating temperature and pH, unstable ground, constant 

wind, tidal influence and intense UV radiation. Additionally tar balls are settling on the coast 

of the seas. It is difficult for life forms to survive in this ecosystem. A few plants and microbes 

have adapted to such environmental conditions. It is therefore important to study microflora 

present in the CSD to understand its association with the plants. Each zone of CSD has 

different characteristics in terms of pH, salinity and vegetation therefore it is hypothesized that 

the bacterial population will be different in each dune. No attempts have been made to 

understand the biodiversity of these zones. Understanding the diversity of bacterial 

community in different zones of CSD will possibly highlight their role in such harsh 

ecosystem. Certain bacteria produce pigment to combat the stresses.  It is hypothesized that 

CSD ecosystem may inhabit various pigment producing bacteria. Also it has been observed 

that pigment production has close association with antimicrobial biomolecules. The pigmented 

bacteria from the CSD are expected to have antibacterial and bioactive compounds. Plants at 

CSD grow in less nutrient conditions. The role of bacteria in helping them to grow in 

nutritionally stressed CSD is not understood. Therefore it is imperative to study the bacteria 

for plant growth promotion and mechanism of bacteria to help plants to grow in nutrient poor 

soil or sand. Microorganism produces variety of extracellular compounds such as siderophores 
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in order to survive in nutrient less condition and also the pigment mechanism is to protect 

from radiations. Pigmentation by bacteria is one of the defense mechanism to prevent the 

photo damage of the cell (protection against UV rays). Current study proposes isolation and 

study of diversity of pigmented bacteria from CSD ecosystem and their potential in 

agriculture, medical and industries. This report is mainly focusing on the bacterial diversity 

using culture dependent and independent at the four dunes namely Embryo, Fore, Gray and 

Mature dune. This study proposes the difference in pigmented bacterial community in the 

different sand dunes of Goa and exploring on the industrial prospects of selected isolates. To 

achieve this, following objectives are proposed. Present study aspires to investigate the 

different bacterial community at four zones of CSD having different soil compositions. 

OBJECTIVES 

1. Diversity of culturable pigmented bacteria in coastal sand dunes of Goa. 

2. Microbiome study of coastal sand dunes of Goa. 

3. Screening of pigment producing bacteria for production of hydrolytic enzymes of 

industrial importance. 

4. Screening of pigment producing bacteria for antibacterial ability. 

5. Potential of selected pigmented bacteria as plant growth promoting organism. 



 

 

 

 

 

CHAPTER 2: 

DIVERSITY OF CULTURABLE PIGMENTED 

BACTERIA IN COASTAL SAND DUNES OF 

GOA 
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1. Introduction 

Exploring microbial cultures is a crucial factor in studying the various roles played by these in 

the ecosystem. Coastal sand dune (CSD), lies at the intersection of marine and terrestrial 

ecosystems, formed when windblown sand is trapped by beach grasses over many years and is 

dynamically interacting with tides (Poyyamoli et al., 2012). CSD is one of the least studied 

ecosystems. It is a specialized habitat characterized by sparse vegetation. It is subjected to the 

influence of salty sea mists. It provides an interesting niche to study microbial diversity. CSD 

occupies 8 % of the total earth's surface and is one of the most taxonomically rich and 

productive ecosystems on earth (Ramarajan and Murugesan, 2014; Mikhailyuk et al., 2019). 

CSD has been identified as one of the most important biogeographical habitats of India 

(Rodgers and Panwar, 1988). India has about 7516 km long coastline covering 2.1 Million 

km
2
 in 9 states (Khoshoo, 1996). Goa is the smallest state of India and has a stretch of about 

22.62 km of sand dunes facing the Arabian Sea. CSD is known as “natural barrier” which 

protects the inland from harsh winds and waves. It also provides resourceful habitat to a 

variety of special flora and fauna. CSD is a stressed and extreme habitat in terms of sparse 

nutrient availability, low moisture content, regular salt spray, intense UV rays, constant sand 

burial, and fluctuations in temperature and pH (Aureen et al., 2010). These extremely harsh 

conditions limit the growth of various species. Despite these disturbances and nutrient 

deficiencies, diverse flora, fauna, and microorganisms have been adapted to CSD habitat 

(Desai, 2005; Aureen et al., 2010; Muthukumar and Selvin, 2011; Gaonkar et al., 2012; Nayak 

et al., 2013). These life forms can tolerate strong wind, salt spray, sand burial, dessication, 

constant sand shifting, little to no organic matter, and low water retention capacity of sand.  

Microorganisms inhabiting CSD are subjected to several environmental fluctuations that 

affect their growth and Community structure. CSD has a predominance of leguminous plants 

such as Casuarina and Canavalia, possessing nodules that form a symbiotic association with 

N2 fixing bacteria (Arun and Sridhar, 2004; Seena et al., 2007). Understanding the stress 

tolerance in nature and possible applications of stress-tolerant genes in agriculture is 

immensely important. Microorganisms such as Rhizobia, Mycorrhizae, and diazotrophs 

adapting to CSD’s extreme environmental conditions require special attention. 

Microorganisms from the CSD ecosystem are known to produce various secondary 
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metabolites that are bioactive and are significant in several industries including agriculture 

and pharmaceuticals. Numerous species of Rhizobium, Pseudomonas, and Bacillus, associated 

with the roots of CSD plants are capable of producing compounds such as indole acetic acid 

and siderophores, which are responsible for plant growth promotion (Arun and Sridhar, 2004). 

Further, Pseudomonas sp., Bacillus sp., and Streptomyces sp. obtained from CSD have the 

antagonistic activity towards plant pathogens such as Rhizoctonia solani and Fusarium 

oxysporum (Shin et al., 2007). Many halophilic and alkaliphilic bacteria from CSD produce 

extracellular protease, cellulase, amylase, xylanase, chitinase, pectinase, and tannase which 

are vital in several industries (Sangeetha et al., 2012; Kedar et al., 2014). 

Various anthropogenic activities and increased tourism has caused immense pollution and 

contamination, which has ultimately, disturbed the flora and fauna of CSD. Oil spillage in the 

sea is a major problem faced by many countries, subsequently leading to tar-ball deposition on 

CSD. The state of Goa is facing tar-ball pollution (Suneel et al., 2015). These tar-balls contain 

high molecular weight n-alkanes and polycyclic aromatic hydrocarbons which are often been 

reported from coastal areas across the world (Warnock et al., 2015). These problems may lead 

to changes in microbial diversity which ultimately would affect the overall biological 

diversity. Therefore, exploring the microbial diversity of CSD is crucial. Despite CSD’s 

importance in the ecosystem, there hasn’t been a considerable amount of studies exploring its 

microbial diversity. 

CSD is classified into four dunes based on the distance from the coastline; pH and vegetation 

present namely Embryo dune, Fore dune, Yellow dune, Gray dune and Mature dune (Desai 

2005). Each of dunes has different characteristics and hence current study proposes that each 

dune will have different bacterial cultures. Also, CSD could provide potential bacterial strains 

which would be important in various fields. 

2. Methodology  

2.1. Sampling 

A total of thirteen sand samples were collected from Keri beach located in North Goa-India 

(15˚42’39.84” N, 73˚41’41.29” E) on 25
th

 January 2015, during low tide. Keri beach sand 

dune covers about 21416 sq. meters and it has approximately 374 m length with a width of 78 
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m. The height of the sand dune ranged from 2.5 to 4 m. Sand samples were collected from 1 

cm below the surface in a sterile zip lock bags, brought to laboratory under aseptic condition 

and kept at 4 ⁰C until further processing. Temperatures of the sand samples were recorded 

using thermometer on the site. Ten grams of sand sample was suspended in distilled water to 

make the final volume of 100 ml. The suspension was mixed vigorously for 2 hrs at 150 rpm 

and the pH was recorded using a pH meter (Eutech instruments, pH 700).  

2.2. Microbial Analysis  

Sand sample (10 gm) was suspended in sterile physiological saline to make 100 ml of 

suspension. This was then kept for mixing on orbital shaker for 2 hrs and used for preparing 

range of serial dilution till 10
-6

. Hundred microliters of each dilutions were spread plated on to 

Resonance 2 agar (R2A) (Annexure I), King’s B agar (Annexure I), Bannett’s agar (BA) 

(Annexure I), Polypeptone yeast extract glucose agar (PPYG) (Annexure I), Zobell’s Marine 

agar (ZMA) (Annexure I), Nutrient agar (NA) (Annexure I) and M1 agar media (designed in 

laboratory, Annexure I). Plates were incubated at room temperature and total viable colonies 

of bacteria were counted every 24 hrs for three days. Pigmented colonies were selected and 

purified for further study.  In case of PPYG, the plates were monitored for bacterial growth up 

to 7 days. Each purified pigmented colonies were given a strain name, which were maintained 

on their respective media of isolation by sub-culturing every three months. Glycerol stocks for 

the same were also maintained at -20 ˚C.  

2.3. Identification of the pigmented bacterial isolates  

2.3.1. Morphological characteristics 

2.3.1.1. Colony Features  

Colony characteristics of isolates such as size, shape, color, margin, elevation, opacity and 

consistency were recorded. In case of suspected actinobacteria, in addition to these features, 

extracellular pigment, aerial mycelia and substrate mycelia pigment were recorded.             

2.3.1.2. Gram Staining 

All the isolates were subjected to Gram’s staining to study the cell morphology and Gram’s 

nature. A smear of 18 hrs old bacterial culture using sterile saline on a clean slide was made. 
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Smear was heat fixed by passing through a flame. The smear was then flooded with crystal 

violet solution (Annexure I) for 1 min, followed by Gram’s iodine (Annexure I) for 30 sec. 

Smear was washed using ethanol (70 %) and air dried. Smear was counter stained with 

safranin (Annexure I) for 1 min.  

2.3.1.3. KOH test (Buck, 1982) 

Bacterial isolates were grown on nutrient Agar (Annexure I) at 28 ˚C ± 2. After 24 hrs of 

incubation, the culture was used to confirm the Gram character. A drop of 3 % KOH solution 

(Annexure I) was added on a grease free slide and a loopful of freshly grown culture was 

mixed in the solution. The inoculating loop was raised and if the culture strings out, it was 

considered as Gram negative. Culture that forms cloudy liquid and does not become viscous 

was considered as Gram positive.         

2.3.1.4. Scanning Electron Microscopy (SEM) analysis 

In order to identify actinobacteria, it was important to study their mycelia morphology and 

spore structure; which was performed using scanning electron microscopy (SEM). SEM of 

actinobacterial isolates was achieved by placing a sterile cover slip on the growth medium 

plate. A loopful of culture was streaked onto the edges of the cover slip and the plate was 

incubated at 28 
0
C for 7 days. The cover slip containing mycelial growth was removed from 

the solid agar plate. The coverslip was processed for fixation and dehydration processes as 

described by Rheims et al. (1991). For the fixation process, the coverslip was immersed in 2 

% glutaraldehyde solution (Annexure I) for 2 hrs, which was followed by dehydration process. 

For dehydration process, the coverslip containing the mycelial growth was subjected to series 

of acetone gradient (30 %, 50 %, 70 % and 90 %) treatment for 30 min each and finally 

absolute acetone treatment for 10 min. The cover slip was then dried, sputter coated with thin 

gold film using spi-module sputter and observed under SEM (ZEISS E VO 18 Special 

Edition). The spore arrangement, surface and diameter were recorded.  The mycelia structure 

was also recorded.  

2.3.2. Molecular identification using 16S rRNA gene sequencing  

2.3.2.1. Genomic DNA extraction  
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Bacterial isolates were grown on nutrient agar plate and incubated at room temperature for 24 

hrs Bacterial DNA was extracted using protocol described in Sambrook et al. (1989). Isolated 

colonies were scrapped from agar plate and suspended in 200 µl of sterile 1x TE buffer 

(Annexure I), to which 20 µl of lysozyme (Annexure I) was added and incubated for 60 min at 

37 ˚C. This mixture was mixed every 10 min. To this, 30 µl of 10 % SDS was added and 

incubated at 60 ˚C for 15 min. Then equal volume of phenol:chloroform (25:25) was added, 

followed by centrifugation at 12000 rpm for 10 min (this step was repeated for better results). 

The aqueous layer formed at the top after centrifugation, was transferred to a fresh tube and 

equal volume of chloroform:isoamylalcohol (24:1) was added, followed by centrifugation at 

12000 rpm for 10 min. Again the aqueous layer was transferred in a fresh tube and 1/10
th

 and 

0.6 volume of sodium acetate and chilled propanol, respectively were added. This was 

centrifuged at 12000 rpm for 10 min. The supernatant was discarded, followed by re-

suspending the tube with 1ml of 70 % chilled ethanol. This was again centrifuged at 12000 

rpm for 10 min and supernatant was discarded. The tube was allowed to air dry and re-

suspended with 20 µl sterile 1x TE buffer (Annexure I) (kept at -20 ˚C). The precipitated 

DNA was quantified using Nanodrop 2000c (Thermo Scientific, USA). The 260/280 ratio was 

recorded and purity as well as concentration of the obtained DNA was checked. 

2.3.2.2. PCR amplification of 16S rRNA gene  

Genomic DNA of bacterial isolates was used as templates. Gene of 16S rRNA was amplified 

using the bacterial universal primers, i.e. 11F- 5’-GTTTGATCCTGGCTCAG-3’ and 1391R- 

5’- ACGGGCGGTGTGTNC-3’ (Turner et al., 1999).  The specificity of the primer binding 

was optimized by using different annealing temperatures ranging from 51 to 62 ˚C. The 

reaction mixture contained 1 µl of DNA template, 1.5 µl of each forward and reverse primer, 

15 µl of master mix and 11 µl of nuclease free water. The total volume of reaction mixture is 

30 µl (Annexure I). The conditions to run PCR was set, 94 ˚C for 3 min for initial denaturation 

followed by 35 cycles, 94 ˚C for 1 min for denaturation, annealing temperature ranged from 

51 - 62 ˚C (differ according to bacterial isolates), 72 ˚C for 2 min for extension and 72 ˚C for 

5 mins for final extension. The PCR reaction was run on BIO-RAD T100
TM

 Thermal cycler.  

For the detection of the PCR product 1 % agarose gel stained with ethidium bromide solution 

was used (Sambrook et al., 1989). Ladder of 500 bp was run along with the samples on gel 
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electrophoresis to determine the size of the PCR product.  The conditions used to run the gel 

was 80 V for approximately 20 min. The gel was visualized and recorded under UV light in 

Gel documentation unit, Syngene G:BOX , BIO-RAD. The samples which showed desired 

approximately 1.4 kilo base (kb) band were considered as amplified 16S rRNA gene (Figure 

1.1). The PCR product was purified using a QIAquick PCR purification kit and sent for 

Sanger’s sequencing at SciGenome (Kochin) and Eurofins (Bangalore) companies. Obtained 

sequences were tried and overlap region was removed manually as well as using BioEdit 

software. The sequences were stitched together and processed further. 

2.3.2.3. Bioinformatics  

The sequences were compared in the NCBI nucleotide database using BLAST.  Sequences 

from database for type species were used to align with the sequence of isolates. Phylogenetic 

tree was constructed using MEGA software. The sequences of each of the isolate were 

submitted to NCBI GenBank and accession numbers for the same were obtained.  

2.4. Diversity analysis 

The relative abundance of pigmented bacteria on genera level taxon of each dune were 

observed. Krona chart was constructed. Species dominance, alpha diversity indices (Shannon), 

Pielou’s evenness (J’), Margalef’s species richness were calculated using Paleontological 

statistical software [PAST version 3.25] (Haer et al. 2001). Venn diagrams were constructed 

to study the exclusively and commonly found phyla, classes, genera, and species among the 

four dunes. 

3. Results  

3.1. Sampling  

Keri beach has Embryo, Fore, Gray and Mature dune (Fig. 2.1). Embryo dune is a nude zone 

without any vegetation. One non-rhizospheric sample was obtained from Embryo dune. 

Predominant vegetation found at Fore dunes were Ipomoe-pes-caprea, Clerodendrum inerma 

and Casuarina equisetifolia (Fig. 2.1). Gray dune has Spinifex littoreus, Gomphrena globosa 

and Acrocephalus capitatus (Fig. 2.2). Mature dune was having Anacardium occidentale (Fig. 

2.1). Five samples obtained from fore dune, out of which one sample was from non-

rhizosphere and 4 are from rhizosphere. Total of 6 sand samples were obtained from Gray 
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dune, out of which two were non-rhizosphere and 4 were rhizosphere. One rhizospheric 

sample from Anacardium occidentale was obtained from Mature dune. Table 2.1 is showing 

the complete list of sample collection from Keri, beach along with their respective 

temperature and pH. The temperature of the sand samples ranged from 23 to 29 ℃ (Table 

2.1). The pH of the sample suspension ranged from 5.59 to 6.70.   

 

Fig. 2.1 Graphical representation of sampling sites and obtained isolates 
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Fig. 2.2 Vegetation found at Fore dune in Keri beach Goa 
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Table 2.1 Characteristics of sand samples collected from CSD of Keri beach, Goa, India  

Sr. 

No. 
Sample Zone Dune 

Temperature 

(⁰C) 
pH 

1 Keri 1 Non-rhizosphre Embryo 24.0 6.38 

2 Keri 2 Non-rhizophere Fore 23.0 6.70 

3 Keri 3 Rhizosphere of Anacardium occidentale Mature 28.2 5.71 

4 Keri 4 Non rhizosphere Gray 29.0 5.79 

5 Keri 5 Non-rhizosphere Gray 29.0 5.61 

6 Keri 6 Rhizosphere of Gomphrena globosa Gray 29.0 5.67 

7 Keri 7 Rhizosphere of Spinifex littores Gray 27.0 6.12 

8 Keri 8 Rhizosphere of Acrocephalus capitatus Gray 28.0 6.25 

9 Keri 9 Rhizosphere of Gomphrena globosa Gray 27.0 5.83 

10 Keri 10 Rhizosphere of Casuarina equisetifolia Fore 28.0 6.15 

11 Keri 11 Rhizosphere of Ipomoe pes-caprea Fore 27.8 6.23 

12 Keri 12 Rhizosphere of Casuarina equisetifolia Fore 27.0 5.59 

13 Keri 13 Rhizosphere of Launaea nudicaulis Fore 27.2 6.17 

 

3.2. Microbial analysis  

The sand sample suspensions were plated onto seven bacteriological media and the total 

viable count of the heterotrophic bacteria was noted. The highest total viable count was seen 

on M1 agar from Keri 13 which is a rhizosphere sample collected from Casuarina 

equisetifolia ranging from 10
6
 - 10

7 
cfu/gm (Fig. 2.3). The rest of the samples showed viable 

count ranging from 10
4
 - 10

6 
cfu/gm on R2A, ZMA, NA, BA, M1 and KB agars (Fig. 2.3). 

Lowest count in the range of 10
3 

- 10
4
 cfu/gm was observed on PPYG agar (Fig. 2.3). 

However, no count was obtained from sample Keri 6 and Keri 8 on PPYG agar. The 

pigmented bacteria took 48 to 72 hrs to grow and show pigments. Pigmented colonies were 

purified and kept on slants of respective media at 4 ⁰C. Total of two hundred and fifty 

pigmented bacterial isolates were obtained from these samples. From Embryo, Fore, Gray and 

Mature dunes 16, 128, 94 and 12 isolates were obtained, respectively (Table 2.2). Eight 

different colors of pigments were recorded, with majority of the isolates being yellow (150) 

pigmented, followed by orange (50), pink (30), red (8), cream (5), brown (4), black (2) and 

lastly blue (1) (Fig. 2.4). Most pigmented colonies were observed on Bannett’s agar, followed 

by R2A agar (Table 2.2). Figure 2.5 shows a representative pigmented bacterial isolates 

obtained from CSD during current study. 
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Fig. 2.3 Heterotrophic bacterial count on different media namely, A) Zobell’s marine agar 

(ZMA), B) Nutrient agar (NA), C) Resonance 2 agar (R2A), D) Bannett’s agar (BA), E) 

King’s B agar (KB), F) M1 agar (M1) and G) Polypeptone yeast extract glucose agar (PPYG), 

from the sand samples of CSD Keri beach, Goa [Key: TVC – Total Viable Count] 
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Table 2.2 Total number of isolates obtained from thirteen different sand samples and seven 

different 

Sand Samples R2A BA NA KB ZMA PPYG M1 Total 

Keri 1 - 6 2 3 4 - 1 16 

Keri 2 - 14 6 3 2 4 7 36 

Keri 3 4 5 1 1 - 1 - 12 

Keri 4 11 5 3 3 - - 2 24 

Keri 5 - 1 6 - - 2 - 9 

Keri 6 - 3 2 - - - - 5 

Keri 7 3 1 3 - 6 2 - 15 

Keri 8 5 - 2 2 1 - 5 15 

Keri 9 6 5 5 1 6 - 3 26 

Keri 10 - 2 1 2 - - - 5 

Keri 11 7 2 - - 4 3 6 22 

Keri 12 2 5 - 4 - - - 11 

Keri 13 7 13 4 13 2 3 11 53 

Total 45 62 35 32 25 15 35 250 

Note: (-) indicates no pigmented bacterial isolates found within 72hrs 

 

 

Fig. 2.4 Distribution of pigmented bacterial isolates obtained from CSD, Keri beach-Goa on 

basis of their color 
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Fig. 2.5 Representative pigment producing isolates obtained from CSD Keri beach Goa-India 

3.3. Characterization of bacterial and actinobacterial isolates 

3.3.1. Colony features  

Colony characteristics of bacterial isolates are given in the Table 2.3. All the isolates were 

pigmented, out of 250, majority isolates i.e. 150 were yellow, followed by orange (50), pink 

(30), red (8), cream (5), brown (4), black (2) and blue (1) (Fig. 2.4). Additional colony 

features such as aerial and substrate mycelial pigments of isolates expected as actinobacteria 

based on their colony morphology were recorded in Table 2.4. 
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Tables 2.3 Colony characteristics of bacterial isolates obtained from all four dunes 

 
 

Isolates Color 
Size 

(mm) 
Shape Elevation Opacity Margin Consistency 

Gram’s character 

Dune KOH 

test 
Gram’s staining 

Embryo 

K1NRBAO001 Orange <1 Round Raised Opaque Entire Rough  -ve  -ve, cocci bunches 

K1NRBAO005 Orange 2 Round Raised Translucent Entire Smooth  +ve  +ve, cocci 

K1NRBAO006 Orange 4 Round Raised Opaque Entire Smooth  +ve  +ve, cocci 

K1NRBAY002 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve, cocci (tetrads) 

K1NRBAY003 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K1NRBAY004 Yellow 4 Round Raised Opaque Irregular Rough  +ve  +ve filamentous 

K1NRKBO001 Orange 1 Round Raised Opaque Entire Smooth  –ve  +ve cocci (tetrad) 

K1NRKBY002 Yellow 1 Round Raised translucent Entire Smooth  +ve  -ve cocci 

K1NRKBO003 Orange 4 Round Raised Opaque Entire Smooth  +ve  +ve cocci chains 

K1NRM1O001 Orange 1 Round Raised Opaque Entire Smooth  –ve  -ve short rods 

K1NRNAY001 Yellow 3 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

K1NRNAY002 Yellow 3 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

K1NRNAY003 Yellow 2 Round Raised Opaque Entire Rough  +ve  +ve short rods 

K1NRNAY004 Yellow <1 Round Raised Opaque Entire Smooth  +ve  +ve cocci bunches 

K1NRZMABr002 Brown 3 Round Flat Opaque Entire Rough  +ve  +ve filamentous 

K1NRZMAY001 Yellow 7 Round Flat Opaque Irregular Smooth  +ve  +ve cocci 

K1NRZMAY002 Yellow 9 Round Flat Opaque Entire Rough  +ve  +ve cocci 

K1NRZMAY004 Yellow 8 Round Raised Translucent Entire Smooth  +ve  +ve long rods chain 

Keys: mm (milimeter), +ve positive (Gram positive), -ve positive (Gram negative) 
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Tables 2.3 Colony characteristics of bacterial isolates obtained from all four dunes (cont.) 

 

Dune Isolates Color 
Size 

(mm) 
Shape Elevation Opacity Margin Consistency 

Gram’s character 

KOH test Gram’s staining 

Fore 

K2NRKBY004 Yellow 4 Round Flat Opaque Irregular Rough  +ve  +ve rods 

K2NRKBY005 Yellow 1 Round Raised Opaque Entire Rough  +ve  +ve rods 

K2NRM1O002 Orange 3 Round Raised Translucent Entire Smooth  +ve  +ve rods 

K2NRM1O004 Orange 3 Round Raised Opaque Entire Rough  +ve  +ve cocci 

K2NRM1Y001 Yellow 4 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K2NRM1Y003 Yellow 2 Round Raised Opaque Entire Smooth  -ve  -ve cocci bunches 

K2NRM1Y005 Yellow 4 Round Flat Opaque Entire Smooth  +ve  +ve cocci 

K2NRM1Y006 Yellow 3 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K2NRM1Y007 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci bunches 

K2NRNAO001 Orange <1 Round Raised Translucent Entire Smooth  +ve  +ve short rods 

K2NRNAO001a Orange 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K2NRNAO002 Orange 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K2NRNAR003 Red 3 Round Raised Opaque Irregular Smooth  +ve  +ve long rods 

K2NRNAR004 Red 4 Round Raised Opaque Entire Smooth  +ve  +ve long rods 

K2NRNAR005 Red 2 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K2NRNAY006 Yellow 3 Round Raised Translucent Entire Smooth  +ve  +ve long rods 

K2NRPPYGO003 Orange 2 Round Raised Opaque Irregular Smooth  +ve  +ve long rods 

K2NRPPYGY001 Yellow 3 Round Raised Opaque Irregular Smooth  +ve  +ve rods 

K2NRZMAY001 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

Mature 

K3AsBAP008 Pink 2 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K3AsBAP009 Pink 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci bunches 

K3AsBAY003 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve long rods 

K3AsBAY006 Yellow <1 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

Keys: mm (milimeter), +ve positive (Gram positive), -ve positive (Gram negative) 
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Tables 2.3 Colony characteristics of bacterial isolates obtained from all four dunes (cont.) 

 

Dune Isolates Color 
Size 

(mm) 
Shape Elevation Opacity Margin Consistency 

Gram’s character 

KOH test Gram’s staining 

Mature 

K3AsBAY002 Yellow 1 Round Raised Opaque Entire Smooth  +ve 
 +ve thread 

formation 

K3AsBAY004 Yellow 4 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K3AsKBO002 Orange 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K3AsKBY005 Yellow 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K3AsNAO001 Orange 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K3AsNAO001a Orange 1 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K3AsNAO001b Orange 2 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K3AsNAO001bi Orange 1 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K3AsPPYGP001 Pink 1 Circular Raised Translucent Entire Smooth  +ve +ve cocci 

K3AsPPYGY001 Yellow 1 Circular Raised Opaque Entire Smooth  -ve -ve, rods 

K3AsPPYGY001a Yellow 2 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K3AsR2AO001 Orange 3 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K3AsR2AY002 Yellow 1 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K3AsR2AY002a Yellow 1 Circular Raised Translucent Entire Smooth  +ve +ve cocci 

K3AsR2AY003 Yellow 3 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

Gray 

K4NRM1O001 Orange 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K4NRBAY001 Yellow 1 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K4NRBAY002 Yellow <1 Round Raised Opaque Entire Rough  -ve  -ve cocci bunches 

K4NRBAY004 Yellow 2 Round Raised Translucent Entire Smooth  +ve  +ve cocci 

K4NRBAP005 Pink 4 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K4NRKBO002 Orange 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci (tetrads) 

K4NRKBY001 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K4NRKBY003 Yellow 4 Round Raised Opaque Irregular Rough  +ve  +ve filamentous 

Keys: mm (milimeter), +ve positive (Gram positive), -ve positive (Gram negative) 
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Tables 2.3 Colony characteristics of bacterial isolates obtained from all four dunes (cont.) 

 

Dune Isolates Color 
Size 

(mm) 
Shape Elevation Opacity Margin Consistency 

Gram’s character 

KOH test Gram’s staining 

Gray 

K4NRNAY003 Yellow 1 Round Raised Opaque Entire Smooth  –ve  +ve cocci (tetrad) 

K4NRNAY004 Yellow 1 Round raised translucent Entire Smooth  +ve  -ve cocci 

K4NRNAY007 Yellow 4 Round Raised Opaque Entire Smooth  +ve  +ve cocci chains 

K4NRNAY008 Yellow 1 Round Raised Opaque Entire Smooth  –ve  -ve short rods 

K4NRR2AP007 Pink 3 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

K4NRR2AP009 Pink 3 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

K4NRR2AY001 Yellow 2 Round Raised Opaque Entire Rough  +ve  +ve short rods 

K4NRR2AY002 Yellow <1 Round Raised Opaque Entire Smooth  +ve  +ve cocci bunches 

K4NRR2AY004 Yellow 3 Round Flat Opaque Entire Rough  +ve  +ve filamentous 

K4NRR2AY008 Yellow 7 Round Flat Opaque Irregular Smooth  +ve  +ve cocci 

K4NRR2AY011 Yellow 9 Round Flat Opaque Entire Rough  +ve  +ve cocci 

K4NRR2AY014 Yellow 8 Round Raised Translucent Entire Smooth  +ve  +ve long rods chain 

K4NRR2AY017 Yellow 2 oval Raised Opaque Entire Smooth  +ve  +ve cocci 

K4NRR2AY018 Yellow 2 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K4NRR2AY019 Yellow 2 Round Raised Opaque Entire Smooth  -ve  -ve cocci 

K5NRNAY001 Yellow 4 Round Raised Translucent Entire Smooth  +ve  +ve cocci 

K5NRNAY002 Yellow <1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K5NRNAY004 Yellow <1 Round Raised Opaque Entire Smooth  +ve  +ve cocci in chains 

K5NRNAY005 Yellow 1 Round Raised Translucent Entire Smooth  -ve  -ve cocci 

K5NRNAY006 Yellow 5 Round Raised Opaque Irregular Rough  -ve  -ve rods 

K5NRNAY007 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K5NRPPYGP001 Pink 2 Round Raised Translucent Entire Smooth  +ve  +ve cocci bunches 

K5NRPPYGP001b Pink 6 Round Raised Translucent Entire Smooth  +ve  +ve cocci 

Keys: mm (milimeter), +ve positive (Gram positive), -ve positive (Gram negative) 
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Tables 2.3 Colony characteristics of bacterial isolates obtained from all four dunes (cont.) 

 

Dune Isolates Color 
Size 

(mm) 
Shape Elevation Opacity Margin Consistency 

Gram’s character 

KOH test Gram’s staining 

Gray 

K5NRPPYGP003 Pink 3 Oval Raised Translucent Entire Smooth  -ve  -ve rods 

K5NRBAY001 Yellow 6 Round Flat Translucent Irregular Smooth  +ve  +ve cocci 

K6BAY001 Yellow 2 Round Flat Translucent Irregular Smooth  +ve  +ve cocci 

K6BAP002 Pink 5 Oval Raised Opaque Irregular Smooth  +ve  +ve rods 

K6BAP003 Pink 3 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K6BAP005 Pink 2 Round Raised Translucent Entire Smooth  +ve  +ve short rods 

K6NAO001 Orange 2 Round Raised Opaque Entire Smooth  -ve  -ve short rods 

K6NAO003 Orange 4 Oval Raised Opaque Entire Smooth  +ve  +ve rods 

K7SpNAY001 Yellow 2 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

K7SpNAY003 Yellow 10 oval Raised Opaque Irregular Smooth  +ve  +ve short rods 

K7SpNABr005 Brown 5 Round Flat Opaque Entire Rough  +ve  +ve rods 

K7SpR2AP001 Pink 4 Round Flat Opaque Irregular Rough  +ve  +ve rods 

K7SpR2ABl001 Black 1 Round Raised Opaque Entire Rough  +ve  +ve rods 

K7SpR2AY002  Yellow 3 Round Raised Translucent Entire Smooth  +ve  +ve rods 

K7SpZMAO002 Orange 3 Round Raised Opaque Entire Rough  +ve  +ve cocci 

K7SpZMAP003 Pink 4 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K7SpZMAY001 Yellow 2 Round Raised Opaque Entire Smooth  -ve  -ve cocci bunches 

K7SpZMAY004 Yellow 4 Round Flat Opaque Entire Smooth  +ve  +ve cocci 

K7SpZMAY005 Yellow 3 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K7SpZMAY008 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci bunches 

K7SpZMAP009 Pink <1 Round Raised Translucent Entire Smooth  +ve  +ve short rods 

K7SpBAY001 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K7SpPPYGO001 Orange 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

Keys: mm (milimeter), +ve positive (Gram positive), -ve positive (Gram negative) 
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Tables 2.3 Colony characteristics of bacterial isolates obtained from all four dunes (cont.) 

 

Dune Isolates Color 
Size 

(mm) 
Shape Elevation Opacity Margin Consistency 

Gram’s character 

KOH test Gram’s staining 

Gray 

K7SpPPYGO003 Orange 3 Round Raised Opaque Irregular Smooth  +ve  +ve long rods 

K8AcM1O001 Orange 4 Round Raised Opaque Entire Smooth  +ve  +ve long rods 

K8AcM1Y002 Yellow 2 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K8AcM1Y003 Yellow 3 Round Raised Translucent Entire Smooth  +ve  +ve long rods 

K8AcM1Y004 Yellow 2 Round Raised Opaque Irregular Smooth  +ve  +ve long rods 

K8AcM1Y005 Yellow 3 Round Raised Opaque Irregular Smooth  +ve  +ve rods 

K8AcNAY001 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K8AcNAY002 Yellow 2 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K8AcKBP001 Pink 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci bunches 

K8AcKBY002 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve long rods 

K8AcR2AY001 Yellow <1 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

K8AcR2AY002 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve thread formation 

K8AcR2AY003 Yellow 4 Circular Raised Opaque Entire Smooth  +ve Gram positive, rods 

K8AcR2AY004 Yellow 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K8AcR2AY005 Yellow 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K8AcZMAY001 Yellow 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K9RKBY001 Yellow 1 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K9RBAP003 Pink 2 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K9RBAY005 Yellow 1 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K9RBAY009 Yellow 1 Circular Raised Translucent Entire Smooth  +ve +ve cocci 

K9RBAY010 Yellow 1 Circular Raised Opaque Entire Smooth  -ve -ve, rods 

K9RM1O001 Orange 2 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K9RM1O002 Orange 3 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

Keys: mm (milimeter), +ve positive (Gram positive), -ve positive (Gram negative) 
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Tables 2.3 Colony characteristics of bacterial isolates obtained from all four dunes (cont.) 

 

Dunes Isolates Color 
Size 

(mm) 
Shape Elevation Opacity Margin Consistency 

Gram’s character 

KOH test Gram’s staining 

Gray 

K9RM1O003 Orange 1 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K9RM1Y001a Yellow 1 Circular Raised Translucent Entire Smooth  +ve +ve cocci 

K9RNABl004 Black 3 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K9RNAY007 Yellow 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K9RR2AY001 Yellow 1 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K9RR2AY002 Yellow <1 Round Raised Opaque Entire Rough  -ve  -ve cocci bunches 

K9RR2AY003 Yellow 2 Round Raised Translucent Entire Smooth  +ve  +ve cocci 

K9RR2AY004 Yellow 4 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K9RR2AY005 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci (tetrads) 

K9RZMAC005 Cream 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K9RZMAO001 Orange 4 Round Raised Opaque Irregular Rough  +ve  +ve filamentous 

K9RZMAP006 Pink 1 Round Raised Opaque Entire Smooth  –ve  +ve cocci (tetrad) 

K9RZMAY002 Yellow 1 Round raised translucent Entire Smooth  +ve  -ve cocci 

K9RZMAY003 Yellow 4 Round Raised Opaque Entire Smooth  +ve  +ve cocci in chains 

K9RZMAY004 Yellow 1 Round Raised Opaque Entire Smooth  –ve  -ve short rods 

K9RZMAY005 Yellow 3 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

K9RZMAY006 Yellow 3 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

Fore 

K10BAB001 Black 2 Round Raised Opaque Entire Rough  +ve  +ve short rods 

K10KBY001 Yellow <1 Round Raised Opaque Entire Smooth  +ve  +ve cocci in bunches 

K10KBY002 Yellow 3 Round Flat Opaque Entire Rough  +ve  +ve filamentous 

K10NAY001 Yellow 7 Round Flat Opaque Irregular Smooth  +ve  +ve cocci 

K11IcBAY002 Yellow 9 Round Flat Opaque Entire Rough  +ve  +ve cocci 

K11IcM1O003 Orange 8 Round Raised Translucent Entire Smooth  +ve  +ve long rods chain 

K11IcM1P004 Pink 2 oval Raised Opaque Entire Smooth  +ve  +ve cocci 

Keys: mm (milimeter), +ve positive (Gram positive), -ve positive (Gram negative) 
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Tables 2.3 Colony characteristics of bacterial isolates obtained from all four dunes (cont.) 

 

Dune Isolates Color 
Size 

(mm) 
Shape Elevation Opacity Margin Consistency 

Gram’s character 

KOH test Gram’s staining 

Fore 

K11IcM1P005 Pink 2 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K11IcM1Y002 Yellow 2 Round Raised Opaque Entire Smooth  -ve  -ve cocci 

K11IcNAY001 Yellow 4 Round Raised Translucent Entire Smooth  +ve  +ve cocci 

K11IcPPYGO001 Orange <1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K11IcPPYGO002 Orange <1 Round Raised Opaque Entire Smooth  +ve  +ve cocci chains 

K11IcPPYGO003 Orange 1 Round Raised Translucent Entire Smooth  -ve  -ve cocci 

K11IcR2AP006 Pink 5 Round Raised Opaque Irregular Rough  -ve  -ve rods 

K11IcR2AY001 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K11IcR2AY002 Yellow 2 Round Raised Translucent Entire Smooth  +ve  +ve cocci bunches 

K11IcR2AY003 Yellow 6 Round Raised Translucent Entire Smooth  +ve  +ve cocci 

K11IcR2AY004 Yellow 3 Oval Raised Translucent Entire Smooth  -ve  -ve rods 

K11IcR2AY007 Yellow 6 Round Flat Translucent Irregular Smooth  +ve  +ve cocci 

K11IcZMAC003 Cream 2 Round Flat Translucent Irregular Smooth  +ve  +ve cocci 

K11IcZMAO001 Orange 5 Oval Raised Opaque Irregular Smooth  +ve  +ve rods 

K11IcZMAO002 Orange 3 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K11IcZMAO004 Orange 2 Round Raised Translucent Entire Smooth  +ve  +ve short rods 

K12CqBAY001 Yellow 2 Round Raised Opaque Entire Smooth  -ve  -ve short rods 

K12CqBAY002 Yellow 4 Oval Raised Opaque Entire Smooth  +ve  +ve rods 

K12CqBAY004 Yellow 2 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

K12CqBAY003 Yellow 10 oval Raised Opaque Irregular Smooth  +ve  +ve short rods 

K12CqBAY005 Yellow 5 Round Flat Opaque Entire Rough  +ve  +ve rods 

K12CqKBY004 Yellow 4 Round Flat Opaque Irregular Rough  +ve  +ve rods 

K12CqKBO001 Orange 1 Round Raised Opaque Entire Rough  +ve  +ve rods 

Keys: mm (milimeter), +ve positive (Gram positive), -ve positive (Gram negative) 
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Tables 2.3 Colony characteristics of bacterial isolates obtained from all four dunes (cont.) 

 

Dune Isolates Color 
Size 

(mm) 
Shape Elevation Opacity Margin Consistency 

Gram’s character 

KOH test Gram’s staining 

Fore 

K12CqKBY003 Yellow 3 Round Raised Translucent Entire Smooth  +ve  +ve rods 

K12CqKBO002 Orange 3 Round Raised Opaque Entire Rough  +ve  +ve cocci 

K12CqR2AP001 Pink 4 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K12CqR2AP005 Pink 2 Round Raised Opaque Entire Smooth  -ve  -ve cocci bunches 

K13BAO003 Orange 4 Round Flat Opaque Entire Smooth  +ve  +ve cocci 

K13BAO009 Orange 3 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K13BAO010 Orange 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci bunches 

K13BAY001 Yellow <1 Round Raised Translucent Entire Smooth  +ve  +ve short rods 

K13BAY001b Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K13BAY006 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K13BAY007 Yellow 3 Round Raised Opaque Irregular Smooth  +ve  +ve long rods 

K13BAY007a Yellow 4 Round Raised Opaque Entire Smooth  +ve  +ve long rods 

K13BAY008 Yellow 2 Round Raised Opaque Entire Smooth  +ve  +ve rods 

K13KBW010 White 3 Round Raised Translucent Entire Smooth  +ve  +ve long rods 

K13KBO002 Orange 2 Round Raised Opaque Irregular Smooth  +ve  +ve long rods 

K13KBO009b Orange 3 Round Raised Opaque Irregular Smooth  +ve  +ve rods 

K13KBO011 Orange 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K13KBY001 Yellow 2 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K13KBY006 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci bunches 

K13KBY007 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve long rods 

K13KBY008 Yellow <1 Round Raised Opaque Entire Smooth  +ve  +ve short rods 

K13M1C006 Cream 1 Round Raised Opaque Entire Smooth  +ve  +ve thread formation 

K13M1P002 Pink 4 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

Keys: mm (milimeter), +ve positive (Gram positive), -ve positive (Gram negative) 
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Tables 2.3 Colony characteristics of bacterial isolates obtained from all four dunes (cont.) 

Dune Isolates Color 
Size 

(mm) 
Shape Elevation Opacity Margin Consistency 

Gram’s character 

KOH test Gram’s staining 

Fore 

K13M1Y001 Yellow 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K13M1Y002 Yellow 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K13M1Y003 Yellow 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K13M1Y007 Yellow 1 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K13M1Y008 Yellow 2 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K13M1Y009 Yellow 1 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K13M1Y010 Yellow 1 Circular Raised Translucent Entire Smooth  +ve +ve cocci 

K13M1Y011 Yellow 1 Circular Raised Opaque Entire Smooth  -ve +ve, rods 

K13NAY001 Yellow 2 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K13NAY002 Yellow 3 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K13NAY003 Yellow 1 Circular Raised Opaque Entire Smooth  +ve +ve cocci 

K13NAY003a Yellow 1 Circular Raised Translucent Entire Smooth  +ve +ve cocci 

K13PPYGO002 Orange 3 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K13PPYGO003 Orange 1 Circular Raised Opaque Entire Smooth  -ve -ve rods 

K13PPYGY001 Yellow 1 Circular Raised Opaque Entire Smooth  +ve +ve, rods 

K13PPYGY001a Yellow <1 Round Raised Opaque Entire Rough  -ve  -ve cocci bunches 

K13PPYGY001b Yellow 2 Round Raised Translucent Entire Smooth  +ve  +ve cocci 

K13PPYGY001c Yellow 4 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K13R2AY001 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci (tetrads) 

K13R2AY003 Yellow 1 Round Raised Opaque Entire Smooth  +ve  +ve cocci 

K13R2AY004 Yellow 4 Round Raised Opaque Irregular Rough  +ve  +ve filamentous 

K13R2AY005 Yellow 1 Round Raised Opaque Entire Smooth  –ve  +ve cocci (tetrad) 

K13R2AY005a Yellow 1 Round raised translucent Entire Smooth  +ve  -ve cocci 

K13ZMAC001 Cream 4 Round Raised Opaque Entire Smooth  +ve  +ve cocci in chains 

K13ZMAC001a Cream 1 Round Raised Opaque Entire Smooth  –ve  -ve short rods 

Keys: mm (milimeter), +ve positive (Gram positive), -ve positive (Gram negative) 
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Table 2.4 Colony characteristics of actinobacterial isolates 

Dune Isolates 
Medi

a 

Size 

(mm) 
Shape Margin Elevation Consistency EP 

Mycelium pigment 

Aerial  Substrate 

Embryo K1NRBAY002 BA 1 W Entire Convex Powdery N Light yellow Dark yellow 

Fore 

K2NRKBY005 KB 2 W Wavy Hilly Powdery N Gray Gray 

K2NRBAY011 BA 5 W Wavy Hilly Dry N White Yellow 

K2NRBAW008 BA 2 W Entire Hilly Cottony N White Cream 

K2NRBAB001 BA 2 R Wavy Raised Dry Y Black Black 

Gray 

K4NRBAP006 BA 2 W Wavy Hilly Dry N Orange Red Orange Red 

K4NRR2AP007 R2A 4 W Wavy Hilly Dry N Orange Red Orange Red 

K5NRR2AY001 R2A 2 R Smooth Convex Dry Y Yellow Yellow 

K5NRR2AP002 R2A 3 R Smooth Convex Dry N Pale Pink Pale Pink 

K5NRBAP003 BA 2 W Wavy Hilly Dry N Pink Pink 

K5NRBAY001 BA 4 R Woolly Convex Dry N White Cream Yellow 

K6BAY001 BA 3 R Entire Hilly Cottony N White Gray 

K6BAP002 BA 2 W Wavy Hilly Dry N Light Pink Cream Yellow 

K6BAY003 BA 6 W Wavy Hilly Cottony N White Yellow 

K7SpR2ABl001 R2A 4 R Entire raised Leathery N Black Black 

K7SpNAY002 NA 3 W Wavy Hilly Dry N Pale Yellow Pale Yellow 

K7SpR2AP001 R2A 4 W Wavy Hilly Dry N Dark Pink Dark Pink 

K7SpR2AY002 R2A 2 R Entire Convex Cottony Y White Cream Yellow 

K9M1Or003 M1 4 W Entire Hilly Dry N Orange pink Peach 

Fore 

K10KBY002 KB 10 W Wavy Hilly Dry N Cream Cream 

K10BABr001 BA 5 W Wavy Hilly Dry N Brown Cream 

K13KBW010 KB 3 R Entire Convex Dry N White White 

K13BAY007a BA 2 R Entire Flat Dry N Pink Pink 

K13BAOr003 BA 5 W Wavy Hilly Cottony Y Purple Purple 

Keys: Zobell's marine agar (ZMA), Nutrient agar (NA), Resonance 2 agar (R2A), Bannett's agar (BA), King's B agar (KB), M1 

agar (M1), EP (Extracellular pient), N (No), Y (Yes), W (Wrinkled), R (Round), Note: all the isolates are opaque 
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3.3.2. Gram’s characteristics 

Gram’s staining and KOH test revealed 48.82 % and 51.18 % are Gram negative and Gram 

positive bacteria, respectively (Fig 2.6). Among these, 30.59 %, 20.59 %, 22.94 % and 25.88 

% of the isolates were found to be Gram positive rods, Gram positive cocci, Gram negative 

rods and Gram negative cocci, respectively (Fig 2.6). All the actinobacterial isolates showed 

Gram positive filaments. The detailed morphology of mycelia is provided in table 2.4.      

 

Fig. 2.6 Distribution of the pigmented bacterial isolates based on their Gram’s nature and cell 

morphology 

3.3.3. Scanning Electron Microscopy  

Magnifications used for scanning electron microscopy ranged from 3,000 to 50,000 X. At 

lower magnifications (~5,000 X) the morphology of the mycelia cell was observed. The 

surface of the spores was observed at higher magnifications. Details of colony features of 

actinobacterial isolates are provided in table 2.5. SEM images of the isolates are shown in Fig. 

2.7, 2.8 & 2.9.     
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Table 2.5 Characteristics of cellular morphology of actinobacterial isolates observed under 

Scanning Electron Microscopy 

Isolate 

Mycelia 
Spores 

Shape 
Diamet

er (nm) Arrangement Shape Surface 
Size 

(nm) 

K13KBW010 Branched hyphae 899 
Spiral spore 

chain 
Cylindrical Smooth 550 

K7SpR2AY002 Branched hyphae 678 

Looped or 

retriculiaperti 

type of  spore 

chain 

Cylindrical Smooth 748 

K1NRBAY002 

Zig zag hyphae and 

Intercalary 

swellings 

625 NS NS NS NS 

K2NRKBY005 No branching  737 
Chains of 

spores 
Spherical Warty 976 

K13BAY007a Branched hyphae 718 
Attached to the 

mycelia 
Cylindrical Smooth 1100 

K2NRBAY011 # # 

Spores forming 

complex 

structure 

Oval Smooth 1800 

K13BAOr003 Highly branched 468 
Attached to the 

hyphae. 
Round Smooth 380 

K2NRBAB001 Branched hyphae 745 

Bunch of 

spores attached 

to hyphae 

Round Smooth 200 

K5NRR2AY001 Branched hyphae  678 

Spores in 

clusters 

attached to 

hyphae 

Round Smooth 200 

K5NRR2AP002 Branched hyphae 823 
Large clusters 

of spores 
Round Smooth 200 

K4NRBAP006 Long filaments # 
Spore chain 

structures 
Round Smooth 345 

K5NRBAP003 Branched hyphae  858 NS NS NS NS 

K7SpR2ABl001 Branched filaments # 
longitudinal 

pairs of spores 
Round Smooth 567 

K7SpNAY002 Branched hyphae 498 
Spores in 

clusters 
Round Smooth 878 

K7SpR2AP001 Branching hyphae 429 NS NS NS NS 

Key: D: diameter, #: Did not get proper feature or size, NS (No spore) 
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Fig. 2.7 SEM images of actinobacterial isolates, A) K13KBW010, B) K7SpR2AY002, C) 

K1NRBAY002, D) K2NRKBY005, E) K13BAY007a, F), K2NRBAY011, G) K6BAY003, 

H) K10KBY002 and I) K10BABr001 
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Fig. 2.8 SEM images of actinobacterial isolates J) K13BAOr003, K) K2NRBAB001, L) 

K5NRR2AY001, M) K5NRR2AP002, N) K4NRBAP006, O) K5NRBAP003, P) 

K7SpR2ABL001, Q) K7SpNAY002 and R) K7SpR2AP001 
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Fig. 2.9 SEM images of actinobacterial isolates S) K2NRBAW008, T) K6BAP002, U) 

K7SpR2ABL001 and V) K6RBAY001 

  

3.3.4. Identification of the isolates using 16S rRNA gene sequencing 

The genomic DNA of the isolates were successfully isolated and visualized on agarose gel. 

Figure 2.10 is a representative of the DNA band obtained during genome extraction. The 

DNA of isolates was amplified by using PCR and bacterial universal primers for 16S rRNA 

gene. The amplified product was visualized on agarose gel. Figure 2.11 is a representative of 

the band obtained after PCR amplification. The identity of 173 bacterial cultures obtained and 

their accession numbers are provided in Table 2.6 to 2.9. From Embryo dune, 10 isolates were 

identified on molecular level (Table 2.6). From Fore and Gray, 90 and 62 isolates were 

identified, respectively (Table 2.7 and 2.8). From Mature dune, 14 isolates were identified 

(Table 2.9). 
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Fig. 2.10 Agarose gel showing genomic DNA band (Lane 1: K11IcPPYGO002, lane 2: 

K13PPYGO003, lane 3: K13BAY001, lane 4: K9RR2AY004) 

 

Fig. 2.11 PCR amplification of 16S rRNA gene of isolates 

Lane 1: K11IcPPYGO002, Lane 2: K13PPYGO003, Lane 3: K13BAY001, Lane 4: 

K9RR2AY004, Lane 5: K11IcR2AY004, Lane 6: K6NAO003, Lane 7: K11IcR2AY003, 

Lane 8: K11IcR2AY002, Lane 9: K13R2AY005, Lane 10: K13R2AY003, Lane 11: 

K8AcM1Y005, Lane 12: K10BABOO1, Lane 13: K8AcM1Y004, Lane 14: K1NRBAY002, 

Lane 15: K13NAY003, Lane 16: K3AsKBY005 and Lane 17: 500bp ladder. 

 

Genomic DNA 
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Table 2.6 Identity of the Embryo dune bacterial isolates using 16S rRNA gene sequencing 

along with the number of bases and percent similarity with known species 

 

Dune Isolates Identification 
Base 

pair 

Similarity 

(%) 

Accession 

No. 

Embryo 

K1NRKBO001 Brevundimonas sp. 1208 99 MH790129 

K1NRKBO003 Brevundimonas sp. 1209 99 MH790130 

K1NRZMAO002 Bacillus marisflavi 1311 100 MH470298 

K1NRNAY001 Microbacterium sp. 1259 99 MH790135 

K1NRBAY003 Sphingomonas sp. 1233 99 MT872029 

K1NRZMAB002 
Marinobacter 

hydrocarbonoclasticus 
1297 99 MK110487 

K1NRBAO001 Brevundimonas sp. 1279 98 MW029906 

K1NRBAO005 Bacillus marisflavi 1344 99 MW029907 

K1NRNAY002 Microbacterium sp. 1371 99 MW029908 

K1NRZMAY001 Bacillus sp. 1279 98 MW029909 

 

Table 2.7 Identity of the Fore dune bacterial isolates using 16S rRNA gene sequencing along 

with the number of bases and percent similarity with known species 

Dune Isolates Identification 
Base 

pair 

Similarity 

(%) 

Accession 

No. 

Fore 

K2NRBAO001 Microbacterium hydrothermale 1260 99 MH790134 

K2NRBAO001a Microbacterium sp. 1270 99 MT872030 

K2NRBAO002 Microbacterium sp. 1071 99 MH790136 

K2NRBAO003 Acinetobacter radioresistens 1332 99 MH790137 

K2NRBAO004 Bacillus tequilensis 1291 99 MT872031 

K2NRBAP010 Bacillus sp. 1355 99 MH790138 

K2NRBAR005 Brevundimonas sp. 1212 99 MH470294 

K2NRBAW008 Streptomyces albofaciens 1276 99 MK106260 

K2NRBAY005 Streptomyces variabilis 1273 99 MK110490 

K2NRBAY005a Streptomyces variabilis 1279 99 MK110497 

K2NRBAY012 Microbacterium sp. 1279 99 MK110494 

K2NRBAY013 Aeromicrobium ponti 1276 99 MK106261 

K2NRKBO002 Lysinibacillus sp. 1355 99 MK106262 

K2NRKBO006 Lysinibacillus sp. 1278 99 MT872032 

K2NRKBO006a Domibacillus iocasae 1307 98 MK106263 

K2NRKBY004 Cellulomonas sp. 1270 99 MK106264 

K2NRKBY005 Streptomyces variabilis 1277 99 MK110496 

K2NRM1O002 Microbacterium sp. 1255 99 MT872033 
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Table 2.7 Identity of the Fore dune bacterial isolates using 16S rRNA gene sequencing along 

with the number of bases and percent similarity with known species (cont.) 

 

Dune Isolates Identification 
Base 

pair 

Similarity 

(%) 

Accession 

No. 

Fore 

K2NRM1Y001 Microbacterium sp. 1276 99 MK106265 

K2NRM1Y003 Pseudomonas azotoformans 1294 99 MT872034 

K2NRM1Y005 Stenotrophomonas maltophilia 1298 99 MK106266 

K2NRM1Y006 Alcanivorax xenomutans 1297 100 MK110491 

K2NRM1Y007 Microbacterium sp. 1281 99 MK106267 

K2NRNAO001 Microbacterium sp. 982 99 MK106268 

K2NRNAO001a Rhodococcus qingshengii 1276 99 MT872035 

K2NRNAO002 Microbacterium sp. 1280 99 MK110492 

K2NRNAY006 Alcanivorax xenomutans 1278 100 MK110493 

K2NRPPYGO003 Bacillus marisflav 1306 99 MK110494 

K2NRPPYGY001 Bacillus proteolyticus 1290 99 MK110484 

K2NRZMAY001 Micrococcus sp. 1275 99 MK106269 

K10CqBAB001 Streptomyces roseoverticillatus 1284 97 MK106309 

K10CqKBY001 Brevibacillus reuszeri 1295 99 MK106311 

K10CqKBY002 Streptomyces septatus 1361 99 MH532541 

K10CqNAY001 Lysinibacillus sp. 1377 98 MK106310 

K10CqNAY001a Lysinibacillus sp. 1293 99 MK106311 

K11IcBAY002 Mycobacterium murale 1252 99 MK106312 

K11IcM1P004 Methylobacterium sp. 1214 99 MH470296 

K11IcNAY001 Microbacterium sp. 1285 99 MK106313 

K11IcPPYGO001 Bacillus lehensis 1388 98 MH532540 

K11IcPPYGO002 Brevibacterium sp. 1370 99 MH532543 

K11IcPPYGO003 Brevibacterium sp. 1272 99 MK106314 

K11IcR2AP006 Methylobacterium sp. 1318 99 MH532544 

K11IcR2AY002 Microbacterium sp.  1290 98 MK106315 

K11IcR2AY003 Microbacterium sp. 1305 99 MH620783 

K11IcR2AY004 Chryseobacterium hagamense 1313 99 MH620785 

K11IcR2AY007 Microbacterium sp. 1370 99 MT872050 

K11IcZMAC003 Arthrobacter sp. 1239 99 MK106316 

K11IcZMAO001 Paracoccus marcusii 1211 100 MK106317 

K11IcZMAO004 Bacillus drentensis 1361 99 MK106318 

K12CqKBO002 Brevundimonas sp. 1220 99 MK106319 

K12CqR2AP001 Gordonia bronchialis 1265 99 MH464137 

K12CqR2AP005 Lysobacter enzymogenes 1298 99 MK106320 
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Table 2.7 Identity of the Fore dune bacterial isolates using 16S rRNA gene sequencing along 

with the number of bases and percent similarity with known species (cont.) 
 

Dune Isolates Identification 
Base 

pair 

Similarity 

(%) 

Accession 

No. 

Fore 

K13BAO003 Streptomyces violaceorubidus 1276 99 MK110489 

K13BAO009 Corticibacterium populi 1237 98 MK106321 

K13KBW010 Streptomyces tendae 1371 98 MH620786 

K13BAY001 Microbacterium sp. 1369 99 MH532545 

K13BAY001b Cellulosimicrobium sp. 1370 99 MH532546 

K13BAY006 Microbacterium foliorum 1260 99 MK106322 

K13BAY007 Flavobacterium hauense 1280 97 MK106323 

K13KBY001 Micrococcus  sp. 1203 99 MK106324 

K13KBY002 Pseudomonas sp. 1287 99 MT872051 

K13KBO009b Microbacterium sp. 1370 99 MH620787 

K13KBY0011 Microbacterium sp. 1274 99 MK106328 

K13KBY004 Sphingomonas desiccabilis 1229 97 MK106325 

K13KBY007 Agrococcus terreus 1370 99 MH532546 

K13KBY008 Achromobacter sp. 1267 99 MK106325 

K13KBY008a Achromobacter sp. 1290 99 MK106326 

K13M1C006 Janibacter melonis 1271 99 MK110485 

K13M1Y009 Microbacterium sp. 1278 99 MK106329 

K13M1P002 Gordonia sp. 1268 99 MK110495 

K13M1Y001 Stenotrophomonas maltophilia 1300 99 MK106330 

K13M1Y002 Microbacterium sp. 1280 99 MK106331 

K13M1Y003 Microbacterium sp. 1269 99 MK106332 

K13M1Y007 Stenotrophomonas maltophilia 1342 99 MK106333 

K13M1Y011 Paenarthrobacter sp. 1274 99 MK106334 

K13NAY001 Microbacterium sp. 1288 99 MK106335 

K13NAY002 Bacillus megaterium 1294 100 MK106336 

K13NAY003 Bacillus marisflavi 1338 100 MK106337 

K13PPYGO002 Microbacterium arborescens 1374 99 MH532547 

K13PPYGO003 Microbacterium arborescens 1375 99 MH532548 

K13PPYGY001 Cellulosimicrobium sp. 1358 99 MH532551 

K13PPYGY001a Micrococcus sp. 1370 99 MK106338 

K13PPYGY001b Cellulosimicrobium sp. 1268 99 MT872052 

K13PPYGY001c Cellulosimicrobium sp. 1265 99 MT872053 

K13R2AY003 Microbacterium sp. 1328 99 MK106339 

K13R2AY004 Microbacterium sp. 1274 99 MK106340 

K13R2AY005 Microbacterium sp. 1318 99 MK106341 
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Table 2.7 Identity of the Fore dune bacterial isolates using 16S rRNA gene sequencing along 

with the number of bases and percent similarity with known species (cont.) 
 

Dune Isolates Identification 
Base 

pair 

Similarity 

(%) 

Accession 

No. 

Fore 
K13ZMAC001 Microbacterium sp. 1272 99 MT872054 

K13M1Y008 Microbacterium sp. 1342 99 MW029916 

 

Table 2.8 Identity of the Gray dune bacterial isolates using 16S rRNA gene sequencing along 

with the number of bases and percent similarity with known species 

Dune Isolates Identification 
Base 

pair 

Similarity 

(%) 

Accession 

No. 

Gray 

K4NRBAY001 Chitinophaga eiseniae 1294 99 MK106277 

K4NRBAY004 Pantoea stewartii 1298 99 MK106278 

K4NRKBO002 Microbacterium arborescens 1247 99 MH470297 

K4NRKBY001 
Curtobacterium 

oceanosedimentum 
1271 99 MT872039 

K4NRKBY003 Lysinibacillus sp. 1321 99 MT872040 

K4NRNAY003 
Curtobacterium 

oceanosedimentum 
1268 99 MK106279 

K4NRNAY004 Lysinibacillus sp. 1296 99 MT872040 

K4NRNAY007 Bacillus marisflavi 1303 100 MK106280 

K4NRNAY008 Alcaligenes faecalis 1288 99 MT872041 

K4NRR2AY001 Pseudomonas azotoformans 1296 99 MH465500 

K4NRR2AY002 
Curtobacterium 

oceanosedimentum 
1272 99 MK106281 

K4NRR2AY008 Pseudomonas azotoformans 1291 99 MT872042 

K4NRR2AY011 Pantoea dispersa 1300 99 MK106282 

K4NRR2AY014 Microbacterium foliorum 1270 99 MK106283 

K4NRR2AY018 Brevibacillus agri 1283 99 MT872043 

K4NRR2AY019 Microbacterium foliorum 1263 99 MK106284 

K5NRBAP005 Bacillus sp. 1302 99 MK106285 

K5NRNAY001 Lysinibacillus pakistanensis 1114 99 MK106285 

K5NRNAY002 Lysinibacillus sp. 1292 99 MK110488 

K5NRNAY004 Lysinibacillus pakistanensis 1105 99 MK106286 

K5NRNAY006 Lysinibacillus sp. 1347 99 MK106287 

K5NRPPYGP001a Bacillus wiedmannii 1349 99 MK106288 

K5NRPPYGP001b Bacillus sp. 1190 99 MK106289 

K6BAP002 Bacillus infantis 1232 99 MK106290 

K6BAP003 Bacillus nakamurai 1265 99 MK106291 
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Table 2.8 Identity of the Gray dune bacterial isolates using 16S rRNA gene sequencing along 

with the number of bases and percent similarity with known species (cont.) 

Dune Isolates Identification 
Base 

pair 

Similarity 

(%) 

Accession 

No. 

Gray 

K6BAP005 Bacillus subtilis 1362 99 MK106292 

K6NAO003 Bacillus subtilis 1292 100 MK106293 

K7SpNAY001 Cronobacter turicensis 1479 99 MH620779 

K7SpNAY003 Lysinibacillus fusiformis 1112 99 MK106293 

K7SpZMAO002 Bacillus marisflavi 1304 99 MK106294 

K7SpZMAP003 Bacillus infantis 1305 99 MT872044 

K7SpZMAY001 Bacillus subtilis 1297 100 MK106295 

K7SpZMAY004 Bacillus marisflavi 1364 97 MH465050 

K7SpZMAY005 Bacillus megaterium 1301 99 MK106296 

K7SpZMAY008 Bacillus marisflavi 1298 100 MT872045 

K8AcM1Y002 Curtobacterium sp. 1188 99 MT872046 

K8AcM1Y004 Microbacterium sp. 1311 99 MK106297 

K8AcM1Y005 Microbacterium kyungheense 1298 99 MK106298 

K8AcR2AY002 Pantoea anthophila 1263 99 MT872047 

K8AcR2AY004 Pantoea anthophila 1316 98 MH620780 

K8AcR2AY004a Pantoea sp. 1424 99 MH620781 

K9BAP003 Bacillus subtilis 1297 100 MK106299 

K9BAP005 Bacillus sp. 1348 99 MK106300 

K9BAY009 Chitinophaga jiangningensis 1298 99 MT872048 

K9M1O001 Curtobacterium sp. 1356 99 MH532538 

K9M1O001a Microbacterium sp. 1270 99 MK106301 

K9M1O003 Proteus mirabilis 1296 99 MK110486 

K9NABL004 Bacillus amyloliquefaciens 1290 99 MK106302 

K9NAY007 Microbacterium paraoxydans 1250 99 MT872049 

K9R2AY001 Curtobacterium citreum 1281 99 MH470295 

K9R2AY003 Curtobacterium sp. 1274 99 MK106303 

K9R2AY004 
Sphingobacterium 

changzhouense 
1325 99 MH620782 

K9R2AY005 Chitinophaga jiangningensis 1264 97 MK106304 

K9R2AY006 Stenotrophomonas maltophilia 1291 99 MK106305 

K9ZMAY002 
Brachybacterium 

paraconglomeratum 
1321 99 MK106306 

K9ZMAC005 Arthrobacter sp. 1275 98 MH465519 

K9ZMAO001 Gordonia sp. 1298 99 MH470293 

K9ZMAP006 Bacillus tropicus 1059 99 MK106306 

K9ZMAY003 Microbacterium sp. 1284 99 MK106307 
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Table 2.8 Identity of the Gray dune bacterial isolates using 16S rRNA gene sequencing along 

with the number of bases and percent similarity with known species (cont.) 

Dune Isolates Identification 
Base 

pair 

Similarity 

(%) 

Accession 

No. 

Gray 

K9ZMAY004 Bacillus marisflavi 1312 100 MK106308 

K4NRR2AY017 Microbacterium sp. 1331 99 MW029913 

K5NRNAY007 Bacillus gibsonii 1359 99 MW029914 

 

Table 2.9 Identity of the Mature dune bacterial isolates using 16S rRNA gene sequencing 

along with the number of bases and percent similarity with known species 

Dune Isolates Identification 
Base 

pair 

Similarity 

(%) 

Accession 

No. 

Mature 

K3AsBAP009 Bacillus SP. 1350 99 MK106271 

K3AsBAP008 Bacillus wiedmannii 1345 99 MK106270 

K3AsNAO001a Paracoccus marcusii 1255 99 MK106275 

K3AsKBO002 Rhodococcus equi 1209 99 MH458927 

K3AsR2AY002a Micrococcus sp. 1273 99 MK106276 

K3AsNAO001bi Bacillus filamentosus 1294 99 MT872037 

K3AsNAO001b Paracoccus marcusii 1225 100 MT872036 

K3AsBAY003 Staphylococcus sp. 1296 99 MK106272 

K3AsKBY005 Micrococcus sp. 1308 99 MK106273 

K3AsPPYGY001a 
Microbacterium 

paraoxydans 
1269 99 MT872038 

K3AsNAO001 Bacillus filamentosus 1329 99 MK106274 

K3AsPPYGP001 
Arenibacter 

latericius 
1355 98 MW029910 

K3AsPPYGY001 Bacillus haikouensis 1377 99 MW029911 

K3AsR2AY002 Microbacterium sp. 1341 99 MW029912 

 

3.3.5. Community analysis of CSD using culturable approach  

Total of 173 pigmented bacterial strains have been identified using 16S rRNA gene 

sequencing from the coastal sand dune of Keri beach, Goa-India.  

3.3.5.1. Relative abundance at phyla level 

The identification revealed Actinobacteria to be the dominant phyla contributing 46 % of the 

bacterial strains, followed by Fermicutes, Proteobacteria and Bacteroidetes comprising of 30 
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%, 20 % and 4 %, respectively (Fig. 2.12). Embryo and Mature dunes showed presence of 3 

phyla viz. Proteobacteria, Firmicutes and Actinobacteria. Phyla Bacteroidetes was not 

obtained from Embryo and Mature dunes. Fore and Gray dunes showed presence of all 4 

phyla namely Actinobacteria, Proteobacteria, Firmicutes and Bacteroidetes.   

 

 

Fig. 2.12 Hierarchal distribution of total culturable pigmented bacterial diversity at the 

Coastal Sand Dune of Keri-Goa, India 

3.3.5.2. Relative abundance at class level  

One seventy three strains belonged to 8 different classes. The highest proportion of isolated 

belonged to Actinobacteria class contributing 46 %, followed by Bacilli (30 %), 
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Gammaproteobacteria (11 %) and alphaproteobacteria (8 %) (Fig. 2.13). Isolates belonging to 

Class Chitinophagia contributed about 2 %. Classes Betaproteobacteria, Flavobacteria and 

Sphingobacteria contributed 1 % each. 

 

Fig. 2.13 Distribution of isolates at class level  

3.3.5.3. Relative abundance at genera level 

The dominant genera observed in overall CSD were Bacillus (29 %) followed by 

Microbacterium (22 %). Curtobacterium and Streptomyces both genera was 5 % out of total. 

Strenotrophomonas, Micrococcus, Brevundimonas and Pantoea were 3 % each. Minor genera 

at overall CSD includes (less than 3 %) Flavobacterium, Chitinophaga, Achromobacter, 

Methylobacterium, Sphingomonas, Paracoccus, Pseudomonas, Alcanivorax, Brevibacterium, 

cellulosimicrobium, Gordonia, Lysobacter, Proteus, Chryseobacterium, Sphingobacterium, 

Domibacillus, Lysinibacillus, Cronobacter, Acinetobacter, Marinobacter, Staphylococcus, 

Brevibacillus, Cellulomonas, Mycobacterium, Janibacter, Rhodococcus, Aeromicrobium, 

Paenarthrobacter, Agrococcus, Corticibacterium and Arthrobacter. 

The distribution and abundance of the genera varied between each dune. Bacillus in Gray (35 

%) and Mature dune (45 %), whereas Brevundimonas (33 %) and Microbacterium (32 %) in 

Embryo and Fore dune were dominant genera (Fig. 2.14). Genera contributing 3 % or more 

were considered in major genera. In the Embryo dune, major genera obatined were 

Marinobacter, Sphingomonas, Bacillus, Brevundimonas and Microbacterium (Fig. 2.15). In 
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Fore dune, Streptomyces, Lysinibacillus, Stenotrophomonas, Bacillus, Microbacterium and 

Cellulosimicrobium were found to be major genera (Fig. 2.15). Curtobacterium, 

Microbacterium, Lysinibacillus, Chitinophaga, Pseudomonas and Pantoea were observed to 

be major genera in Gray dune (Fig. 2.15). Paracoccus, Staphylococcus, Rhodococcus, 

Microbacterium and Micrococcus were observed to be major genera at Mature dune (Fig. 

2.15). 

Genera contributing less than 3 % were considered in minor genera. Minor genera obtained 

from Fore dune are Brevibacterium, Methylobacterium, Agrococcus, Chryseobacterium, 

Micrococcus, Brevundimonas, Paracoccus, Mycobacterium, Domibacillus, Flavobacterium, 

Lysobacter, Brevibacillus, Achromobacter, Acinetobacter, Arthrobacter, Gordonia, 

Rhodococcus, Corticibacterium, Pseudomonas, Janibacter, Alcanivorax, Paenarthrobacter, 

Aeromicrobium, Sphingomonas and Cellulomonas. The proportion of minor genera from Fore 

dune is given in Fig. 2.16(A). Minor genera found from Gray dune are Sphingobacterium, 

Stenotrophomonas, Cronobacter, Brevibacillus, Arthrobacter, Gordonia, Proteus and 

Alcaligenes. The proportion of minor genera from Gray dune is provided in Fig. 2.16(B). No 

genus was found to be less than 3 % in the abundance from the Embryo and Mature dunes. 

 

Fig. 2.14 The proportion of bacterial genera in the Embryo, Fore, Gray and Mature dunes  
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Fig. 2.15 Distribution of major genera from A) Embryo, B) Fore, C) Gray and D) Mature 

dunes of CSD at Keri beach, Goa  
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Fig. 2.16 Distribution of minor genera from (A) Fore and (B) Gray dunes of CSD Keri beach, 

Goa 

3.3.6. Exclusive and common genera found among different dunes  

During the diversity study of the pigmented bacterial strains from four dunes, there were 

bacterial genera which were obtained exclusively from respective dunes. There were genera 

which were found common among dunes. A detailed Venn diagram exhibiting the exclusive 

and common genera corresponding to the different dunes is given in the figure 2.17. Genera 

Bacillus and Microbacterium were found in all the four dunes. Bacteria belonging to genera 

Chitinophaga, Pantoea, Curtobacterium, Cronobacter, Proteus and Sphingobacterium were 

exclusively found in Gray dune. Acinetobacter, Streptomyces, Aeromicrobium, Domibacillus, 

Cellulomonas, Alcanivorax, Mycobacterium, Methylobacterium, Brevibacterium, 

Chryseobacterium, Lysobacter, Corticibacterium, Flavobacterium, Agrococcus, 

Achromobacter, Janibacter, Paenarthrobacter and Cellulosimicrobium were exclusively 

found in Fore dune. The genus Marinobacter was found exclusively in the Embryo dune. 

Genus Staphylococcus was found to be exclusively in Mature dune. The genera that were 

found common between Fore and Gray dune are Lysinibacillus, Stenotrophomonas, 

Brevibacillus, Arthrobacter, Gordonia and Pseudomonas. Two genera Brevundimonas and 
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Sphingomonas were found common in Embryo and Fore dunes. Fore and Mature dunes had 

the member of genera Micrococcus and Paracoccus.        

 

Fig. 2.17 Vann diagram exhibiting the exclusive and common genera among the Embryo, 

Fore, Gray and Mature dunes of Costal Sand Dunes of Keri-Goa, India 

3.3.7. Diversity analysis of CSD 

The diversity analysis based on the bacterial abundance and distribution in the sub-dunes 

showed Shannon’s diversity index (H’loge) and Margalef’s species richness (d) to be highest 

in Fore followed by Gray, Embryo and Mature dune (Fig. 2.18). The Embryo dune has the 

maximum even distribution of the bacterial community as elucidated by Pielou’s evenness 

(J’), followed by Mature, Fore and Gray dune respectively (Fig. 2.18). 
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Fig. 2.18 Diversity index of culture based techniques (Keys- Shannon’s diversity index 

(H’loge), Margalef’s species richness (d) and Pielou’s evenness (J’)) 

2.4. Discussion  

CSD is a hostile habitat comprising of fluctuating environmental conditions and less nutrients, 

high salt spray and intense UV rays. Despite of such disturbances, the life forms inhabiting 

CSD flourishes by adapting to its conditions. CSD is reported to have several transact 

zonation. Each zone of CSD is characterized with different challenges to the living organisms. 

Pigmentation by microorganisms is known as an adaptation to survive stress environmental 

conditions (Narsing et al., 2017).  Therefore, current study focused on obtaining pigment 

producing bacteria from the 4 zones of CSD viz. Embryo, Fore, Gray and Mature dunes and 

understands their diversity.  

To determine the culturable pigmented bacterial diversity at four dunes of CSD, two hundred 

and fifty pigmented isolates were obtained from 13 different samples of Keri beach, Goa-

India. Out of which 165 were from rhizosphere and 85 from non-rhizosphere. Aureen et al. 

(2010) obtained 400 bacterial isolates from CSD of three different beaches of Goa-India and 

from the rhizosphere of two sand dune vegetation (Ipomeae pes caprae and Spinifex littoreus). 

Forty-seven isolates were obtained from rhizosphere of Ipomeae pes caprae, Canavalia and 

Spinifex littoreus from CSD of Uthandi, Chennai-India (Jayaprakashvel et al., 2014a). 
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In current study, total viable count of heterotrophic bacteria from CSD of Keri beach Goa 

ranged from 10
4
-10

6
 cfu/gm on agar media. The highest total viable count was seen on M1 

agar from Keri 13 sample of Fore dune which ranged from 10
6
 to 10

7 
cfu/gm. Alkaliphilic 

bacterial count on PPYG ranged from 10
3 

– 10
4
 cfu/gm. Jayaprakashvel et al. (2014) reported 

total viable count ranging from 10
6
 to 10

7 
cfu/gm at CSD of Chennai-India. Godinho et al. 

(2009) reported total viable count at CSD of Miramar beach, Goa-India ranging from 10
3
 – 

10
8 

cfu/gm. Prabhu et al. (2017) reported alkaliphilic bacterial count on PPYG agar ranging 

from 10
4 

– 10
6
 cfu/gm. Probandt et al. (2018) stated that a single sand grain comprise 10

4
 to 

10
5
 microbes. 

Current study obtained 250 pigment producing bacteria from 13 different sand samples from 

CSD of Keri beach Goa. Out of 250 pigmented bacteria, 175 isolates were characterized using 

16S rRNA sequencing. Among these 175 pigmented strains, Actinobacteria was found to be 

dominant phyla contributing 46 % of the bacterial strains, followed by Fermicutes, 

Proteobacteria and Bacteroidetes comprising of 30 %, 20 % and 4 %, respectively. 

Acidobacteria and Proteobacteria were found in predominance in the rhizosphere region from 

Casuarina and Hibiscus plant from CSD of Taiwan (Lin et al., 2014). In the coastal microbial 

mats of North Sea beaches Dutch, dominance of Proteobacteria, Bacteriodetes, Cyanobacteria, 

and Actinobacteria was recorded (Bolhuis and Stal, 2011).  

The dominant pigmented genera observed in current study in the overall CSD were Bacillus 

followed by Microbacterium, Curtobacterium and Streptomyces. Present study found that 

Embryo had the dominant genus Brevundimonas. Fore dune had the dominant genus 

Microbacterium. Gray and Mature dunes had the dominance of genus Bacillus. Shin et al. 

(2007) reported the predominance of Pseudomonas fluorescens in the rhizosphere at CSD of 

Tae-An, Korea. Park et al. (2005) reported the dominance of Pseudomonas, 

Chryseobacterium, and Arthrobacter in the rhizosphere of CSD plants. Lee et al. (2006) 

reported dominance of genera Chryseobacterium, Microbacterium, Pantoea, Acinetobactor, 

Agrobacterium, Bacillus, Brevibacillus and Erwinia from rhizosphere of Calystegia 

soldanella, Lanthyrus japonica, Elymus mollis, Vitex rotundifolia, Carex kobomugi, Artemisia 

fukudo, Messerchmidia sibirica, and Glehnia littoralis, respectively. From rhizospheres of 

Ipomoea-pes-caprea at CSD of Miramar-Goa, India had the presence of orange pigmented 
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bacterial species Microbacterium arborescens (Godinho et al., 2009). In the same region, 

yellow pigmented Pseudomonas aeruginosa from non-rhizosphere regions was recorded 

(Gaonkar et al., 2012).  

Embryo dune had the most evenly distributed pigmented bacterial community which was 

calculated by Pielou’s evenness (J’). Embryo is a very fragile habitat for microbial fauna due 

to constant tidal effect. Present study observed that the Shannon’s diversity index (H’loge) 

and Margalef’s species richness (d) were highest in Fore dune followed by Gray, Embryo and 

Mature dunes. Thereby indicating that, Fore dune has the most pigmented bacterial diversity 

and richness as compared to other dunes. Fore and Gray dunes are more stable dunes than 

Embryo dune. There is also a more diverse plant species in these two dunes as compared to 

other dunes (Dessai, 2000). This could facilitate the highest bacterial diversity and species 

richness in these two dunes. Current study revealed the Shannon-Weaver diversity index for 

pigmented bacteria which ranged from 1.42 to 2.6. Lee et al. (2006) reports the diversity 

indices (Shannon-Weaver) of the rhizosphere of CSD plant to be 4.91 and 4.02 of Calystegia 

soldanella and Elymus mollis, respectively. 

Diverse microorganisms from CSD contribute in restoration and functioning of the ecosystem. 

Microbes inhabiting CSD could be having various stress combating strategies such as pigment 

production, PHA accumulation, enzymes production (for conversion of nutrients into simpler 

forms) and antimicrobial compound production (for competing against limited nutrients). The 

bacterial strains from CSD have various ecological and economical importances. 

Marinobacter hydrocarbonoclasticus K1NRZMAB002 was obtained exclusively from 

Embryo dune. This species is known as extremely halotolerant and hydrocarbon-degrading 

bacterium was isolated earlier from marine source from Mediterranean seawater (Gauthier et 

al., 1992). This bacterium is also been reported to produce siderophore and biofilms (Barbeau 

et al., 2002; Grimaud et al., 2012). This bacterium could be of ecological importance in 

degrading tar balls from CSD. Alcanivorax xenomutans K2NRNAY006 found exclusively in 

Fore dune, is reported to be a alkane-degrading bacterium which was isolated from deep sea 

(Fu et al., 2018). Stenotrophomonas maltophilia strains K2NRM1Y005, K9R2AY006, 

K13M1Y001 and K13M1Y007 were obtained from Fore and Gray dunes in the current study. 

Stenotrophomonas maltophilia is known as opportunistic human pathogen and shows 
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multidrug-resistance (Brooke, 2012). Two species of Genus Chitinophaga have been found 

exclusively from Gray dune. These species includes C. jiangningensis K9R2AY005 and C. 

eiseniae K4NRBAY001. C. jiangningensis is a mineral weathering bacterium isolated from 

surface of weathered rocks from China (Wang et al., 2014). C. eiseniae was isolated from 

vermicompost in Korea (Yasir et al., 2011). In the current study, C. eiseniae is studied for its 

ability in promoting cowpeas plant growth (details in chapter 5) and could be used as bio 

fertilizers. Strains of Curtobacterium oceanosedimentum (K4NRKBY001, K4NRNAY003 

and K4NRR2AY002) were exclusively found in Gray dune in the present study. 

Curtobacterium oceanosedimentum have been studied for having antimicrobial activity 

against S. epidermidis (Durgan et al., 2017).  

EPS production by isolates is vital at CSD ecosystem, due to which aggregation of sand 

particles takes place, thereby building sand structure and facilitating nutrients and water 

retention. Bacillus marisflavi K13NAY003 obtained from Fore dune was found to be the best 

EPS producer (detail in chapter 5). Several strains of Bacillus marisflavi was found in 

Embryo, Fore and Gray dunes. The current study has checked the ability of Bacillus 

marisflavi K7SpZMAO002 for cowpea plant-growth promotion (details in chapter 5). Bacillus 

marisflavi gave promising outcome with the promoting cowpea plant in sandy soil. Bacillus 

marisflavi FA7 obtained by Prabhu et al. (2018) produced extracellular exopolyssacharide, 

alkaline phosphatase and siderophore. These are the vital contributors in making Bacillus 

marisflavi a potential biofertilizer. Current study reported Microbacterium arborescens from 

Fore and Gray dunes. Godinho and Bhosle (2009) explored Microbacterium arborescens 

AGSB, for EPS production and the sand aggregating property. Production of EPS by bacteria 

from CSD environment could be an ecological advantage to protect bacteria from desiccation 

and nutrient-limited conditions. In present study, 82 isolates were capable of producing EPS 

(details in chapter 5). Microbacterium arborescens AGSB was able to promote eggplant 

growth (Godinho et al. 2010).  

Bacillus megaterium K13NAY002 and B. megaterium K7SpZMAY005 were obtained from 

Fore and Gray dunes, respectively. B. megaterium is known to produce amylase, protease, 

lipase and cellulase-free xylanase (Ramesh and Lonsane, 1987; Sekhon et al., 2006; Sindhu et 

al., 2006; Asker et al., 2013). All these enzymes are ecologically and economically important. 
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B. megaterium is widely used as a model organism for advanced biotechnological studies. 

Nayak et al. (2013) isolated B. megaterium from CSD of Miramar-Goa producing amylase 

and urease enzyme. This strain was studied for its ability of accumulating 

polyhydroxyalkanoates (PHA). Bacteria synthesize PHA as internal carbon storage under 

stressed conditions. These PHA are used in making biodegradable plastics.  

Lysobacter enzymogenes K12CqR2AP005 found exclusively from Fore dune in current study, 

was producing protease and xylanase enzyme. Previous studies on Lysobacter enzymogenes 

reported its antagonistic activity against Fusarium graminearum, causative agent of Fusarium 

head blight in wheat and its role in controlling plant diseases (Jochum et al., 2006; Li et al., 

2008; Qian et al., 2009). Reports have suggested that Lysobacter enzymogenes inhibits fungal 

growth by producing lytic enzyme chitinase (Zhang et al., 2001). In the current study, 

Chitinophaga eiseniae K4NRBAY001 capable of producing chitinase enzyme is studied for 

its ability to promote cowpeas plant growth (details in chapter 5). This strain is also showed 

antifungal activity against phyto-pathogen, Fusarium oxysporum (details in chapter 5). 



 

 

 

 

 

 

Chapter 3: 

MICROBIOME STUDY OF COASTAL SAND 

DUNE OF GOA 
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1. Introduction 

The 99.9 % of the microbial communities are considered to be non-culturable, whereas rest 

0.01 % are known to be grown in laboratory conditions. Biodiversity of microorganism can be 

estimated using cultured-based and culture-independent methods. The advantage of using 

culture-independent method or as also known as metagenomics approach is that, a huge data is 

generated and microbes which are unable to grow in the lab conditions can be identified. The 

Metagenomics next generation sequencing (mNGS) is a technique that quantifies all DNA 

present in sample containing mixed population of microorganisms and assigns them to a 

reference genome. This method provides a better opportunity to study the proportion and kind 

of microorganisms present in a particular habitat or ecosystem. This technique has 

disadvantages as it considers viable and non-viable cells as well. Technological advances in 

molecular biology and metagenomics have permitted to discover microbial diversity specially 

uncultured and their metabolic activities from several harsh environments. Generally, habitats 

such as CSD are considered to have limited microbial diversity due to the limitation of 

laboratory isolation methods.   

Bacterial communities at such extreme and stressed habitats are immensely important. 

Studying biodiversity of such habitats with respects to microorganism would give tremendous 

knowledge on the kind of bacteria and their role in the ecosystem. Few investigations have 

been carried out on the bacterial communities at CSD using metagenomics approaches. Lin et 

al. (2014) studied bacterial communities at CSD using a culture-independent technique 

indicated the predominance of Acidobacteria and Proteobacteria. Bacterial diversity of CSD at 

the Mediterranean Sea is highest at inland and lowest at the seashore in both, wet and dry 

seasons (Wasserstrom et al., 2017). However, this study does not explore the diversity at each 

dune. The present work focused on studying bacterial and archaeal communities, diversity, 

abundance, and exclusiveness at four dunes namely Embryo, Fore, Gray, and Mature dunes of 

CSD of Keri beach, Goa-India using Rapid Illumina HiSeq 2500 Next Generation Sequencing 

(NGS). 
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3.2. Methodology  

3.2.1. Sample preparation 

One non-rhizosphere sand sample from Embryo dune (S1) and one rhizosphere sand sample 

from Mature (S4) dune was collected. Composite sand samples of Fore and Gray dunes were 

prepared separately by thoroughly mixing the K2-K6 samples (S2) and K7-K12 (S3) samples, 

respectively. The details about the sand samples are provided in Table 3.1. 

3.2.2. Metagenome DNA extraction, PCR amplification, library preparation, and 16S 

rRNA Illumina Hiseq sequencing 

The samples were sent to M/s AgriGenome Labs Pvt Ltd., Kerala, India for Next generation 

sequencing. One gram of each sand sample was subjected to DNA extraction using the 

Dneasy PowerSoil kit (Qiagen). The concentration of the isolated DNA was evaluated by 

using NanoDrop and Qubit, whereas quality was checked by 1 % agarose gel electrophoresis 

(MultiSUB horizontal Gel system-Cleaver Scientific). All four CSD samples were analyzed in 

three replicates. The hypervariable V3-V4 regions of the 16S rRNA gene were amplified 

using primers 341F [5’CCTACGGGNBGCASCAG3’] and 805R 

[5’GACTACNVGGGTATCTAATCC3’] (Qiu et al. 2020) followed by library preparation for 

paired-end amplicon using NEBNext Ultra DNA Library preparation kit (New England 

Laboratories, USA). The amplified libraries were purified through bead purification using XP 

beads (Agencourt Ampure). The fluorometric quantifications were performed for the purified 

product using QubitTM 2.0 Fluorometer (Thermo Fisher Scientific, USA). The libraries were 

sequenced using Rapid Illumina HiSeq 2500 with 2 X 250 bp reads to get paired-end 

sequences at the M/s AgriGenome Labs Pvt Ltd., Kerala, India. An amount of 10-20 pM of 

the purified amplified products was loaded onto the Illumina platform. The raw Illumina 

paired-end reads of Embryo, Fore, Gray, and Mature dunes were submitted in NCBI’s 

Sequenced Read Archive (SRA) under the BioProject PRJNA639930 and accession SRR 

12031846, SRR 12031952, SRR 12032010 and SRR 12032019, respectively.   

3.2.3. Bioinformatics analysis 
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Raw sequences of the V3-V4 region of the 16S rRNA gene obtained from the Illumina HiSeq 

platform were processed via Quantitative Insights into Microbial Ecology (QIIME 1.7.0) 

software. Raw sequences were trimmed to remove primers. The sequences obtained from 

NGS data were assembled using the De-novo assembly pipeline to give contigs from two 

paired-end reads by using the de Bruijn graph (Zerbino et al., 2008). Quality control was 

checked with the Phred quality score (>Q30) and used for the clustering of operational-

taxonomic units (OTUs). OTU filtering was done with more than 5 reads. For each sample, 

highly similar sequence reads (about 97 % sequence similarity) were clustered together and a 

consensus sequence was generated. A consensus sequence was represented as a single 

bacterial and archaeal sequence in a sample. The number of sequences used to build the 

consensus formed the basis for quantification of the bacterial and archaeal species. Each 

consensus sequence was given a taxonomy-based similarity (<97 % similarity in 16S rRNA 

gene sequence) with the existing bacterial and archaeal species. The taxonomical 

classification of different OTUs was done based on the SILVA database (Quast et al., 2012).    

3.2.4. Bacterial and archaeal community analysis 

The relative abundance of bacteria and archaea on phyla, classes, orders, and genera level 

taxon of each dune were observed. Species dominance, alpha diversity indices (Simpson and 

Shannon), Pielou’s evenness (J’), Margalef’s species richness, observed-species indices, 

rarefaction, and Chao1 curves were calculated using Paleontological statistical software 

[PAST version 3.25] (Hammer et al., 2001). Beta diversity among the four dunes was 

calculated using the formula S/�̅�-1, where, S is the total number of species and �̅� is the 

average number of species (Whittaker, 1960). Venn diagrams were constructed to study the 

exclusively and commonly found phyla, classes, family, genera and species among the four 

dunes. Heatmaps on genera and phyla level were plotted in R-studio version 3.5.1. using 

heatmaply package. UPGMA tree based on the unweighted uniFrac approach from raw 

consensus sequences of four samples were constructed using Rstudio and Phyloseq package.  

3.2.5. Functional diversity of the metagenomics sequences 

The gene prediction and annotation of the assembled contigs were carried out using MG-

RAST (Wilke et al., 2016). Sequences were submitted to MG-RAST database. Various 
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analyses were conducted through MG-RAST such as Functional annotations using Kyoto 

encyclopedia of genes and genomes (KEGG) analysis and Cluster of orthologous (COG) 

(Tatusov et al., 2003). Additionally, NOG and subsystem information was done using MG-

RAST with minimum sequence similarity of 60 % and e-value lesser than 1e−03. 

3.3. RESULTS 

3.3.1. Sample analysis 

Thirteen sand samples were collected from different zones of CSD of Keri beach, Goa-India 

(Table 3.1, Fig. 3.1). The temperature and pH of the Embryo dune sample was recorded as 28 

⁰C and 6.38, respectively. The temperature and pH recorded for the Fore dune samples ranged 

from 23 – 28 ˚C and 5.59 – 6.70, respectively. The temperature and pH recorded for the Gray 

dune samples ranged from 27 – 29 ˚C and 5.61 – 6.25, respectively. The temperature and pH 

of the Mature dune sample was recorded as 28.2 ⁰C and 5.71, respectively. 

Table 3.1 Sand samples of from CSD of Keri beach, Goa-India used for NGS analysis 

Sr. no. Sample Dune Composite sample  

1  K1 Embryo (E) S1 

2 K2 Fore (F) 

S2 

3 K3 Fore (F) 

4 K4 Fore (F) 

5 K5 Fore (F) 

6 K6 Fore (F) 

7 K7 Gray (G) 

S3 

8 K8 Gray (G) 

9 K9 Gray (G) 

10 K10 Gray (G) 

11 K11 Gray (G) 

12 K12 Gray (G) 

13 K13 Mature (M) S4 
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Fig. 3.1 Sampling site of Coastal Sand Dune of Keri beach, North Goa, India (Latitude 

15˚42’39.84”N; longitude 73˚41’41.29” E) 

3.3.2. Bacterial and archaeal communities at CSD (Diversity and richness of OTUs) 

The total paired-end reads obtained from Embryo, Fore, Gray, and Mature dunes are 1045447, 

1451753, 1321867 and 1537758, respectively using Rapid Illumina Hiseq sequencing with the 

250 bases mean read length (Table 3.2). The Phred score distribution (> Q30) of the paired-

end reads derived from Embryo, Fore, Gray, and Mature dunes were 95.81, 96.15, 95.31, and 

93.14 %, respectively. GC content distributions of reads from these four samples were 57.24, 

56.88, 56.16, and 56.11 %, respectively. Hiseq pre-processed sequencing yields obtained after 

quality filtrations were 56291, 51731, 39083, and 126477 from Embryo, Fore, Gray, and 

Mature dunes, respectively. A summary of the sequence reads passed through different filters 

are given in Table 3.2. After the removal of singletons, total filtered OTUs reads from 

Embryo, Fore, Gray, and Mature dunes were 54500, 50032, 37819, and 111186, respectively 

(Table 3.2). This indicated that Embryo, Fore, and Gray dunes retained 96 % whereas Mature 

dune retained 87.9 % of sequences. Out of total OTUs, 77.55 % for Embryo, 76.1 % for Fore, 

76.34 % for Gray, and 83.39 % for Mature dune, were taxonomically identified (clustered at 

97 % similarity level) using the SILVA database. The sequences which were not showing 

alignment with the taxonomical database were considered as unclassified. From all the four 

dunes, approximately 1 % of the total OTUs were unclassified on the domain level. From 
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Embryo dune, bacteria were 93 % OTUs and archaea were 6 % OTUs (Table 3.2). From Fore 

dune, 95 % of OTUs were bacteria and 4 % of OTUs were archaea. From Gray dune, 96 % 

OTUs and 3 % of OTUs were bacteria and archaea, respectively. From Mature dune, 97 % of 

OTUs were bacteria and 2 % of OTUs were archaea. Archaea are found to be higher in 

Embryo dune. A total of 33 phyla, 62 classes, 553 genera, and 956 species were identified 

from CSD. About 62-75 % of total OTUs were unclassified at the species level. Embryo and 

Gray dunes comprised 27 bacterial phyla, Fore dune contained 22, and Mature dune 

comprised 21 bacterial phyla. Two archaeal phyla (Euryarcheaota and Thaumarchaeota) were 

found in all the four dunes. Phyla, classes, orders, family, genera, and species comprising less 

than 1 % of total OTUs were considered as minor groups. The distribution of total bacterial 

and archaeal OTUs, based on their known, “Candidatus”, and unknown status from each 

taxonomical level is given in Table 3.3. “Candidatus” numbers were seen hiked on the genus 

and species level of taxonomy in all four dunes. The known bacteria and archaea were 

decreasing as the taxonomical level was increasing; conversely, the unknown numbers were 

increasing.      
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Table 3.2 Analysis of Next generation sequencing of composite sand samples from Embryo, Fore, Gray and Mature dunes 

Sample 

Qubit 

Conc 

(ng/μl) 

Nanod

rop 

Conc 

(ng/μl) 

Total 

Elute 

Conc

(ng) 

Total 

paired-

end 

reads 

Total 

consens

us seq. 

Chime

ric 

sequen

ces 

Pre-

proces

sed 

Reads 

Total 

filtered 

OTUs 

Taxonomically 

identified OTU Unclas

sified 

OTUs 
Bacteri

a 

Arch

aea 

S1 13.1 26.4 55.6 
1,045,44

7 

562,36

1 

227,17

2 
56,291 54,500 50,491 3,413 596 

S2 23.4 23.9 84.0 
1,451,75

3 

758,24

9 

272,84

1 
51,731 50,032 47,524 2,073 435 

S3 29.6 31.9 101.5 
1,321,86

7 

658,26

3 

144,08

6 
39,083 37,819 36,236 1,192 391 

S4 51.2 63.4 91.0 
1,537,75

8 

847,29

3 

451,24

3 

126,47

7 

111,18

6 

107,65

4 
2,605 927 

Keys:- ng (Nanogram), μl (microliter), seq. (sequence) 
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Table 3.3 Distribution of total OTUs according to their known, candidatus and unknown 

status on each taxonomical level    

Embryo  Dune (54500 OTUs) 

 
Bacteria Archea 

Known Candidatus Unknown Known  Candidatus Unknown 

Phyllum 38725 257 12105 3278 0 135 

Class 32999 10 18078 3236 0 177 

Order 31665 10 19412 3224 0 189 

Family 30187 10 20890 3210 0 203 

Genus 29875 1191 20021 2128 21 1264 

Species 12778 860 37449 502 141 2770 

Fore Dune (50032 OTUs) 

 
Bacteria Archea 

Known  Candidatus Unknown Known   Candidatus Unknown 

Phyllum 36018 199 11742 1856 0 217 

Class 33157 19 14783 2007 0 66 

Order 31810 19 16130 1840 0 233 

Family 30094 17 17848 1836 0 237 

Genus 13757 4028 30174 1360 0 713 

Species 13937 3548 30474 1101 111 861 

Gray Dune (36236 OTUs) 

 
Bacteria Archea 

Known  Candidatus Unknown Known  Candidatus Unknown 

Phyllum 27686 163 8778 1022 0 170 

Class 24644 10 11973 1004 0 188 

Order 22617 33 12977 1004 0 188 

Family 22348 18 14261 1002 0 190 

Genus 19229 3381 14017 734 7 451 

Species 10572 3037 23018 494 60 638 

MATURE DUNE (111,186 OTUs) 

 
Bacteria Archea 

Known  Candidatus Unknown Known Candidatus Unknown 

Phyllum 89561 884 18136 2266 0 339 

Class 84759 47 23775 2204 0 401 

Order 81187 47 27347 2191 0 414 

Family 78109 45 30427 2190 0 415 

Genus 69379 5704 33498 1650 35 920 

Species 32660 4469 71452 1316 174 1115 
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3.3.3. Relative abundance  

Metagenomic analysis of the Embryo dune sample revealed 27 different bacterial phyla. The 

dominant phyla of Actinobacteria (21.8 %) was revealed, followed by Proteobacteria (14.4 

%), Chloroflexi (11.3 %), and firmicutes (11.3 %) (Fig. 3.2). There were about 12240 

numbers of OTUs wich were not assigned to any of the phyla. At the class level, the 

predominance of Actinobacteria (14.66 %), followed by Bacilli (10.66 %), 

Alphaproteobacteria (6 %), Gammaproteobacteria (4.54 %), and Thermoplasmata (4.19 %) 

were recorded (Fig. 3.3). Overall, 33.49 % of the OTUs were not classified at the class level. 

The Embryo dune sample contained the DNA of precisely 339 known genera, out of which 

the dominant genera were Bacillus (8 %), Streptomyces (6.4 %), Kouleothrix (6.4 %), 

Methanomassilicoccus (2.8 %), and Acidobacterium (2.2 %) (Fig. 3.4). Further, 39 % of 

OTUs remained unknown at the genera level.     

 

Fig. 3.2 Major phyla obtained in NGS of Embryo (S1), Fore (S2), Gray (S3), and Mature (S4) 

dunes samples of Keri beach, Goa-India (Note- major phyla includes 1 or more percent of 

OTUs) 
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Fig. 3.3 Major classes obtained during NGS of a) Embryo (S1), b) Fore (S2), c) Gray (S3) and 

d) Mature (S4) dunes samples of Keri beach, Goa-India (Note- major class includes 1 or more 

percent of OTUs) 
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Fig. 3.4 Major genera obtained during NGS of a) Embryo (S1), b) Fore (S2), c) Gray (S3) and 

d) Mature (S4) dunes samples of Keri beach, Goa-India (Note- major genera includes 1 or 

more percent of OTUs) 

Sample from Fore dune showed 22 different bacterial phyla and 342 genera. The dominant 

phylum in the Fore dune was Actinobacteria (19.3 %), followed by Proteobacteria (16.3 %), 

Acidobacteria (9.5 %), Firmicutes (8.6 %), and Verrucomicrobia (5.4 %) (Fig. 3.2). At the 

class level, Actinobacteria was dominant exhibiting an 11.42 % proportion which was 

followed by Alphaproteobacteria (10.1 %), Bacilli (7.94 %), and Acidobacteriia (4.62 %) (Fig. 

3.3). The dominant gnera found at the Fore dune were Bacillus (5.2 %), “Candidatus 

Solibacter” (5.1 %), Acidobacterium (2.7 %), “Candidatus Udaeobacter” (2.5 %), 

Methanomassiliicoccus (2.2 %), Gaiella (2.2 %) and Streptomyces (2 %) (Fig. 3.4).  

Gray dune comprised of 27 bacterial phyla and 355 genera. Predominant phyla in Gray dune 

includes Proteobacterium (15.9 %), Actinobacteria (15.5 %), Acidobacteria (10.6 %), 

Firmicutes (8.2 %), Chloroflex (7.2 %), and Verrucomicrobia (6.6 %) (Fig. 3.2). At the class 

level, Alphaproteobacteria (8.95 %) showed dominance, closely followed by Actinobacteria 

(8.09 %), Bacilli (7.16 %), Acidobacteriia (5.45 %), and Spartobacteria (4.97 %) (Fig. 3.3). 
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Major bacteria genera found in Gray dune are Kouleothrix (3.9 %), Bacillus (3.7 %), 

“Candidatus Udaeobacter” (3.2 %), Acidobacterium (3.1 %), “Candidatus Solibacter” (2.7 

%), Gaiella (2.4 %), Gemmata (2.1 %) and Streptomyces (2.1 %) (Fig. 3.4).  

Mature dune showed the highest bacterial abundance amongst other dunes. Metagenomics 

revealed 21 different bacterial phyla and 351 genera. Major phyla included Actinobacteria 

(26.8 %), Proteobacteria (17.6 %), Acidobacteria (9 %), Firmicutes (8.5 %), Bacteroidetes 

(5.6 %), Verrucomicrobia (4.9 %) and Planctomycetes (3.1 %) in the Mature dune (Fig. 3.2). 

At the class level, Actinobacteria was found to be predominant with 21.45 % of the total 

proportion which was followed by Alphaproteobacteria (10.24 %), Acidobacteriia (5.06 %), 

and Bacilli (3.79 %) (Fig. 3.3). The dominant genera in Mature dune were Streptomyces (11.5 

%), Bacillus (5.3 %), Acidobacterium (4.2 %), “Candidatus Udaeobacter” (2 %), 

Sphingomonas (1.8 %) and Solirubrobacter (1.5 %) (Fig. 3.4).  

Except for the Gray dune, all other dunes have the dominance of phyla Actinobacteria 

followed by Proteobacteria. But in the case of Gray dune, Proteobacteria is the dominating 

phylum which was closely followed by Actinobacteria. Genera Aciditerrimonas (Bacteria) and 

Nitrososphaera (Archaea) were found to be among the major genera in the Embryo dune and 

not in other dunes. Acidobacterium, Bacillus, Methanomassillicoccus, Solirubrobacter, and 

Streptomyces were among the major genera in all the four dunes (Fig. 3.4). Interestingly, 

Embryo dune did not show the presence of members from “Candidatus” is its major group of 

genera. “Candidatus Koribacter”, “Candidatus Solibacter”, and “Candidatus Udaeobacter” 

were seen in a major group of genera from Fore, Gray, and Mature dunes. Fore and Gray 

dunes had a similar group of major genera except for Mycobacterium in Fore dune. Based on 

major genera from all four dunes, Embryo dune had markedly different bacterial and archaeal 

community structures than Fore, Gray, and Mature dunes. Also, Fore and Gray dunes had a 

relatively similar community structure than Embryo and Mature dunes. The total bacterial and 

archaeal diversity study of CSD from all four dunes using culture-independent technique 

revealed a predominance of genus Streptomyces followed by Bacillus, Acidobacterium, and 

Kouleothrix.  

 



 CHAPTER III 
 

93 | P a g e  
 

3.3.8. Diversity analysis (Alpha diversity, Species richness, Evenness, Dominance and 

Rarefaction curve) 

3.3.4.1. Alpha diversity 

The Simpson’s and Shannon’s alpha diversity indices ranged from 0.9521-0.9764 and 4.143-

4.489, respectively. Simpson’s and Shannon’s diversity indices concluded Fore dune has the 

highest diversity followed by Gray, Mature, and Embryo dune (Table 3.4).  

3.3.4.2. Species richness 

Margalef’s species richness was observed to be highest in Gray dune and lowest in Mature 

dune (Table 3.4). Margalef’s species richness of Embryo and Fore dunes is similar and 

slightly higher than the Mature dune.  

3.3.4.3. Evenness 

Evenness or equitability analysis among dunes stated that the bacterial and archaeal 

communities were almost evenly distributed in Fore dune and least in Embryo dune (Table 

3.4).   

3.3.4.4. Dominance 

Species dominance was seen highest in Embryo dune and lowest in Fore dune (Table 3.4). 

Species dominance of Mature dune is similar to that of Embryo dune, whereas Gray dune’s 

species dominance is similar to that of Fore dune.  

3.3.4.5. Rarefaction curve 

Species load is highest in Mature dune sample, followed by Embryo, Fore and Gray dunes. 

The rarefaction curve for all the dune samples in Fig. 3.5 has reached the plateau suggesting a 

good representation of the microbial community with respect to abundant species and rare 

species.  
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Table 3.4 Genera level diversity indices calculated from Next Generation Sequencing 

approach 

Diversity indices Embryo (S1) Fore (S2) Gray (S3) Mature (S4) 

Total taxa 339 342 355 351 

Total OTU’s 33201 30887 23351 76768 

Dominance (D) 0.0478 0.0236 0.0254 0.0448 

Simpson# 0.9521 0.9764 0.9746 0.9551 

Shannon (H’) 4.143 4.489 4.412 4.274 

Pielou’s evenness (J’) 0.1857 0.2603 0.2323 0.2046 

Margalef’s richness(d)  32.47 32.98 35.19 31.12 

(D)= sum [(ni/n)
2
] where ni is the number of individuals of taxon i, (#)=1-dominance, 

(H’)=-sum [(ni/n) log n(ni/n)], (d)=[(S-1)/log n(n)], (J’)= (H’/H’max), (S)=a*log n(1+n/a), 

where S is number of taxa, n is number of individuals and H’max  is maximum possible 

value of H’. 

 

Fig. 3.5 Rarefaction curve obtained from NGS of Embryo (S1), Fore (S2), Gray (S3), and 

Mature (S4) dunes 

  



 CHAPTER III 
 

95 | P a g e  
 

3.3.5. Beta diversity among dunes 

Beta diversity (Whittaker’s) was calculated based on ‘Bray-Curtis dissimilarity’ at the species 

level. It calculates the differences in species abundance among multiple samples. Range of 

Beta-diversity analysis is 0-1. Value 0, refers that two samples have the same species at the 

same abundance; whereas 1 completely different species abundance in two samples. The 

highest beta diversity was observed between Gray and Embryo (0.38), followed by Mature 

and Embryo (0.37), then Fore and Embryo (0.35), and Mature and Gray dunes (0.25) (Table 

3.5). Whereas, the lowest beta diversity was observed between Gray and Fore (0.19) and 

Mature and Fore dunes (0.19). 

Table 3.5 Pairwise comparison between Embryo (S1), Fore (S2), Gray (S3) and Mature (S4) 

dunes for determining beta-diversity based on ‘Bray-Curtis dissimilarity’ at species level 

Dunes Embryo 

(S1) 

Fore 

(S2) 

Gray 

(S3) 

Mature 

(S4) 

Embryo (S1) 0 0.35683 0.3804 0.37101 

Fore (S2) 0.35683 0 0.19369 0.19769 

Gray (S3) 0.3804 0.19369 0 0.25779 

Mature (S4) 0.37101 0.19769 0.25779 0 

 

3.3.9. Exclusive and common members among dunes 

Vann diagram were constructed to reveal the exclusive and common members found in the 

dunes at each taxonomical level.   

2.4.1.1. Exclusive and common phyla  

Among the identified phyla, 29, 24, 29 and 23 phyla were found in Embryo, Fore, Gray, and 

Mature dunes, respectively. Four phyla viz. Fibrobacteres, Thermodesulfobacteria, 

Thermotogae, and Balneolaeota were exclusively found in the Embryo dune. Three phyla 

namely, Nitrospinae, Candidate division NC10, and Spirochaetes were exclusively found in 

Gray dune.  

2.4.1.2. Exclusive and common classes  
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The numbers of classes in Embryo, Fore, Gray, and Mature dunes comprised of 57, 50, 53, 

and 52 classes, respectively. The five exclusive classes found in Embryo dune are 

Thermodesulfobacteria, Methanomicrobia, Thermotogae, Balneolia, and Fibrobactria. The 

exclusive class found in Gray dune is Nitrospinia. Exclusive classes found in Mature dunes 

are Oligoflexia, Thermolithobacteria, and Methanococci. 

2.4.1.3. Exclusive and common families  

Twenty one families were found exclusive in Embryo dune (Fig. 3.6). Three families, 

Acidothermaceae, Catenulisporaceae and Prevotellaceae were obtained only from Fore dune. 

Sixteen families were obtained exclusively from Gray dune. Ten families Parvularculaceae, 

Thermolithobacteraceae, Gordoniaceae, Oligoflexaceae, Acidiferrobacteraceae, 

Nocardiopsaceae, Crocinitomicaceae, Microcoleaceae, Gomontiellaceae and 

Phaselicystidaceae were found only in Mature dune (Fig. 3.6). List of the common families 

shared among the dunes are provided in Table 3.6 and 3.7. 
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Fig. 3.6 Vann diagram exhibiting the number of commonly and exclusively found families 

among dunes (Exclusively found families in each dune are listed) 
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Table 3.6 Commonly found families among the dunes 

Combination of 

dunes 
Families 

Embryo, Fore and 

Gray 
Thermoflexaceae, Bifidobacteriaceae and Leptotrichiaceae 

Embryo, Gray and 

Mature 

Legionellaceae, Nitrosopumilaceae, Verrucomicrobiaceae and 

Oscillospiraceae 

Fore, Gray and 

Mature 

Desulfonatronaceae, Micropepsaceae, Desulfobacteraceae, 

Desulfobulbaceae, Candidatus Brocadiaceae, Syntrophaceae, 

Brucellaceae and Thermodesulfobiaceae 

Embryo and Fore Staphylococcaceae, Egibaceraceae and Herpetosiphonaceae 

Embryo and Gray 

Immundisolibacteraceae, Symbiobacteriaceae, 

Thermogemmatisporaceae, Microthrixaceae, Thiotrichaceae, 

Eggerthellaceae and Alcanivoracaceae 

Embryo and 

Mature 

Leptolyngbyaceae, Moraxellaceae, Methylophilaceae, Lachnospiraceae, 

Cellulomonadaceae, Hymenobacteraceae, Lewinellaceae and 

Aurantimonadaceae 

Fore and Gray 
Corynebacteriaceae, Sporolactobacillaceae, Mycoplasmataceae and 

Sutterellaceae 

Fore and Mature Erwiniaceae 

Gray and Mature 
Myxococcaceae, Coxiellaceae, Lentimicrobiaceae and 

Chromobacteriaceae 
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Table 3.7 Commonly found families in all the four dunes 

List of families common in Embryo Fore Gray Mature (127 families) 

Gemmataceae, Flavobacteriaceae, Opitutaceae, Endomicrobiaceae, Acholeplasmataceae, 

Thermoanaerobacterales Family III. Incertae, Sedis Veillonellaceae, Microbacteriaceae, 

Planococcaceae, Ktedonobacteraceae, Chthoniobacteraceae, Nocardioidaceae, 

Pseudomonadaceae, Xanthobacteraceae, Rhodanobacteraceae, Paenibacillaceae, 

Kineosporiaceae, Bacillaceae, Bryobacteraceae, Streptosporangiaceae, Geobacteraceae, 

Isosphaeraceae, Desulfovibrionaceae, Bradyrhizobiaceae, Hyphomonadaceae, 

Erythrobacteraceae, Solibacteraceae, Gemmatimonadaceae, Caldilineaceae, 

Syntrophomonadaceae, Cytophagaceae, Streptomycetaceae, Propionibacteriaceae, 

Atopobiaceae, Holophagaceae, Tepidisphaeraceae, Dehalococcoidaceae, Lactobacillaceae, 

Ardenticatenaceae, Nitrososphaeraceae, Kofleriaceae, Alteromonadaceae, Comamonadaceae, 

Enterobacteriaceae, Methylobacteriaceae, Archangiaceae, Chitinophagaceae, 

Mycobacteriaceae, Sinobacteraceae, Frankiaceae, Planctomycetaceae, 

Methanomassiliicoccaceae, Intrasporangiaceae, Gaiellaceae, Labilitrichaceae, Alcaligenaceae, 

Euzebyaceae, Polyangiaceae, Peptococcaceae, Sandaracinaceae, Aphanothecaceae, 

Yersiniaceae, Micromonosporaceae, Methylocystaceae, Chromatiaceae, Rhodobacteraceae, 

Nocardiaceae, Sporichthyaceae, Verrucomicrobia, subdivision 3, Acidimicrobiaceae, 

Clostridiaceae, Pseudonocardiaceae, Burkholderiaceae, Caulobacteraceae, 

Thermoactinomycetaceae, Micrococcaceae, Phyllobacteriaceae, Rubrobacteraceae, 

Acetobacteraceae, Sphingomonadaceae, Acidobacteriaceae, Thermoleophilaceae, 

Nitrospiraceae, Cryptosporangiaceae, Nitrosomonadaceae, Synergistaceae, 

Ectothiorhodospiraceae, Rhodocyclaceae, Nakamurellaceae, Bdellovibrionaceae, 

Eubacteriaceae, Phycisphaeraceae, Parviterribacteraceae, Rhodobiaceae, 

Thermomonosporaceae, Thermomicrobiaceae, Ruminococcaceae, Parachlamydiaceae, 

Geodermatophilaceae, Anaerolineaceae, Rhodospirillaceae, Hyphomicrobiaceae, 

Solirubrobacteraceae, Gloeobacteraceae, Anaeromyxobacteraceae, Fimbriimonadaceae, 

Xanthomonadaceae, Beijerinckiaceae, Oscillochloridaceae, Conexibacteraceae, 

Oscillatoriaceae, Rhizobiaceae, Clostridiales Family XVII. Incertae Sedis, Chloroflexaceae, 

Sphaerobacteraceae, Alicyclobacillaceae, Iamiaceae, Patulibacteraceae, Longimicrobiaceae, 

Kallotenuaceae, Thermoanaerobacteraceae, Methylococcaceae, Roseiflexaceae, 

Oxalobacteraceae, Sphingobacteriaceae, Microcystaceae and Desulfuromonadaceae 
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2.4.1.4. Genera level 

The numbers of genera found in Embryo, Fore, Gray, and Mature dune are 339, 342, 355, and 

351, respectively. About 35 % of genera identified from CSD were present across all the four 

dunes. Embryo dune has the highest number of exclusively found genera (25 %) followed by 

Mature and Gray dunes (12 % both) and Fore dune (5 %).  

2.4.1.5. Species level 

Embryo, Fore, Gray, and Mature dunes consisted of 445, 437, 435, and 520 species, 

respectively. About 16 % of total species identified from CSD were found across all the four 

dunes. 

2.4.2. Heatmap analysis 

Mature dune formed an outgroup indicating the presence of distinct members from that of 

other dunes (Fig. 3.7). Clustering was seen between Fore and Gray dunes in a heatmap 

indicating the similarity in members found. The most prominent heat signatures were seen in 

Mature dune. Fore dune showed the least heat signatures in comparison with other dunes. The 

members showing low heat signatures in Mature dune are showing higher heat signatures in 

the other dunes and vice versa. 
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Fig. 3.7 Heatmap generated based on the relative abundance at the phyla level (Note- X-axis 

represents the four dunes of CSD, Y-axis represents the phyla level taxon, Scale-Z score) 

3.3.10. Functional diversity  

MG-RAST IDs of the Embryo, Fore, Gray and Mature dune samples are mgm4906316.3, 

mgm4906317.3, mgm4906318.3 and mgm4906319.3, respectively. The general subsystem 

annotation showed in MG-RAST represents system ontology such as metabolism (13.13 %), 

information storage and processing (4.3 %), cellular processes and signaling (3.13 %) (Fig. 

3.8). Majority of annotations were poorly characterized.  
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Fig. 3.8 General sub-system annotation distribution based on COG databases 

 

A wide range of subsystems were detected which includes cell cycle control, cell division, cell 

motility, cell wall biogenesis, cytoskeleton, defense mechanisms, extracellular structures, 

replication, recombination and repair, transcription, translation, amino 

acid/lipid/coenzyme/inorganic ion/nucleotide/carbohydrate transport and metabolism (Fig. 

3.9). Major subsystem annotations belonged to carbohydrate transport and metabolism, cell 

wall biogenesis and amino acid transport and metabolism (Fig. 3.10).  
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Fig. 3.9 Specific sub-system annotation distribution based on COG databases 
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Fig. 3.10 Detailed characterizations of the sub-system annotations (Key- blue circles- General 

sub-system annotation, orange circles- specific subsystem annotations. Note- Size of the 

circles represents the number of annotations) 

 

The annotations belonged to gene responsible for carbohydrate transport and metabolisms 

were seen highest in Gray dune as compared to others (Fig. 3.11). Whereas, genes for amino 

acid transport and metabolism were seen highest in Fore dune sample. Mature dune sample 

showed higher annotation of genes for cell wall/membrane/envelope biogenesis as compared 

to other samples.  
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Fig. 3.11 The distribution of sub-system annotation of each dune (Key- S1-Embryo, S2-Fore, 

S3-Gray and S4-Mature dune) 

 

Functional annotations using KEGG analysis revealed that majority of the member from Gray 

dune sample were capable of undergoing metabolisms of ascorbate and aldarate (Fig. 3.12). 

Interestingly, the highest number of annotations in all four samples belongs to the gene for 

Geraniol degradation. Also, gene for alanine, aspartate and glutamate metabolism were also 

found in higher numbers in the all four samples.  

 

S1 

S2 

S3 

S4 
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Fig. 3.12 Functional annotations using Kyoto encyclopedia of genes and genomes (KEGG) 

analysis from S1- Embryo, S2-Fore, S3-Gray and S4-Mature dune 

 

2.5.Discussion 

CSD acts as a vital and delicate barrier between the marine and terrestrial ecosystem. It is a 

unique habitat for life forms. At CSD, changes occurring pose continuous challenges to life 

forms that include sparse nutrition and extreme physio-chemical conditions. Each of the four 

zones of CSD has a large number of challenges to the organisms. Therefore it is foreseen that 

the organisms present in these dunes will be diverse having capabilities to withstand the 

dynamic and stressed conditions of CSD. However, the understanding of microbial 

biodiversity for this specialized ecosystem is negligible.        
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Few attempts have been made in recent years to understand diversity of microorganisms at 

CSD and they have been studied for various ecological roles.  CSD harbors various bacteria 

that have potential in plant growth promotion, bio-remediation, and hydrocarbon and tarball 

degradation (Aureen et al., 2010; Muthukumar and Selvin, 2011; Gaonkar et al., 2012; Nayak 

et al., 2013; Shinde et al., 2020). 

The present study focuses on the bacterial and archaeal diversity in the 4 zones of CSD 

namely Embryo, Fore, Gray and Mature dunes using a metagenomics approach. This study is 

the first detailed characterization of CSD microbiota in four dunes. This study attempts to 

understand the bacterial and archaeal diversity, abundance, different phyla, genera and species 

present in these four dunes. NGS technology helps in exploring the microbial diversity and 

community structure of any given environmental sample (water, soil, sediment, sand). The use 

of Illumina (HiSeq) sequencing of the V3-V4 hypervariable region of the 16S rRNA gene, 

gave an idea of bacterial and archaeal communities residing in different dunes of CSD. From 

NGS of samples from Embryo, Fore, Gray and Mature dunes, the highest numbers of filtered 

OTUs were obtained from Mature dune whereas, the lowest was obtained from Gray dune. 

Thus, indicating that Mature dune had a higher abundance and Gray dune had the lowest 

abundance of bacteria and archaea. Mature dune has high humus content and vegetation as 

compared to other dunes which could facilitate the growth of microorganisms (McLachlan 

and Brown, 2006; Stefanowicz et al., 2019). A sample of Mature dune was collected from the 

rhizosphere. Root exudes of plants in the rhizosphere makes it a unique niche that enables the 

growth of several microorganisms (Glick, 2012; Stefanowicz et al., 2019). This could be 

another reason for higher abundance in Mature dune.  

Archaeal phyla namely Euryarcheaota and Thaumarchaeota were present across all four 

dunes. Members of Thaumarchaeota are known to tolerate extreme environmental conditions 

and perform the nitrification process whenever ammonia concentration in soil is low (Zhang 

and He, 2012; Sauder et al., 2011). Embryo and Gray dune samples showed the presence of 27 

bacterial phyla whereas, Fore and Mature dune showed 22 and 21 phyla, respectively. Phylum 

Actinobacteria was found to be predominant in Embryo, Fore and Mature dunes, followed by 

Proteobacteria. However, Gray dune showed a dominance of phylum Proteobacteria, closely 

followed by Actinobacteria. Lin et al. (2014) also reported the predominance of phyla 
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Actinobacteria and Proteobacteria from CSD using a culture-independent study. A culture-

dependent study on the diversity of Sand dunes of Qatari Barchan showed a predominance of 

Actinobacteria (Abdul et al., 2016). The total GC content of the samples ranged from 53-56 

%, indicating the higher possibilities of finding the majority of the genera belonging to 

Actinobacteria. Members of Actinobacteria are known to have high GC content (Verma et al., 

2013). Actinobacteria are ubiquitously found taking part in various environmental processes 

including nitrogen fixation, decomposition, and various nutrient cycles (Mohammadipanah 

and Wink, 2016). Studies on microbial diversity of marine and terrestrial ecosystems such as 

paddy field soil (Li et al., 2019), rice straw compost (Wang et al., 2016), and oxygen 

minimum zone of Bay of Bengal (Fernandes et al. 2019), have shown Actinobacteria as 

dominant phyla. Bolhuis and Stal (2011) reported the dominance of phyla Proteobacteria, 

Bacteriodetes, Cyanobacteria, and Actinobacteria in the coastal microbial mats of the North 

Sea beaches of the Dutch barrier island Schiermonnikoog. Abdul et al., (2016) recorded the 

predominance of the genus Enterobacteria. The current study showed Bacillus as a dominant 

genus in the Embryo and Fore dunes, whereas Kouleothrix and Streptomyces were dominant 

genera in Gray and Mature dunes, respectively.  

Scientists have tried to estimate the bacterial diversity in the rhizosphere of CSD vegetation. 

Shin et al. (2007) reported the predominance of Pseudomonas fluorescens in the rhizosphere 

of Sphagnum and Tortula present in CSD of the Tae-An, Korea. Lee et al. (2006) reported the 

predominance of Lysobacter in the rhizosphere of Calystegia soldanella and Elymus mollis of 

CSD of Tae-An, Chungnam Province, Korea using 16S rRNA gene clones. Park et al. (2005) 

reported the dominance of Pseudomonas, Chryseobacterium, and Arthrobacter in the 

rhizosphere of CSD plants in a culture-dependent study and stated that the bacterial diversity 

at CSD is high and unique.  

Further, the present study reported members of Chloroflexi phylum contributing a major 

proportion in all the dunes (about 7 % of total OTUs).  They are known as ‘metabolic 

specialists’. They are anaerobic phototrophs, thermophiles, and halorespirers (Speirs et al., 

2019). Hence, it is difficult to obtain them using culture-based methods. Therefore, the 

metagenomics approach was useful in assessing the microbiota, which in culture-based 

methods would have been missed. 
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Observed species richness is dependent on the size of the sample collected. It is almost 

impossible to measure actual species richness which is a natural measure of biodiversity 

(May, 1988). Several statistical methods can approximately estimate the species richness, 

diversity indices, which include Margalef’s species richness (d), Shannon’s diversity index, 

Fisher’s alpha, Chao1, rarefaction curve, and more. Evenness and abundance in a sample are 

the two main factors that influence biodiversity. Abundance is the number of individuals per 

species and evenness is how equally abundant species are on a site. All the species are hardly 

equally abundant in a particular habitat simply because some of the species are better 

competitors than the others. Evenness is considered a good indicator whereas the dominance 

of single species is considered a disturbance in an ecosystem.        

An attempt is made to understand biodiversity in terms of above multivarient characteristics. 

From the present study, it is established that the diversity indices of CSD ranged from 4.1 to 

4.4. Lee et al. (2006) report the diversity indices (Shannon-Weaver) of the rhizosphere of CSD 

plant to be 4.91 and 4.02 of Calystegia soldanella and Elymus mollis, respectively. The 

present study established that Fore dune has the highest bacterial and archaeal diversity and 

lowest species dominance compared to other dunes. Embryo dune showed the highest 

dominance which implied the least diversity compared to other dunes which were also 

confirmed by Shannon and Simpson’s alpha diversity indices. Also, bacterial and archaeal 

communities at Embryo dune were most evenly distributed; this was calculated using Pielou’s 

evenness (J’). The Embryo dune is a very fragile habitat for microbial fauna due to the 

constant tidal effect. Hence, the dune is not diverse and rich in species.  

Thermophiles, alkaliphiles, acidophiles, halophiles, methanotrophs and radiotolerant found 

from the four dunes are reported by Shet and Garg (2021). It was observed alkaliphiles and 

halophiles are present in large proportion in the Embryo and Fore dunes. This could be due to 

the higher salinity and pH in these dunes (Godinho and Bhosle, 2009). Acidophiles were 

present in major proportion in the Gray dune. Presence of humus contributes to the acidity of 

the soil. Gray dune have good amount of vegetation in the Keri beach, Goa-India thereby 

leading in increase humus making soil acidic in nature. Acidophiles members therefore could 

be found in higher proportion in Gray dune.  Genera belonging to Rubrobacteraceae have high 

tolerance towards extremely ionizing radiations and are also thermophilic in nature 
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(Rosenberg et al., 2014). These members were found to be present in all the four dunes. The 

entire CSD ecosystem receives high level of UV radiations. The radiotolerant microbes were 

present in higher proportion in Embryo dune. Embryo dune has no vegetation and tends to be 

more exposed to UV rays. 

List of exclusive and common genera and species have been published in “Shet, S.A., Garg, S. 

(2021) Prokaryotic diversity of tropical coastal sand dunes ecosystem using metagenomics. 3 

Biotech 11, 252. https://doi.org/10.1007/s13205-021-02809-5 (supplementary file 1)”. 

Embryo dune has the highest number of the exclusive members at all the taxonomical levels 

i.e. phyla (4), class (5), genera (85), and species (195). These exclusive taxons are not found 

in the other dunes of CSD. Bacillus deserti was found exclusively in the Embryo dune and no 

other dunes. This species of Bacillus has been previously reported from desert soil of Xinjiang 

Province, China (Zhang et al., 2011). Additionally, Domibacillus indicus was found 

exclusively in Embryo dune, which was previously isolated from the marine sediment of 

Lakshadweep, India (Sharma et al., 2014). Marinobacter bryozoorum found exclusively in 

Embryo dune is a marine and halophilic bacterium. Therefore, Embryo dune is a unique niche 

that has bacteria and archaea markedly present in harsh environments. Spongiibacter sp., a 

halophile usually present in association with marine sponges such as Haliclona sp. (Graeber et 

al., 2008), was found to be present exclusively in Embryo dune during this study. There were 

several genera exclusive to Embryo dune which were halophiles and specifically found in 

marine eco-niches. These genera are Oceanococcus, Marinobacter, Oceanibacterium, 

Marinoscillum, Spongiibacter and Halophibacterium. No members of these genera were 

present in other dunes.  

Fore dune of Keri, Goa has the least amount of exclusive genera and species. Bacillus 

thuringiensis is found exclusively in the Fore dune. Almeida et al. (2020) has reported B. 

thuringiensis from the coast of Miramar, Goa-India, possessing mosquito pathogenicity. 

Rhizobium gallicum and R. etli, exclusive to Fore dune are root-nodule bacteria capable of 

fixing atmospheric N2. These species are known to be associated with legumes such as 

Phaseolus vulgaris and Vigna unguiculata, which could be used for plant growth promotion 

(Mhamdi et al., 2002).    
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Gray dune has 101 exclusive bacterial and archaeal species that are not present in any other 

dunes. Rhodovibrio salinarum, exclusive to Gray dune is a halophilic bacterium and usually 

found in salterns (Imhoff, 2015). Also, various beneficial species were found exclusive to the 

Gray dune such as hexane-degrading Alkanibacter difficilis, Nitrogen-fixing 

Paraburkholderia sabiae, polyphosphate-accumulating Microlunatus phosphovorus and 

cellulase, amylase, and polygalacturonate lyase-producing Thermomonospora curvata. 

Therefore, these microorganisms from Gray dune have tremendous potential in various fields. 

Gray dune showed the presence of Aquabacterium limnoticum and Hydrobacter 

penzbergensis, that had been reported earlier from freshwaters (Chen et al., 2012, Eder et al., 

2015), indicating the ability of these species to survive in two completely different 

environments.    

Mature dune has 154 exclusive bacterial and archaeal species that are not found in other 

dunes. Sorangium cellulosum is an exclusively found bacterial species in Mature dune. It is a 

saprophyte and mostly gains nutrition from cellulose-containing organic compounds. It is 

reported to have fungicidal and bactericidal capabilities (Pradella et al., 2002). Thus, this 

species could have a role in plant growth promotion in the CSD environment. The Genus 

Vulcanibacillus is exclusively present in Mature dune and was previously reported from 

hydrothermal vents in the rainbow vent field (l’ Haridon et al., 2006). So far, only one species 

has been identified from this genus which is recorded in the current study i.e. V. 

modesticaldus. It is anaerobic, moderately thermophilic, and capable of reducing nitrate. 

Brevibacillus brevis, exclusively found in the Mature dune, is a known producer of 

antibiotics-gramicidin, tyrocidine, and is also a fungicide (Chandel et al., 2010). Also, few 

strains of B. brevis are capable of oxidizing carbon monoxide.  

The present study identified several pigment-producing species from CSD such as Spirosoma 

aerolatum (yellow), Micromonospora auratinigra (deep orange), Acidisphaera (salmon-pink), 

Chromohalobacter nigrandesensis (black), Domibacillus indicus (red), Micromonospora 

narathiwatensis (pale yellow), Pontibacter saemangeumensis (pink), Pseudomonas 

fluorescens (pyoverdin) and Rhodococcus equi (red). Several culture-dependent studies have 

shown the presence of pigment-producing bacteria in CSD habitat. This could be because 

pigmentation by bacteria and archaea is a mechanism to combat stress conditions such as salt 
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stress, high UV rays, and metal contamination (Narsing et al., 2017). CSD environmental 

condition is harsh and extreme and the presence of pigmented bacteria in CSD is inevitable.  

This study is the first metagenomics approach in assessing the microbiota in transactional 

zones of tropical CSDs. Data from the current work clearly demonstrates the dynamic nature 

of microbial communities of CSD at four dunes. The present work establishes the 

distinctiveness of each dune in terms of their microbial community structure. Moreover, using 

the metagenomics approach to assess microbial diversity at the CSD provides a better 

assessment of potential bacteria and archaea along with its community structure. Furthermore, 

a study of gene expression with CSD isolates would give a better idea of the adaptive 

mechanisms microorganisms use to sustain themselves in harsh conditions.  
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4.1. Introduction 

The enzymes are classified into 6 different classes, namely EC1 Oxidoreductases; EC2 

Transferases; EC3 Hydrolases; EC4 Lyases; EC5 Isomerases; and EC6 Ligases by the 

International Enzyme Commission on basis of the reaction catalyzed (Mojsov, 2012). For 

various reasons such as low cost, high quantity, less time for production, environmentally 

sustainable and stability in extreme conditions, the microorganisms have been preferred over 

other living organisms as source of enzymes. Microorganisms obtained from various 

ecosystems have been known to produce extracellular hydrolases (Anbu et al., 2004; Gopinath 

et al., 2005; Anbu and Hur, 2014). 

Protease enzymes in the textile industries is used to remove stiff and dull gum layer of sericite 

from raw silk fibers to achieve improve luster and softness. Protease can modify surface of 

wool and silk fibers to give unique finish. Silver can be recovered from X-Ray films by 

decomposing gelatin coating using alkaline protease (Anwar and Saleemuddin, 1998). 

Cellulase enzymes can be used in waste water management, animal feeds, textile, brewing and 

wine making (Sadhu and Maiti, 2013). Amylase is useful in removing starch sizing from 

textiles, as detergent additives, liquefying starch and for saccharification in baking (Souza and 

Magalhães, 2010). Lipase has application in various industries including food, detergents, 

textile, cosmetics, pharmaceuticals and leather (Choudhury and Bhunia, 2015). Lipase 

catabolizes carboxylic ester bonds; hydrolyse triglycerides into mono, diglycerides, fatty acids 

and glycerol (Alain Houde et al., 2004). Additionally, lipase can catalyze esterification and 

transesterification. This property makes lipase enzyme a potential choice in the detergent and 

other industries (Alain Houde et al., 2004). Xylanase is useful in pulp and paper industries 

(Basit et al., 2020). It is used as food additives in poultry (Burlacu et al., 2016). It is used in 

extracting coffee, plant oils and starch (Alain Houde et al., 2004). It is used in clarification of 

fruit juices along with other enzymes i.e. cellulase and pectinase (Kumar et al., 2017).  

Major industries rely on the microbial enzymes for the conversion of biological waste residue 

such as agro-waste into useful products (Nayak et al., 2019). CSD microbes are capable of 

producing various hydrolytic enzymes such as lipase, amylase, protease, cellulase, pectinase, 

and chitinase (Nayak et al., 2019). These enzymes can be harnessed by many industries such 

as detergent, textiles, and others for commercial use.  
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Pathogenic bacteria are showing resistance to various antibiotics, creating a multidrug 

resistant superbug (Wright and Sutherland, 2007). Classic example of multidrug resistant is 

Staphylococcus aureus showing Methicillin Resistance hence termed as MRSA. It is highly 

important to develop novel antibiotics against such kind of pathogens. Actinobacteria are the 

most important group of microorganisms capable of producing antioxidant, antifungal, 

antibacterial, and antiviral compounds (Wohlleben et al., 2012). About 60-70 % of antibiotics 

are produced by Streptomyces (Atta and Ahmad, 2009). Species from Genus Streptomyces 

alone produces 600 different types of antibiotics (de Jesus Sousa and Olivares, 2016). 

Although there is extensive research done on antibiotics from Streptomyces and the fact that it 

is responsible for the multi-billion-dollar-a-year industry, the ecology of Streptomyces is 

poorly studied (Bakker et al., 2009).  

The most common hypothesis responsible for the production of antibiotics is linked to the 

process of sporulation triggered due to stresses and nutrient depletion. To compete for the 

limiting nutrients bacteria produces antibiotics to inhibit competitors (de Lima Procópio et al., 

2012). Actinobacteria from the marine environment have higher activity as compared to the 

terrestrial strains due to the various stress conditions present in this habitat for the lifeforms 

(Rani and Doss, 2016). CSD habitat is both stressed and limited nutrient-containing, therefore 

the present study focuses on obtaining the isolates from CSD habitat and to check their 

capability for the production of hydrolytic enzyme and antimicrobial against various 

pathogens. 

4.2. Methodology 

4.2.1. Screening of pigmented isolates obtained from CSD for production of hydrolytic 

enzymes 

All the 250 pigment producing isolates obtained from CSD of Keri beach Goa were screened 

for production of hydrolytic enzymes such as protease, amylase, cellulase, xylanase and 

lipase. All the isolates for the following enzyme screening were incubated at 28 ˚C for 24 hrs.  

4.2.1.1. Protease enzymes 
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Freshly grown bacterial isolates were used for screening protease enzymes. These isolates 

were spot inoculated on to 1 % Skim Milk agar (pH 7) (Annexure I). The plates were 

incubated. The plates were checked for zone of clearance around the colonies (Shin et al., 

2007). The colony and zone sizes were recorded.  

4.2.1.2. Amylase enzymes 

The freshly grown isolates were spot inoculated on to 1 % starch agar (Annexure I). The 

plates were kept for incubation. After incubation, the plates were flooded with Gram’s iodine 

(Annexure I). The plates were checked for zone of clearance around the colonies (Shaw et al., 

1995). The colony and zone sizes were recorded. 

4.2.1.3. Lipase enzymes 

The freshly grown bacterial isolates were spot inoculated on nutrient agar (Annexure I) 

containing tween 80 (1 % v/v). The plates were kept for incubation. After incubation, the 

plates were checked for zone of precipitation around the colonies (Kumar et al., 2012). The 

colony and zone sizes were recorded. 

4.2.1.4. Cellulase enzymes 

Freshly grown pigmented isolates were spot inoculated on nutrient agar (Annexure I) 

containing 1 % carboxy methyl cellulose (CMC). The plates were incubated. After incubation, 

the plates were flooded with 0.1 % Congo red solution (Annexure I) and kept for 30 min. The 

plates were washed with 1 M NaCl (Annexure I). Plates were checked for zone of clearance 

around the colonies (Wood et al., 1988). The colony and zone sizes were recorded. 

4.2.1.5. Xylanase enzymes 

The freshly grown pigmented bacterial isolates were spot inoculated on nutrient agar 

(Annexure I) containing 0.5 % Xylan (beechwood). The plates were incubated. After 

incubation, the plates were flooded with 0.1 % Congo red solution (Annexure I) and kept for 

30 min. The plates were washed with 1 M NaCl (Annexure I). Plates were checked for zone of 

clearance around the colonies (Wood et al., 1988). The colony and zone sizes were recorded. 

4.2.2. Screening of pigmented bacteria for antimicrobial activity 
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Screenings for antimicrobial activity of 250 pigmented bacterial strains obtained from Keri 

beach-Goa were performed using a well-diffusion method (Gomez et al., 1997). 

4.2.2.1. Preparation of cell-free supernatant of pigmented isolates from Keri beach Goa 

The 250 pigmented bacterial isolates were grown in nutrient broth (Annexure I) at room 

temperature for 48 hrs. The cultures broths were centrifuged at 5000 rpm in a 2 ml Eppendorf 

tubes. The supernatants were collected in a fresh 2 ml Eppendorf tubes. These cell-free 

supernatants were used in the screening for antimicrobial activity.  

4.2.2.2. Clinical microbial strains  

Five bacterial pathogens Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, 

Salmonella typhi and Proteus vulgaris were collected from Goa Medical College Hospital, 

Bambolim, Panjim-Goa, India. One fungal pathogen Candida albicans was also collected 

from Goa Medical College Hospital, Bambolim, Panjim-Goa, India. The bacterial pathogens, 

Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Salmonella typhi and 

Proteus vulgaris were maintained on nutrient agar (Annexure I). The fungal pathogen, 

Candida albicans was maintained on Potato dextrose agar (Annexure I).  

4.2.2.3. Screening for antimicrobial activity  

For antimicrobial screening experiment, the pathogens were grown in nutrient broth 

(Annexure I) for 24 hrs at 37 ˚C. The broth containing pathogens (section 1.2.2.) were 

swabbed onto the Muller-Hinton agar medium (Annexure I). The swabbed plates were 

allowed to dry. Using a cork borer wells of 6 mm in diameter were bored on the medium. 

Fifty µl of cell-free supernatant (section 1.2.1.) were added in to the wells. The plates were 

incubated at 37 ˚C for 24 hrs. Zone of inhibition were observed on the plates. The zone sizes 

were recorded.  

4.3. Results 

4.3.1. Screening of pigmented isolates obtained from CSD for production of hydrolytic 

enzymes 

4.3.1.1. Protease enzymes 
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Out of 250 isolates, 52 isolates showed the protease activity (Fig. 4.1, Table 4.1). 

Brevundimonas sp. K1NRKBO003 showed the highest activity on the solid media giving the 

hydrolysis zone 15 mm diameter, followed by Rhodococcus equi K3AsKBO002 and isolate 

K11IcM1O003 that gave 14 mm. Bacillus marisflavi K13NAY003 and Alcaligenes faecalis 

K4NRNAY008 gave the 13 mm zone of hydrolysis followed by 12 mm zone given by 

Lysinibacillus fusiformis K7SpNAY003. Table 4.1 contains the colony size and zone size 

shown by the isolates. Table 4.1 contains only those isolates which showed at least one 

enzyme production. The isolates which did not produce any of the tested enzymes are not 

listed in the table 4.1.        

Out of 16 isolates obtained from Embryo dune, 6 isolates were protease producers (Fig. 4.2). 

Out of 127 isolates from Fore dune, 19 isolates were protease producers. Out of 95 isolates 

from Gray dune, 24 were protease producers. Out of 12 isolates from Mature dune, 3 showed 

positive test for protease activity.  

The majority of protease producers were from Gray dune, followed by Fore and Embryo 

dunes (Fig. 4.3). The least number of protease producers were from Mature dune (Fig. 4.3).    

 

Fig. 4.1 Skim milk agar plate showing representative isolates for the production of protease 

enzyme 

 

 

Zone of hydrolysis 
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Fig. 4.2 Total number of isolates and total number of protease producers from Embryo, Fore, 

Gray and Mature dunes 

 

 

Fig. 4.3 Distribution of xylanase producers from Embryo, Fore, Gray and Mature dunes 
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Table 4.1 Production of hydrolytic enzymes by the pigmented bacterial isolates obtained from CSD 

 

Dunes Isolates 

Hydrolytic enzymes 

PROTEASE AMYLASE LIPASE CELLULASE XYLANASE 

C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. 

Embryo 

K1NRBAO005 - - - - 6 14 - - - - 

K1NRBAY002 - - - - 2 10 - - - - 

K1NRBAY003 1 6 - - 1 6 - - - - 

K1NRKBO003 7 15 - - 7 12 1 4 1 2 

K1NRM1O001 - - - - - - 1 1 1 2 

K1NRNAY001 1 2 2 3 - - 1 1 1 2 

K1NRNAY002 - - - - - - 1 1 - - 

K1NRNAY003 3 7 - - - - - 1 1 2 

K1NRZMABr002 - - - - 1 9 1 1 1 1 

K1NRZMAY001 1 3 - - - - - - - - 

K1NRZMAY002 6 9 - - 7 11 - - - - 

Fore 

K2NRBAO003 - - - - - - - - 
 

1 

K2NRBAP010 2 7 3 9 - - - - - - 

K2NRBAR005 - - - - - - - - 1 5 

K2NRBAW008 - - 3 10 - - - - - - 

K2NRBAY002 - - - - - - 1 4 - - 

K2NRBAY005 2 4 5 18 3 9 5 15 - - 

K2NRBAY005a 2 4 5 17 3 10 6 15 - - 

K2NRBAY011 - - 4 12 - - - - - - 

K2NRBAY012 - - - - - - 1 2 - - 

K2NRBAY013 2 4 - - - - - - - - 

K2NRKBY005 1 3 5 15 6 12 - - - - 

K2NRM1O002 - - - - - - 1 2 - - 

Keys: CS (Colony size in millimeter), ZS (Zone size of enzyme activity in millimeter), - (No zone of clearance/no growth) 
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Table 4.1 Production of hydrolytic enzymes by the pigmented bacterial isolates obtained from CSD (cont.) 

 

Dune Isolates 

Hydrolytic enzymes 

PROTEASE AMYLASE LIPASE CELLULASE XYLANASE 

C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. 

Fore 

K2NRM1Y001 1 2 - - - - - - - - 

K2NRM1Y003 - - - - - - 1 2 1 1 

K2NRM1Y005 - - - - 4 12 - - 1 1 

K2NRM1Y006 - - 1 2 - - - - - - 

K2NRM1Y007 2 3 - - - - - - - - 

K2NRNAO001 - - - - - - 1 2 1 2 

K2NRNAO002 - - - - - - 1 2 1 2 

K2NRNAR005 - - 4 7 - - - - - - 

K2NRPPYGO003 - - - - - - 3 4 - - 

K2NRPPYGY001 - - 2 5 4 13 - - - - 

K2NRZMAY001 - - - - - - 1 1 1 1 

Mature 

K3AsBAP008 2 7 6 11 - - 1 4 1 1 

K3AsBAP009 3 6 5 10 - - 2 4 - - 

K3AsKBO002 - - - - - - 1 2 - - 

K3AsKBY005 7 14 - - 5 10 1 5 1 3 

K3AsNAO001 - - 7 26 - - - - - - 

K3AsPPYGP001 - - 1 5 - - 1 1 1 1 

K3AsR2AY002 - - - - 5 15 - - - - 

K3AsR2AY002a - - 2 4 5 15 - - - - 

Gray 

K4NRBAY001 3 8 - - 7 13 - - - - 

K4NRBAY004 - - - - - - - - 1 4 

K4NRKBO002 1 4 - - - - 2 12 - - 

K4NRNAY003 - - 4 8 - - - - 1 1 

Keys: CS (Colony size in millimeter), ZS (Zone size of enzyme activity in millimeter), - (No zone of clearance/no growth) 
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Table 4.1 Production of hydrolytic enzymes by the pigmented bacterial isolates obtained from CSD (cont.) 

 

Dune Isolates 

Hydrolytic enzymes 

PROTEASE AMYLASE LIPASE CELLULASE XYLANASE 

C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. 

Gray 

K4NRNAY004 2 4 - - 3 5 1 1 1 2 

K4NRNAY007 - - 2 10 - - - - - - 

K4NRNAY008 4 13 - - - - - 2 - 1 

K4NRR2AY001 3 9 - - 7 12 - - - - 

K4NRR2AY002 5 8 - - - - - - - 1 

K4NRR2AY008 3 9 - - 7 14 - - - - 

K4NRR2AY011 - - - - 4 10 - - - - 

K4NRR2AY014 1 3 - - 4 9 - - 1 1 

K4NRR2AY017 - - - - 7 12 1 1 1 1 

K4NRR2AY018 - - - - 3 14 - - 1 1 

K5NRNAY004 - - - - - - 1 3 - - 

K5NRNAY006 3 6 - - - - - - - - 

K5NRNAY007 4 5 - - - - 
 

1 - - 

K5NRPPYGP001 4 7 4 14 3 5 1 7 1 4 

K6BAP002 2 3 3 4 - - - - 1 1 

K6BAP005 2 5 4 11 - - - - - - 

K6NAO001 - - 6 11 - - 
 

2 1 5 

K6NAO003 - - 5 11 - - - - 1 5 

K7SpNAY003 3 12 - - - - - - - - 

K7SpZMAO002 - - 3 8 - - - - - - 

K7SpZMAP003 1 3 4 9 1 6 1 1 1 1 

K7SpZMAY001 - - - - 7 12 - - 1 1 

K7SpZMAY004 - - - - - - 1 1 1 1 

Keys: CS (Colony size in millimeter), ZS (Zone size of enzyme activity in millimeter), - (No zone of clearance/no growth) 
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Table 4.1 Production of hydrolytic enzymes by the pigmented bacterial isolates obtained from CSD (cont.) 

 

Dune Isolates 

Hydrolytic enzymes 

PROTEASE AMYLASE LIPASE CELLULASE XYLANASE 

C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. 

Gray 

K7SpZMAY005 3 5 3 5 - - 2 6 1 1 

K7SpZMAY008 - - 3 5 5 18 1 3 1 2 

K8AcNAY001 - - - - 4 5 - - - 2 

K8AcR2AY001 - - 4 6 6 18 1 1 1 1 

K8AcR2AY003 - - - - 3 7 - - - - 

K8AcR2AY004 - - - - - - - - 1 4 

K8AcR2AY005 - - - - 9 15 1 1 1 1 

K9RBAP003 3 7 2 9 - - - - - - 

K9RBAY005 2 4 5 12 - - 4 7 - - 

K9RBAY009 3 4 - - - - - - - - 

K9RBAY010 - - - - - - 1 1 1 1 

K9RM1O001 - - - - - - - - 1 1 

K9RM1O003 - - - - 1 45 1 2 1 3 

K9RM1Y001a 1 2 - - - - - - - - 

K9RNABl004 - - 4 21 - - 1 3 1 2 

K9RNAY007 4 7 - - - - - - - - 

K9RR2AY002 3 5 3 6 - - 1 2 1 1 

K9RR2AY003 2 3 2 3 5 24 - - - - 

K9RR2AY004 - - - - - - 1 3 1 1 

K9RZMAC005 - - 3 8 - - - - - - 

K9RZMAP006 4 9 5 13 - - 2 9 - - 

K9RZMAY002 - - 3 9 - - 1 1 - - 

K9RZMAY003 - - - - 6 12 1 1 1 1 

Keys: CS (Colony size in millimeter), ZS (Zone size of enzyme activity in millimeter), - (No zone of clearance/no growth) 
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Table 4.1 Production of hydrolytic enzymes by the pigmented bacterial isolates obtained from CSD (cont.) 

 

Dune Isolates 

Hydrolytic enzymes 

PROTEASE AMYLASE LIPASE CELLULASE XYLANASE 

C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. 

Fore 

K10NAY001 4 5 - - - - - 2 1 2 

K11IcBAY002 - - - - - - - - 1 1 

K11IcM1O003 7 14 3 6 5 9 4 5 3 4 

K11IcM1P004 - - 4 10 - - - - 1 1 

K11IcNAY001 - - - - - - 1 1 1 1 

K11IcPPYGO001 - - - - 5 9 - - - - 

K11IcPPYGO003 - - - - - - 1 1 1 1 

K11IcR2AP006 - - - - 4 10 - - 1 1 

K11IcR2AY001 1 3 - - 2 9 - - - - 

K11IcR2AY002 2 3 - - - - - - - - 

K11IcR2AY004 1 6 4 8 - - - - - - 

K11IcR2AY007 - - - - - - 1 2 1 3 

K11IcZMAC003 2 5 4 5 - - 1 2 1 1 

K11IcZMAO001 - - - - 8 20 1 1 - - 

K12CqR2AP005 2 3 - - - - - - 1 1 

K13BAO003 - - 3 10 3 12 1 5 - - 

K13BAO009 - - - - - - 1 1 1 1 

K13BAY001 3 4 - - - - 1 2 1 1 

K13BAY006 - - 3 7 - - 1 2 1 2 

K13KBW010 - - 4 10 5 10 3 15 - - 

K13KBO002 - - - - 4 6 1 5 1 3 

K13KBO011 - - - - - - - - 1 1 

K13KBY006 7 10 3 17 - - - - 2 3 

Keys: CS (Colony size in millimeter), ZS (Zone size of enzyme activity in millimeter), - (No zone of clearance/no growth) 
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Table 4.1 Production of hydrolytic enzymes by the pigmented bacterial isolates obtained from CSD (cont.) 

 

Dune Isolates 

Hydrolytic enzymes 

PROTEASE AMYLASE LIPASE CELLULASE XYLANASE 

C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. C.S. Z.S. 

Fore 

K13KBY008 - - - - - - 1 1 - - 

K13M1C006 - - - - - - 1 2 - - 

K13M1P002 - - 2 4 - - - - - - 

K13M1Y001 - - - - 2 8 1 1 1 1 

K13M1Y002 - - - - - - 1 2 1 1 

K13M1Y003 - - - - - - 1 4 1 2 

K13M1Y007 - - 2 4 2 9 1 1 - - 

K13M1Y008 - - - - - - 1 2 1 1 

K13M1Y009 - - - - - - - - 1 2 

K13M1Y010 - - 1 5 - - - - - - 

K13M1Y011 5 7 1 5 - - 1 2 1 2 

K13NAY001 - - 3 6 - - 1 1 1 1 

K13NAY002 - - 4 5 - - - - - - 

K13NAY003 - - - - - - 1 1 1 3 

K13NAY003a 6 13 4 11 - - 3 6 2 4 

K13PPYGY001 - - 2 4 4 7 1 1 - - 

K13PPYGY001a 3 4 - - - - - - - - 

K13R2AY004 - - - - - - 1 1 1 1 

K13R2AY005a - - - - 6 15 1 1 1 1 

K13ZMAC001 - - - - 5 13 1 1 1 1 

Keys: CS (Colony size in millimeter), ZS (Zone size of enzyme activity in millimeter), - (No zone of clearance/no growth) 
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4.3.1.2. Amylase enzymes 

Out of 250 isolates, 51 isolates showed positive for amylase enzyme production on starch agar 

media (Fig. 4.4, Table 4.1). Bacillus endophyticus K3AsNAO001 gave the highest zone of 

hydrolysis (26 mm), followed by Bacillus sp. K9RNABl004 (21 mm), Streptomyces variabilis 

K2NRBAY005 (18 mm), isolate K13KBY006 (17 mm), Streptomyces sp. K2NRKBY005 (15 

mm), Bacillus wiedmania K5NRPPYGP001 (14 mm), Bacillus subtilus K9RBAP005 (12 

mm) and Streptomyces sp. K2NRBAY011 (12 mm). 

Out of 16 isolates obtained from Embryo dune, only 1 isolate showed amylase production 

(Fig. 4.5). Out of 127 isolates from Fore dune, 25 isolates were amylase producers. Out of 95 

isolates from Gray dune, 20 showed amylase activity. Out of 12 isolates from Mature dune, 5 

showed positive test for amylase activity.  

Majority numbers of amylase producers were from Fore dune, followed by Gray and Mature 

dunes (Fig. 4.6). The least number of amylase producers were seen from Embryo dune.  

 

 

Fig. 4.4 Starch agar plate showing representative isolates for the production of amylase 

enzyme 

Zone of hydrolysis 
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Fig. 4.5 Total number of isolates and total number of amylase producers from Embryo, Fore, 

Gray and Mature dunes 

 

Fig. 4.6 Distribution of amylase producers from Embryo, Fore, Gray and Mature dunes 

4.3.1.3. Lipase enzymes 

Out of 250 isolates, 46 isolates gave lipase test positive (Fig. 4.7, Table 4.1). Proteus mirabilis 

K9RM1O003 showed the highest zone of precipitation (45 mm), followed by Curtobacterium 

sp. K9RR2AY003 (24 mm), Paracoccus marcusie K11IcZMAO001 (20 mm), Bacillus 

marisflavi K7SpZMAY008 (18 mm), isolate K8AcR2AY001 (18 mm), Microbacterium sp. 
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K13R2AY005a (15 mm), isolate K8AcR2AY005 (15 mm), Micrococcus sp. K3AcR2AY002 

(15 mm) and Microbacterium sp. K3AsR2AY002a (15 mm).  

Out of 16 isolates obtained from Embryo dune, 6 isolates were tested positive for lipase 

production (Fig. 4.8). Out of 127 isolates from Fore dune, 18 isolates were lipase producers. 

Out of 95 isolates from Gray dune, 19 were lipase producers. Out of 12 isolates from Mature 

dune, 3 showed positive test for lipase activity.  

The maximum number of Gray dune isolates produced lipase enzymes, followed by Fore dune 

isolates and Embryo dune (Fig. 4.9). The least lipase producers were observed from Mature 

dune.  

 

 

Fig. 4.7 Tween 80 agar plate showing isolate for the production of lipase enzyme 

Zone of precipitation 
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Fig. 4.8 Total number of isolates and total number of lipase producers from Embryo, Fore, 

Gray and Mature dunes 

 

Fig. 4.9 Distribution of lipase producers from Embryo, Fore, Gray and Mature dunes  

4.3.1.4. Cellulase enzymes 

Out of 250 isolates, 71 showed cellulase enzyme activity (Fig. 4.10, Table 4.1). The best zone 

of hydrolysis was given by isolate K13BW010 (15 mm) and Streptomyces variabilis 

K2NRBAY005 (15 mm), followed by Microbacterium arborescens K4NRKBO002 (12 mm), 

Bacillus cereus K9RZMAP006 (9 mm), Bacillus wiedmania K5NRPPYGP001 (7 mm), 
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Bacillus subtilis K9RBAP005 (7 mm), Bacillus megaterium K7SpZMAY005 (6 mm), 

Streptomyces violaceorubidus K13BAO003 (5 mm) and isolate K11IcM1O003 (5 mm). 

Out of 16 isolates obtained from Embryo dune, 5 isolates were cellulase producers (Fig. 4.11). 

Out of 127 isolates from Fore dune, 38 isolates were cellulase producers. Out of 95 isolates 

from Gray dune, 23 were cellulase producers. Out of 12 isolates from Mature dune, 5 showed 

positive test for cellulase activity.  

Out of the total cellulase producers, the maximum numbers were contributed by isolates 

obtained from Fore dune, followed by Gray (Fig. 4.12). The Embryo and Mature dunes 

contributed equal number of cellulase producers (Fig. 4.12). 

 

 

Fig. 4.10 CMC agar plate showing representative isolates for the production of cellulase 

enzyme 

 

Zone of hydrolysis 
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Fig. 4.11 Total number of isolates and total number of cellulase producers from Embryo, 

Fore, Gray and Mature dunes 

 

 

Fig. 4.12 Distribution of cellulase producers from Embryo, Fore, Gray and Mature dunes 

4.3.1.5. Xylanase enzymes 

Out of 250 isolates, 71 isolates showed xylanase acitivity (Fig. 4.13, Table 4.1), from which 

Streptomyces albofaciens K2NRBAW008 act gave the biggest zone of clearance i.e. 6 mm 

followed by Brevundimonas sp. K2NRBAR005 (5 mm), isolate K6NAO001 (5 mm), Bacillus 

sp. K6NAO003 (5 mm), Bacillus marisflavi K13NAY003 (4 mm), isolate K11IcM1O003 (4 
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mm), Acinetobacter sp. K4NRBAY004 (4 mm), Pantoea aggromerans K8AcR2AY004 (4 

mm) and Bacillus wiedmania K5NRPPYGP001 (4 mm).  

Out of 16 isolates obtained from Embryo dune, 5 isolates were xylanase producers (Fig. 4.14). 

Out of 127 isolates from Fore dune, 35 isolates were xylanase producers. Out of 95 isolates 

from Gray dune, 28 were xylanase producers. Out of 12 isolates from Mature dune, 3 showed 

positive test for xylanase activity.  

Out of the total xylanase producers, the highest numbers were contributed by isolates obtained 

from Fore dune, followed by Gray and Embryo dunes (Fig. 4.15). Least number of isolates 

from Mature dune were xylanase producers.   

 

 

Fig. 4.13 Nutrient agar plate with xylan showing representative isolates for the production of 

xylanase enzyme 

 

Zone of hydrolysis 



 CHAPTER IV 
 

132 | P a g e  
 

 

Fig. 4.14 Total number of isolates and total number of xylanase producers from Embryo, 

Fore, Gray and Mature dunes 

 

Fig. 4.15 Distribution of xylanase producers from Embryo, Fore, Gray and Mature dunes 

 

The total of 135 isolates showed production of hydrolytic enzymes out of 250 pigmented 

bacteria isolated from CSD of Keri beach Goa-India. Among these, maximum isolates 

produced xylanase enzyme (25 %), followed by cellulase (24 %) (Fig. 4.16). Almost similar 

number of isolates showed the production of protease (18 %), amylase (17 %) and lipase (16 

%).  
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Fig. 4.16 Distribution of isolates with respect to the production of hydrolytic Enzymes  

 

Bacillus infantis K7SpZMAP003, Bacillus wiedmania K5NRPPYGP001 and Isolate 

K11IcM1O003 showed the production of all the 5 enzymes i.e. protease, lipase, amylase, 

cellulase and xylanase (Fig. 4.17, Table 4.1). The highest combination of 50 isolates showed 

the cellulase and xylanase production. Whereas 20 pigment producing bacteria namely 

Bacillus sp. K6NAO003, Curtobacterium oceanosedimentum K4NRNAY003, Bacillus 

marisflavi K1NRNAY003, Bacillus subtilis K7SpZMAY001, Microbacterium sp. 

K13M1O009, Methylobacterium sp. K11IcM1P004, Curtobacterium sp. K9RM1O001, 

Stenotrophomonas sp. K2NRM1Y005, Mycobacterium sp. K11IcBAY002, Bacillus sp. 

K6BAP002, Acinetobacter sp. K4NRBAY004, Brevundimonas sp. K2NRBAR005, 

Microbacterium sp. K13KBY006, Microbacterium sp. K13KBO011, Lysobacter enzymogenes 

K12CqR2AP005, Microbacterium sp. K11IcR2AP006, Pantoea sp. K8AcR2AY004, 

Microbacterium foliorum K4NRR2AY014, Brevibacillus agri K4NRR2AY018 and isolate 

K8AcNAY001 produced cellulase-free xylanase. Twenty one isolates showed the production 

of xylanase and protease. Twenty one isolates showed the production of amylase and protease. 

Twenty three isolates showed the production of cellulase and lipase. Fifteen isolates showed 

the production of lipase and amylase. Seventeen isolates showed the production of xylanase, 

cellulase and lipase. Sixteen isolates showed the production of xylanase, cellulase and 
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protease. Twelve isolates showed the production of protease, amylase and xylanase. Seven 

isolates showed the production of protease, amylase and lipase. Ten isolates showed the 

production of lipase, amylase and cellulase. Six isolates showed the production of protease, 

xylanase, cellulase and lipase, 4 isolates showed the production of protease, amylase, lipase 

and cellulase, 3 isolates showed the production of lipase, protease, amylase and xylanase.  

 

Fig. 4.17 Distribution of the pigmented bacterial isolates according to the combinations of 

production of the hydrolytic enzymes  
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4.3.2. Screening of pigmented bacteria for antimicrobial activity 

Five bacterial cultures, Streptomyces sp. K2NRKBY005, Streptomyces sp. K2NRBAY005a, 

Streptomyces sp. K13BAY007a, Streptomyces albofaciens K2NRBAW008 and Streptomyces 

sp. K2NRBAY011 showed antimicrobial activity against S. aureus and P. vulgaris (Fig. 4.18). 

Remaining 245 isolates did not show any antimicrobial activity against Escherichia coli, 

Klebsiella pneumoniae, Staphylococcus aureus, Proteus vulgaris, Salmonella typhi, and 

Candida albicans. The five bacterial strains did not show any antimicrobial activity against 

Escherichia coli, Klebsiella pneumoniae, Salmonella typhi and Candida albicans. The highest 

zone of inhibition was given by Streptomyces albofaciens K2NRBAW008 towards S. aureus 

and P. vulgaris (Fig. 4.18, Table 4.2). The second highest zone of inhibition was given by 

Streptomyces sp. K2NRBAY011 against S. aureus and P. vulgaris. Streptomyces sp. 

K2NRKBY005 and Streptomyces sp. K2NRBAY005a gave 12 mm zone of inhibition towards 

S. aureus and 19 mm and 20 mm respectively against P. vulgaris. Streptomyces sp. 

K13NRBAY007a gave 13 mm and 15 mm zone of inhibition towards S. aureus and P. 

vulgaris, respectively (Fig. 4.18).  

                                          A                                                            B 

 

Fig. 4.18 Muller-Hinton’s agar plate showing antimicrobial activity of the strains against S. 

aureus (A) and P. vulgaris (B) by well diffusion method 
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Table 4.2 Antimicrobial activity of the isolates towards Staphylococcus aureus and Proteus 

vulgaris 

Isolates Identity 
Zone of inhibition size (mm) 

S. aureus P. vulgaris 

K2NRKBY005 Streptomyces sp. 12 19 

K2NRBAY011 Streptomyces sp. 16 25 

K2NRBAW008 Streptomyces albofaciens 19 27 

K2NRBAY005a Streptomyces sp. 12 20 

K13NRBAY007a Streptomyces sp. 13 15 

Keys: mm (milimeter)    

                                           

4.4. Discussion  

 

Microorganisms are producers of extracellular enzymes such as cellulase, amylase, lipase, 

xylanase and protease. These enzymes have potential in various industries. Many microbes 

producing such enzymes have been isolated from marine, coastal and terrestrial environment. 

There are very few reports of such enzyme producers from CSD. Bacteria such as Bacillus, 

Brevibacterium, Brochothrix, Cellulomonas and Microbacterium isolated from CSD have 

been reported to produce multiple hydrolytic enzymes (Godinho et al., 2009). Gaonkar (2015) 

stated enzyme producing bacteria are higher during a pre-monsoon season in order to degrade 

foliage shredded in this season.  

Studies on endophytic bacteria such as Pseudomonas, Rahnella, Rhizobium, Xanthomonas, 

Pantoea, Erwinia, Chryseobacterium, Bacillus, and Acinetobacter isolated from CSD in Tae-

An, Korea reported to produce industrially important enzymes like protease, pectinase, and 

chitinase (Shin et al., 2007). Penicillium and Trichoderma from the CSD produced cellulase 

(Andrade et al., 2011; Ferreira et al., 2012). Several actinobacterial isolates obtained from the 

CSD of Chennai coast, India were screened for hydrolytic enzymes by Sangeetha et al. (2013). 

Among these, 34, 11, 30, 61, 51 and 24 isolates produced amylase, tannase, chitinase, 

gelatinase, caseinase, and pectinase, respectively. In current study, out of 250 isolates, 

xylanase producers were 71, cellulase producers were 70, lipase producers were 45, amylase 

producers were 50 and protease producers were 51. Current study revealed three isolates 

namely Bacillus infantis K7SpZMAP003, Bacillus wiedmannii K5NRPPYGP001 and isolate 

K11IcM1O003 which were capable of producing all the five tested enzymes.   
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For xylanase, Streptomyces albofaciens K2NRBAW008 gave the biggest zone of clearance. 

Streptomyces albofaciens has not reported previously for xylanase enzymes. Streptomyces 

albofaciens is known to produce beta-lactamase enzyme (Barallon, 1990).  

The best zone of hydrolysis for cellulase enzyme was given by Streptomyces tendae 

K13BAW010 and Streptomyces variabilis K2NRBAY005. Streptomyces tendae and 

Streptomyces variabilis have not been reported previously for production of cellulase enzyme. 

Moreover, Streptomyces tendae is known to produce alkaline mannanase, chitinase and lyase 

(Bormann et al., 1999; Yoo et al., 2015; Mohapatra, 2020). Streptomyces variabilis is known 

to produce enzymes including lipase, xylanase, L-glutaminase, heparinase and chitinase 

(Gherbawy et al., 2012; Selvam and Vishnupriya, 2013; Abd-Alla et al., 2013; Sanjivkumar et 

al., 2018; Singh et al., 2019).  

Proteus mirabilis K9RM1O003 showed the highest zone of precipitation in lipase screening. 

Korman et al. (2012) reported lipase production from Proteus mirabilis. P. vulgaris is more 

widely used in production of lipase (Fang et al., 2009; Natalia et al., 2014; Gupta et al., 2017). 

P. mirabilis is widely used for producing metalloprotease enzyme (Senior et al., 1987; 

Loomes et al., 1990; Wassif et al., 1995). Apart from enzyme protease, Proteus mirabilis is 

also known to produce urease enzyme (Breitenbach and Hausinger, 1988).  

In case of amylase enzyme production, Bacillus endophyticus K3AsNAO001 gave the highest 

zone of hydrolysis. Bacillus endophyticus is not reported previously for amylase production. 

This species is halotolerant and having a protease inhibitory activity (Gan et al., 2018; 

Venkatachalam and Nadumane, 2019).  

Protease enzyme was seen highest in Brevundimonas sp. K1NRKBO003. Brevundimonas 

diminuta is reported to produce extracellular protease enzyme (Chaia et al., 2000). 

Brevundimonas sp. is known to produce esterase enzyme (Zhang et al., 2017). 

Microorganisms produce about 23,000 biologically active secondary metabolites, 

Actinobacteria contributes two-thirds of it and Streptomyces produces more than 70 % (Olano 

et al., 2008). Streptomycetes produces secondary metabolites to adapt to various physical-

chemicals and biological stresses (Lechevalier and Lechevalier, 1970). The actinobacteria 

produce secondary metabolites under limited nutrient conditions (Bibb, 2005) and these 
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metabolites have antibacterial, antiviral, antitumor activities. In the present study, 

Streptomyces sp. K2NRKBY005, Streptomyces sp. K2NRBAY005a, Streptomyces sp. 

K13BAY007a, Streptomyces albofaciens K2NRBAW008 and Streptomyces sp. 

K2NRBAY011 showed antimicrobial activity against two pathogens viz. Staphylococcus 

aureus and P. vulgaris. 

Staphylococcus aureus is one of the most infectious pathogens and globally causes health-

care-associated infections such as skin infections, soft tissue infections, and endovascular 

infections, septic arthritis, pneumonia, and osteomyelitis (Archer et al., 1985). Despite the 

increased number of anti-staphylococcal agent availability in the market, their usage is 

decreasing since S. aureus is developing resistance to these drugs more rapidly. Certain 

pathogenic strains adapt to the drug using mechanisms such as enzymatic deactivation of 

antibiotics, decreasing permeability to antibiotics, efflux and mutation rate gets increased as 

response to stress and altering target sites of antibiotics (Li and Nikaido, 2009). Examples are 

Methicillin-resistance Staphylococcus aureus (MRSA), Vancomycin-Resistant Enterococci 

(VRE). Many different bacteria are able to develop resistance more rapidly due to a horizontal 

gene transfer (Hussain, 2015). Antibiotics resistant bacteria transfer the copies of the DNA 

that code for the resistance mechanism to the other bacteria which later on show antibiotics 

resistance and the gene is then continued on to generations. P. vulgaris shows resistance 

towards antibiotics due to the presence of plasmid containing resistance gene, making the 

infection difficult to cure. 

Current study isolated Streptomyces sp. K2NRBAY005 from Fore dune showing the most 

similarity with S. variabilis. Several reports on S. variabilis have been from marine sources 

(Pan et al., 2012). Streptomyces sp. K2NRBAY005 from current study showed 15 mm and 20 

mm zone of inhibition towards S. aureus and P. vulgaris, respectively. Streptomyces variabilis 

PO-178 isolated from soil of Western Ghat Agumbe, Karnataka, India, exhibited antibacterial 

activity against Staphylococcus aureus and Pseudomonas aeruginosa (Kekuda et al., 2015). 

So far there are no reports of S. variabilis exhibiting antibacterial activity against P. vulgaris. 

S. afghaniensis VPTS3-1 isolated from Palk Strait of Bay of Bengal, east coast of India, 

exhibited activity against P. vulgaris with 16 mm zone of inhibition (Vijayakumar et al., 

2012). This activity is comparatively less than the 27 mm and 20 mm zone of clearance shown 
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by Streptomyces sp. K2NRBAW008 and Streptomyces sp. K2NRBAY005, respectively.  In 

addition to antimicrobial activity, S. variabilis also have antioxidant properties, 

saccharification, production of bioethanol, L-glutaminase, and lipase (Abd-Alla et al., 2013; 

Ramalingam and Rajaram, 2016; Sanjivkumar et al., 2018; Vishnupriya and Selvam, 2018).  

Streptomyces sp. K2NRBAW008 isolated in the current study showed the most species 

similarity with S. albofaciens. In the current study, Streptomyces sp. strains K2NRBAW008 

exhibited the highest zone of clearance with 27 mm zone diameter against P. vulgaris. 

Whereas, it exhibited an 11 mm zone of clearance against S. aureus. S. albofaciens is a well 

know producer of commercially available antibiotics oxytetracycline, spiramycin, albopeptin 

A, albopeptin B, and alpomycin (Uniprot, LPSN bacterio.net). This species was previously 

been isolated from the Chennai marine sediment of Bay of Bengal coast which gave 

antimicrobial activity against S. aureus ATCC29213 and Enterococcus faecalis ATCC29212, 

giving 19 mm and 21 mm zone of clearance, respectively (Rajan and Kannabiran, 2013, 

2010). So far there are no reports of S. albofaciens showing anntibacterial activity against P. 

vulgaris. The strain Streptomyces sp. K2NRBAW008 was also able to produce lipase enzyme. 

Having lipase enzyme activity could give the strain additional benefits in eliminating the 

pathogen.  

Streptomyces sp. RM17 and RM42 isolated from CSD zone of Kerala, West Coast of India, 

showed activity against S. aureus with 18 mm and 17 mm zone of diameter, respectively 

(Remya and Vijayakumar, 2008). Various strains of Streptomyces sp. isolated from CSD zone 

of Goa and Maharashtra Indian coastlines, showed activity against S. aureus with zone of 

clearance ranging from 12 to 21 mm (Kokare et al., 2004). Streptomyces sp. isolated from 

CSD of Point Calimere, East Coast of India produced antimicrobial compound B. subtilis and 

E. coli (Vijayakumar et al., 2010).  

The present study establishes Streptomyces strains inhabiting CSD to have great potential in 

the medical field as an antibacterial agent. Also, bacterial strains inhabiting CSD have 

potential in detergent and textile industries for enzyme production. Hydrolytic enzyme 

producing bacteria could be present in abundance in the CSD habitat. Present study has 

evaluated various pigmented bacteria possessing the ability to produce hydrolytic enzymes of 

industrial importance from CSD environment.   



 

 

 

 

 

Chapter 5: 

POTENTIAL OF SELECTED PIGMENTED 
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5.1. Introduction 

There is a rapid increase in the worldwide population. There is a possibility that globally 

population could reach up to 9.1 billion by 2050 (Alexandratos, 2005). According to the 

2016 U.N. report, India will be the most populated country. Though the population is 

increasing, the food production is not increasing significantly to meet the demands in 

coming years. With increasing demands for crops globally, need of agricultural land and 

fertilizers have also increased to such an extent that it cannot be sustained any longer. One 

critical factor in the farming is land scarcity. About 28.5 % of the total land mass is being 

used for the agricultural practices (FAOSTAT, 2017). Arid and semi-arid sand regions 

such as deserts and coastal sand dunes (CSD) are not considered as agricultural lands. 

Additionally, climate change could possibly convert the present agricultural land into 

semi-arid or arid regions (Durrenberger, 1987). This could significantly reduce the 

percentage of land on earth for crop cultivation. In addition, soil type also determines the 

crop productivity. There are several abiotic factors that affect the production of crops such 

as soil salinity, pH and nutrients. Major portion of fertilize land turns into barren and 

waste land due to over farming and uncontrolled use of chemical fertilizers. About 800 

Million hectares of land have been severely affected by salinity and cannot be used 

anymore for fertilization (Munns and Tester, 2008). Furthermore, for many years farmers 

have been using the environmentally unsafe and expensive chemical fertilizers. Therefore, 

there is an utmost necessity for the formulation and development of new eco-friendly, 

cost-effective and environmentally stable bio-fertilizers.  

Recently, there has been greater demand for bio-fertilizers which could sustain and also 

promote the plant growth in harsher environmental conditions. CSD ecosystem is a less 

explored habitat harboring economically potential microorganisms. The microorganisms 

present in the CSD are vital as they are likely to help the plants to grow in the draught 

prevailing condition of sand (Glick, 2012). Vigna unguiculata commonly known as 

cowpea is a legume plant could be grown in semi-arid saline regions because of its high 

salt tolerance. Studies by Nunes et al. (2019), suggested that cowpea can tolerate the 

electrical conductivity of 3.0 ds m
-1

 of saline water.  
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There are several Plant Growth Promoting (PGP) attributes produced by microorganisms 

that help the plants to grow under unfavorable conditions (drought, saline, alkaline soil). 

Some have direct and indirect effects on plant growth. The direct mechanisms include 

production of phytohormones such as auxin, Hydrogen cyanide (HCN), 1-

Aminocyclopropanecarboxylic acid (ACC) deaminase and providing protection against 

phytopathogens (Jalili et al., 2009). Some of the indirect mechanisms include production 

of exopolysaccharides (EPS), ammonia, siderophores, hydrolytic enzymes and 

antagonistics.  

In the present study, the bacterial isolates obtained from CSD have been explored as bio-

fertilizers in the sandy soil. Microorganisms from an extreme CSD environment, normally 

promote the vegetation of CSD. The present study hypothesizes that the microorganisms 

present in such extreme conditions have the ability, to support plant growth and thrive in 

the barren and arid sand. The focus of this chapter was to screen the bacterial strains from 

CSD and determine the effect of selected strains on cowpea germination and growth of 

cowpea plants under nutrient deficient conditions of sand from CSD. 

5.2.Methodology   

5.2.1. Screening for plant growth promoting characteristics 

All the 250 pigmented bacterial isolates obtained were screened for plant growth 

promoting attributes such as indole-3-acetic acid production, inorganic phosphate 

solubilisation, siderophore production, extracellular-polysaccharide production, ammonia 

production and HCN production. Five selected bacterial isolates giving best zone size, 

maximum and combination of tests positive were screened for ACC deaminase 

production, antifungal activity and chitinase production.    

5.2.1.1. Indole-3-acetic acid (IAA) production  

The screening of isolates for IAA production was carried out using the protocol described 

by Brick et al. (1991). Isolates were grown in 5 ml of nutrient broth (Annexure I) 

containing 0.5 % tryptophan at room temperature for 7 days. To 1 ml of cell free 

supernatant, 0.1 ml of xylene was added and mixed properly using vortex. Two drops of 

Salkowski’s reagent (Annexure I) were added. The tube was kept stationary at room 

temperature in dark for 30 min. Pink colouration in the tube indicates the IAA production. 
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5.2.1.2. Inorganic Phosphate (PO4) solubilisation  

For screening the ability of isolates to solubilize inorganic phosphate, method described by 

Gaur et al. (1990) was used. Isolates were spot inoculated on Pikovskaya’s agar containing 

tricalcium phosphate (Annexure I) and Bromocresol purple dye (Annexure I). The positive 

isolates showed zone of clearance around the colony showing solubilized phosphate and 

yellow colour around colony for acid production.  

5.2.1.3. Siderophore production  

The Schwyn and Neiland (1987) method was used to screen the isolates for siderophore 

production by. Isolates were spot inoculated on Chromazurol S agar (Annexure I). Isolate 

showing yellow zone around the colony is positive for siderophore production.  

5.2.1.4. Extracellular-polysaccharide (EPS) production  

Geel-Schutten et al. (1998) method was utilized to screen the EPS production by isolates. 

Isolates were spot inoculated on Congo red agar supplemented with 5 % sucrose 

(Annexure I). Growth of the isolates showing dark red or black colouration on and around 

the colony was recorded as EPS producers. 

5.2.1.5. Ammonia production  

For ammonia production, freshly grown isolates were inoculated in peptone water 

(Annexure I) and incubated for 72 hrs at room temperature. Two ml of the culture broth 

was centrifuged at 10,000 rpm for 10 min. To supernatant 0.2 ml of Nessler’s reagent 

(Annexure I) was added. Colour change from brown to yellow gives the positive test.  

5.2.1.6. Hydrogen cyanide (HCN) production   

To screen the isolate for HCN production, method described by Deshwal and Kumar, 

(2013) was used. Freshly grown isolates were inoculated in 4.4 % glycine media 

(Annexure I). A strip of filter paper was dipped in picric acid. It was then placed in a test 

tube. The test tube was sealed at the mouth with the paraffin. A control was kept without 

inoculation with test bacterial isolates. Isolates were allowed to grow for 48 hrs. After 48 

hrs of incubation, blackening on the filter paper indicated HCN production by the isolates.  

5.2.1.7. ACC deaminase production  
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Ability of the five selected isolates for production of ACC deaminase was tested using the 

method given by Dworkin and Foster, (1958). The isolates were spot inoculated on 

Dworkin and Foster (DF) minimal salt agar (Annexure I) containing 5 mM of 1-Amino 

Cyclopropane Carboxylic acid (ACC). ACC acts as a sole nitrogen source. Growth of the 

isolates on DF minimal salt agar determines the ability of isolate to produce the enzyme 

ACC deaminase.  

 

5.2.1.8. Antifungal activity  

For antifungal activity, five selected bacterial isolates were spot inoculated on Potato 

Dextrose Agar (Annexure I) in the center and Fusarium oxysporum was spot inoculated on 

the same plate on either sides. Plates were incubated at 28 ˚C. The plates were monitored 

for growth for 7 days. Zone of inhibition for the Fusarium oxysporum growth was 

measured.  

5.2.1.9. Chitinase production 

Colloidal chitin was prepared from commercial insoluble chitin by acid digestion using 

protocol given by Arnold and Solomon (1986). One percent colloidal chitin media 

(Annexure I) was prepared. Isolates were spot inoculated on chitin media and allowed to 

grow for 72 hrs at 28 ˚C (Yuli et al., 2004). After incubation, the plate was observed for 

zone of clearance around the growth indicating production of chitinase.  

5.2.2. Production of indole-3-acetic acid and exopolysaccharides in shake flasks  

Five selected strains were checked for their ability to produce indole-3-acetic acid in broth 

using protocol descried by Loper and Scroth, (1986). The five selected strain were 

checked for their ability to produce Exopolysaccharide in broth containing 5 % sucrose. 

 

5.2.2.1.  Inoculum preparation 

Selected bacterial strains were inoculated in 50 ml nutrient broth (Annexure I). The culture 

broth was incubated at 30 ˚C and 150 rpm until the optical density at 600 nm has reached 

0.700. This was used as initial inoculum for further experiments. 

 

5.2.2.2.  Production of Indole-3-Acetic Acid 
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One percent (v/v) from initial inoculum was used. Strains were inoculated in 0.1 % 

tryptophan broth (Annexure I), incubated for 24 hrs at 28 ± 2 ˚C at 150 rpm. After 

incubation, the broth was centrifuged at 10,000 rpm for 10 min. One ml of supernatant 

was mixed with equal volume of Salkowski’s reagent (Annexure I) and kept in dark for 30 

min. Absorbance was recorded at 530 nm on UV-Vis spectrophotometer and concentration 

of IAA was determined. Standard curve of IAA was plotted (Annexture II).           

  

5.2.2.3. Production of exopolysaccharides in shake flasks 

One percent (v/v) from initial inoculum was used. Selected strains were inoculated in 100 

ml nutrient broth (Annexure I) containing 5 % sucrose for production of EPS. The broth 

was inoculated and incubated for 72 hrs under shaking condition at 150 rpm and 28 ± 2 

˚C. After incubation the broth was centrifuged and supernatant (S1) was collected. To the 

pellet, 10 ml of saline Ethylene-diamine-tetra acetic acid (NaCl-EDTA) was added, 

centrifuged at 10,000 rpm for 10 min at 4 ˚C and supernatant (S2) was collected. Both the 

supernatant S1 and S2 were pulled together. EPS was extracted using protocol described 

by Decho (1990). To the pulled supernatants twice volume of chilled isopropyl alcohol 

was added. This mixture was shaken vigorously and kept at 4 ˚C overnight. The mixture 

was centrifuged at 10,000 rpm for 15 min to obtain the pellet.  Pellet obtained was dried 

for 72 hrs at 80 ˚C and weighed. 

 

5.2.3. Seed germination and seedling development by selected bacterial strains 

Five selected isolates were studied for the seed germination and seedling development of 

cowpea seeds. 

5.2.3.1. Inoculum preparation 

One percent of the initial inoculum of selected bacterial strains were inoculated in 50 ml 

sterile nutrient broth (Annexure I) and incubated at 28 ˚C for 48 hrs at 150 rpm. Twenty 

ml of culture broth was centrifuged at 8000 rpm for 10 min. Pellet was washed twice with 

sterile distilled water to remove residual medium components. Pellet was re-suspended in 

sterile distilled water and mixed thoroughly to give 10
8
 cfu ml

-1
. 

5.2.3.2. Seed preparation 
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Twenty seeds of cowpeas were taken and surface sterilized by suspending in 0.1 % 

mercury chloride for 2 min. Seeds were rinsed with sterile distilled water for 6 times to 

remove residual traces of mercury chloride.  

5.2.3.3. Seed treatment  

Twenty surface sterilized seeds were soaked overnight in 1ml of culture and 4 ml of sterile 

water in case of cowpeas. Seeds were air dried and kept in a sterile petri plates for 15 days, 

exposing to shadow light for every 8 hrs and kept in dark for 16 hrs daily. After 15 days, 

the root length, shoot length, number of cotyledons developed and wet weight of each seed 

was recorded (Jayaprakashvel et al., 2014a). Germination percentage and Vigor index was 

calculated using the following formulae (Abdul-Baki and Anderson, 1973, Muthezhilan et 

al., 2012): 

 

 

5.2.4.  In-vitro studies of bio-inoculation on cowpea plant in sand  

Pot experiments were carried out in the sterile sand to determine the effect of bacterial strains 

on the cowpea seedling development. 

5.2.4.1. Collection and processing of sand 

Sand samples used for pot experiments were collected during a low tide from the Embryo 

Dune of Vainguinim beach (15˚27’18.3”N, 73˚48’52.8”E) in Goa-India. Sand was sieved 

using 0.2 mm siever to remove unwanted particles from the sand. Sand was sterilized by 

prolonged autoclaving for 2 hrs thrice in a glass beaker. Sand was packed in a sterile black 

polythene bags containing holes to remove access water. Black polythene bags having 10 cm 

diameter and holes (to remove excess water) were sterilized by exposing to the UV rays for 20 

min. 
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5.2.4.2. Bio-inoculation of cowpeas in the sand 

Bacterization was carried out by soaking surface sterilized cowpea seeds in bacterial 

inoculum containing 10
8
 cfu/ml. Before the cowpea seeds were sown in pots, sand was 

drenched with 20 ml of bacterial inoculum. Ten bacterized cowpea seeds were sown per 

pot. Positive and negative controls were kept as vermi-compost (25 gm/1.5 kg sand) and 

sterile distilled water (5 ml/20 seeds), respectively. All the pots were moistened with 

sterile distilled water every alternate day up to 25 days. After germination of seeds the 

pots were kept under the sunlight for 12 hrs light-dark cycle. After 25 days, number of 

germinated seeds, height of plant (lengths of root and shoot), number of leaves and leaf 

area (Ruget et al., 1996) were measured using a scale. Root and shoot were separated, 

dried overnight at 105 ˚C and dry weight was recorded.  

5.2.4.3. Analysis of plant biomass 

Total Nitrogen (N), Carbon (C), Phosphorus (P) and Potassium (K) content in plant 

biomass was determined using Carbon-Hydrogen-Nitrogen (CHN) elemental analyzer, 

Molybdenum blue method (Egamberdiyeva and Hoflich, 2004) and Flame photometry 

(Riehm, 1985), respectively. For CHN elemental analysis, the plant biomass was dried in 

oven for 30 min at 80 ℃. Further for P and K analysis, plant samples were oven dried and 

processed for acid digestion. The plant was dried and grounded in mortar pestle. To the 5 

gm of grounded plant, 25 ml of 0.1 M HCl and 25 ml of distill water was added. This was 

allowed to stand for few minutes. This solution was filtered using Whatmann no. 1 filter 

paper and the filtrate was analyzed for potassium and phosphorus concentration using 

Flame emission spectroscopy and Molybdenum blue method. A standard concentration of 

P and K were prepared and standard curves were plotted (Annexture II).            

5.2.5. Statistical Analysis  

Data were analyzed by SYSTAT 13 version 13.2.01 using non-parametric test. The two 

sample Kolmogorov-Smirnov (KS) test for determining the significance differences 

among the treatments was used. The graphs contain average and standard error bar.  

5.3. RESULTS 

5.3.1. Screening of isolates for plant growth promoting factors (PGPFs) 
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Two-hundred-fifty pigment producing bacterial isolates were obtained from 13 different sand 

samples collected from coastal beach at Keri, Goa-India on 7 different isolation nutrient 

media. Among these 250 isolates, 66 % isolates were obtained from rhizosphere of different 

vegetation of CSD, whereas remaining isolates were obtained from non-rhizosphere sand 

samples. All the bacterial isolates were tested for six plant growth-promoting factors. Among 

these, 5 % of the isolates showed production of IAA, 12 % showed the solubilization of 

inorganic phosphate, 33 % showed the siderophore production, 34 % showed production of 

EPS and 14 % showed ammonia production (Fig. 5.1 & 5.2). Five potential isolates 

K4NRR2AY011, K8AcR2AY004, K3AsBAP008, K4NRBAY001 and K7SpZMAO002 were 

selected on the basis of their ability to produce maximum number of above listed PGPF (Table 

5.1). Out of these five isolates, 3 isolates namely K8AcR2AY004, K3AsBAP008 and 

K7SpZMAO002 were obtained from rhizosphere. Whereas 2 isolates namely K4NRR2AY011 

and K4NRBAY001 were obtained from non-rhizosphere.  

 

Fig. 5.1 Distribution of isolates based on elaboration of plant growth promoting factors 
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A B C D 

Fig. 5.2 Preliminary screening of plant growth promoting properties of pigmented 

isolates obtained from CSD Keri (Representative) Note- (A) IAA produced by isolates 

K8AcR2AY004 (a) and K4NRBAY004 (b), (B) Isolate K4NRBAY004 showing 

phosphate solubilisation on Pikovskaya’s agar, (C) Isolates showing siderophore 

production on CAS agar and (D) Isolates showing EPS production on Congo red agar 

supplemented with 5 % sucrose 

5.3.1.1. Screening of isolates for solubilization of inorganic phosphate   

Thirty isolates showed ability to solubilize tri-calcium phosphate, out of 250 screened. 

Isolates K9R2AY001, K8AcR2AY001, K8AcR2AY005, K8AcM1Y003 and 

K4NRBAY004 showed maximum zone of clearance and acid production. The second best 

solubilization of inorganic phosphate was seen by isolates K13NAY003a, K9R2AY003, 

K9M1Y001a, K4NRR2AY011, and K4NRR2AY018. 

 

5.3.1.2. Screening of isolates for IAA production 

Twelve isolates showed IAA production out of 250 screened. High intensity of pink 

coloration was observed in K5NRNAY007 and K4NRBAY004. The least coloration was 

observed in K8AcR2AY004. Medium intensity of pink coloration was observed in 

K8AcM1Y003.  

5.3.1.3. Screening of isolates for siderophore production 

Eighty two isolates produces siderophore, out of 250 screened. The maximum zone was 

observed in K11CqZMAOr001 K8AcM1Y003, K4NRR2AY011, K4NRNAY008, 

K3AsBAP008, K1NRNAY003 and K2NRKBY004. Isolates K13R2AY004, 
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K9RBAYO10, K5NRNAY002 and K2NRBAP001 showed lesser zone than that of above 

list of isolates.   

5.3.1.4. Screening of isolates for ammonia production 

Thirty five isolates showed positive for ammonia production out of 250 screened. The 

isolates K8AcNAY001, K13M1Or009, K13M1P002, K2NRM1Y003, K2NRBAR001, 

K2NRBAR005, K2NRBAP009 and K12CqR2AY002 showed deep yellow to brownish 

color indicating high production of ammonia and others showed faint yellow color 

showing less amount of ammonia production.  

5.3.1.5. Screening of isolates for EPS production 

Eighty two isolates showed EPS production out of 250 screened. The best EPS is produced 

by K13NAY003, K8AcZMAY001, K8AcNAY001, K7SpZMAY005, K7SpNAY001, 

K3AsNAO001, K3AsBAP008 and K2NRPPYGY001. Apart from the blackening four 

isolates showed zone of clearance as well and those isolates are K5NRNAY002, 

K5NRNAY006, K2NRKBY005 and K2NRKBY004.  

Table 5.1 containes the results of plant growth promoting attributes screening. Only the 

isolates which gave one or more tests positive has been listed in the table 5.1. Those 

isolates which gave all the tests negative is excluded from the table 5.1.  
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Table 5.1 The plant growth promoting attributes of the bacterial isolates 

Dune Isolates 

Inorganic 

Phosphate 

solubilization 

Siderophore 

production 

EPS 

production 

IAA 

production 

Ammonia 

production 

  

  

 Embryo 

  

  

  

K1NRBAY003 - NG + - - 

K1NRKBO003 - + + - - 

K1NRM1O001 - + - - - 

K1NRNAY003 - + + - + 

K1NRNAY004 + NG + - - 

K1NRZMAY001 - + - - - 

 Fore 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

K2NRBAO003 - - - - + 

K2NRBAP009 - + - - - 

K2NRBAR001 - + - - - 

K2NRBAR005 - + - - + 

K2NRBAY002 - + + - - 

K2NRBAY006 - + + - + 

K2NRBAY012 - + - - - 

K2NRBAY013 - + + - + 

K2NRKBO006 - + - - - 

K2NRKBY005 - + - - - 

K2NRM1O002 - + - - + 

K2NRM1O004 - + - - + 

K2NRM1Y001 - + - - + 

K2NRM1Y003 - + - - + 

K2NRM1Y005 - - - - + 

K2NRM1Y006 + - - - + 

K2NRM1Y007 - - - - + 

K2NRNAO001 - + - - - 

K2NRNAO002 - + + - - 

K2NRNAR003 - + - - - 

K2NRNAR004 - + - - + 

K2NRNAR005 - + - - - 

K2NRNAY006 - + - - - 

K2NRZMAY001 - NG + - - 

Keys: EPS (exopolyssacharide), IAA (indole acetic acid), + (positive test), - (negative test), 

NG (no growth) 
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Table 5.1 The plant growth promoting attributes of the bacterial isolates (cont.) 

Dune 

 
Isolates 

Inorganic 

Phosphate 

solubilization 

Siderophore 

production 

EPS 

production 

IAA 

production 

Ammonia 

production 

 

Mature 

 

 

K3AsBAP008 + + ++ + + 

K3AsBAP009 - - + - + 

K3AsR2AO001 - NG + - - 

K3AsR2AY003 - + + - - 

 

 

 

 

 

Gray 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

K4NRBAY001 + + + + - 

K4NRBAY004 +++ + + + - 

K4NRKBY003 - + - - - 

K4NRNAY004 - + + - - 

K4NRNAY007 - + + - - 

K4NRNAY008 - + + - - 

K4NRR2AP009 - NG - - - 

K4NRR2AY001 - + + - - 

K4NRR2AY002 - NG - - - 

K4NRR2AY008 + + + - - 

K4NRR2AY011 ++ +++ +++ + +++ 

K4NRR2AY014 - + + - - 

K4NRR2AY017 - - + - - 

K4NRR2AY018 ++ + + - - 

K4NRR2AY019 - - + - - 

K5NRNAY001 - NG + - - 

K5NRNAY002 - + + - + 

K5NRNAY004 + + - - - 

K5NRNAY006 - + + - + 

K5NRNAY007 + + - + - 

K6BAY001 - + - - - 

K7SpNABr005 - NG - - + 

K7SpNAY001 + + +++ + + 

K7SpZMAO002 - + + + - 

K7SpZMAP003 - + + - - 

K7SpZMAY001 - + - - - 

K7SpZMAY004 - + + - - 

K7SpZMAY005 - + +++ - - 

Keys: EPS (exopolyssacharide), IAA (indole acetic acid), + (positive test), - (negative test), 

NG (no growth) 
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Table 5.1 The plant growth promoting attributes of the bacterial isolates (cont.) 

Dune 

 
Isolates 

Inorganic 

Phosphate 

solubilization 

Siderophore 

production 

EPS 

production 

IAA 

production 

Ammonia 

production 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gray 

 

 

 

 

 

 

 

 

 

 

 

 

 

K8AcM1O001 + NG + - - 

K8AcM1Y002 - NG + - - 

K8AcM1Y003 - - - + - 

K8AcM1Y004 + NG + - - 

K8AcM1Y005 + NG + - - 

K8AcNAY001 + + +++ - + 

K8AcNAY002 NG NG + - - 

K8AcR2AY002 + + + - - 

K8AcR2AY003 + + - - - 

K8AcR2AY004 + + + + + 

K8AcR2AY005 +++ + + - - 

K8AcZMAY001 + + +++ - + 

K9RBAY009 - + - - - 

K9RM1O001 + + + - - 

K9RM1O003 - + - - - 

K9RM1Y001a - NG + - - 

K9RNAY002 - NG + - - 

K9RNAY006 - NG - - + 

K9RNAY007 - NG + - - 

K9RNAY008 - NG + - - 

K9RR2AY001 +++ + + - - 

K9RR2AY002 - NG + - - 

K9RR2AY003 - - + - - 

K9RR2AY005 - - + - - 

K9RZMAO001 + NG - - - 

K9RZMAP006 - NG + - - 

K9RZMAY002 - NG + - - 

K9RZMAY003 - NG + - - 

K9RZMAY004 - NG + - - 

Keys: EPS (exopolyssacharide), IAA (indole acetic acid), + (positive test), - (negative test), 

NG (no growth) 
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Table 5.1 The plant growth promoting attributes of the bacterial isolates (cont.) 

 Dune 
  

Isolates 

Inorganic 

Phosphate 

solubilization 

Siderophore 

production 

EPS 

production 

IAA 

production 

Ammonia 

production 

 
 
 

 

Fore 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

K10KBY001 - + - - - 

K11IcM1Y002 - - - - + 

K11IcNAY001 - + - - - 

K11IcR2AY001 + + NG - - 

K11IcR2AY002 - - + - - 

K11IcR2AY004 - + - - - 

K11IcR2AY007 + + + - - 

K12CqKBY003 - - + - - 

K12CqKBYOO4 - - + - - 

K12CqR2AP001 - - + - - 

K12CqR2AP005 - + - - - 

K13BAO009 - + - - - 

K13BAO010 NG + NG - - 

K13BAP002 - + + - - 

K13BAY001 + + + - - 

K13BAY004a - + - - - 

K13BAY006 - + - - - 

K13BAY007 - + - - - 

K13BAY008 - + - - - 

K13KBO003 + - - - - 

K13KBO009 - - + - - 

K13KBO011 - - + + - 

K13KBY005 - NG + - - 

K13KBY008 - + + - - 

K13M1C006 - - - - + 

K13M1P002 - + + - + 

K13M1Y001 - + - - + 

K13M1Y003 + + - - + 

K13M1Y005 - - - - + 

K13M1Y007 - + - - + 

K13M1Y008 - - - - + 

Keys: EPS (exopolyssacharide), IAA (indole acetic acid), + (positive test), - (negative test), 

NG (no growth) 
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Table 5.1 The plant growth promoting attributes of the bacterial isolates (cont.) 

 Dune 
  

Isolates 

Inorganic 

Phosphate 

solubilization 

Siderophore 

production 

EPS 

production 

IAA 

production 

Ammonia 

production 

  
  
  
  
  

 Fore 
  
  
  
  
  
  
  
  
  
  

K13M1Y010 - - - - + 

K13M1Y011 - - + - + 

K13NAY002 - NG + - - 

K13NAY003 - NG + - - 

K13NAY003a - NG + + - 

K13PPYGO002 - - + - - 

K13PPYGO003 - NG ++ - - 

K13PPYGY001 - - + - - 

K13R2AO002 - - + - - 

K13R2AY001 + + - - - 

K13R2AY003 + - - - - 

K13R2AY004 - - + - - 

K13RKBY001 - + - + - 

K13RKBY002 - + - - - 

K13ZMAC001 - NG + - - 

K13ZMAC001a - NG + - - 

Keys: EPS (exopolyssacharide), IAA (indole acetic acid), + (positive test), - (negative test), 

NG (no growth) 

Isolates K8AcR2AY004 and K3AsBAP008 obtained from rhizosphere produced positive 

results for five out of six PGPF (Table 5.2). Both these isolates were able to produce IAA, 

siderophore, EPS and solubilized inorganic phosphate. However, the former produced 

ammonia but was unable to produce urease. Whereas, latter showed urease activity but was 

unable to produce ammonia. Isolate K7SpZMAO002 obtained from rhizosphere was able to 

produce IAA, siderophore and EPS. Isolates K4NRR2AY011 obtained from non-rhizosphere 

exhibited all the six PGPF. Isolate K4NRBAY001 obtained from non-rhizosphere showed 

productions of IAA, siderophore, EPS and solubilization of inorganic phosphate. The 

ammonia and EPS production was seen highest in K4NRR2AY011. 
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Table 5.2 Plant growth-promoting attributes of selected bacterial isolates 

Bacterial 

isolates 

IA
A

 

PS 

Size(mm) 

SP 

Size(mm) 

E
P

S
 

A
m

m
o
n
ia

 

U
re

as
e 

P
ro

te
as

e 

A
m

y
la

se
 

L
ip

as
e 

C
el

lu
la

se
 

C
h
it

in
as

e 

A
C

C
 

d
ea

m
in

as
e 

CS ZS CS ZS 

K8AcR2AY004 + 10 20 15 45 + + - - - - - - + 

K4NRBAY001 + 5 7 10 17 + - - + - - + + + 

K4NRR2AY011 + 7 23 15 25 +++ +++ + - - + - + + 

K7SpZMAO002 + 9 - 15 17 + - - - - - - - + 

K3AsBAP008 + 10 14 12 21 ++ - + + + - + - + 

Keys: (IAA) Indole Acetic Acid, (PS) Phosphate solubilisation, (mm) millimeter, (CS) colony 

size, (ZS) zone size, (SP) Siderophore production, (EPS) Exopolysaccharides, (-) negative, (+) 

slight positive, (++) moderate positive, (+++) strong positive and (ACC) 1-Amino 

cyclopropane carboxylic acid 

. 

5.3.1.6.  Screening of isolates for ACC deaminase  

Selected isolates were screened for the production of ACC deaminase. All the five bacterial 

isolates selected were able to grow on the DF mineral Salt medium containing ACC as a sole 

source for nitrogen (Table 5.2).  

 

5.3.1.7. Screening of isolates for antifungal activity  

Antifungal ability of selected isolates was determined. Isolates K7SpZMAO002 and 

K4NRBAY001 exhibited antifungal activity against phytopathogen Fusarium oxysporum with 

zone of inhibition of 30 mm and 24 mm, respectively (Fig. 5.3). Rest of the isolates did not 

show zone of inhibition.   
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Fig. 5.3 Antifungal activity of the selected bacterial isolates obtained from coastal sand dune 

against fungal pathogen Fusarium oxysporum on a Potato Dextrose Agar (Keys- (1) 

K8AcR2AY004, (2) K4NRBAY001, (3) K4NRR2AY011, (4) K7SpZMAO002, (5) 

K3AsBAP008 (spot), (6) K3AsBAP008 (streaking), (IS) Isolates, (FO) Fusarium oxysporum 

and (ZC) zone of Clearance 

5.3.1.8. Chitinase production 

Two isolates namely, K4NRBAY001 and K4NRR2AY011 produced zone of clearance on 

colloidal chitin media indicating production of chitinase enzyme. K4NRBAY001 and 

K4NRR2AY011 showed 8 and 15 cm zone of clearance, respectively. Chitin is a main 

component of fungi cell wall. Some bacteria have the ability to produce chitinase enzyme that 

can breakdown chitin which is hard to insolubilize. Such bacteria can act as antagonistic agent 

against phytopathogenic fungi. Thus, could act as PGPB.  

5.3.2. Production of Indole-3-Acetic Acid and exopolysaccharides in shake flasks  

5.3.2.1.  Production of Indole-3-Acetic Acid 
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The 5 bacterial isolates were compared for their abilities to produce IAA in tryptophan broth. 

Isolate K4NRR2AY011 produced significantly highest level of IAA, followed by 

K4NRBAY001, K3AsBAP008, K7SpZMA0002 and K8AsR2AY004 (p<0.05) (Fig. 5.4).  

 

Fig. 5.4 IAA production by selected bacterial isolates in shake flask (1) K8AcR2AY004, (2) 

K4NRBAY001, (3) K4NRR2AY011, (4) K7SpZMAO002 and (5) K3AsBAP008 (Note- Bars 

are mean, error bars shows standard error, alphabets denote significant differences at P<0.05)   

5.3.2.2.  Production of exopolysaccharides 

EPS produced by the isolate K4NRR2AY011 was significantly higher followed by isolate 

K3AcBAP008, K8AsR2AY004, K4NRBAY001 and K7SpZMAO002 (p<0.05) (Fig. 5.5). 

The growth of the isolates and EPS production measured in nutrient broth with sucrose as 

carbon source. Isolate K3AsBAP008 was able to produce significantly higher biomass than 

the isolates K8AcR2AY004, K4NRR2AY011 and K7SpZMAO002 (p<0.05) (Fig. 5.5). 

Isolate K3AsBAP008 produced similar biomass as that of K4NRBAY001 (p>0.05). Isolate 

K4NRR2AY011 produced significantly lower biomass than that of isolates K8AcR2AY004, 

K4NRBAY001 and K3AsBAP008 (p<0.05). No significant difference in biomass of isolates 

K4NRR2AY011 and K7SpZMAO002 was observed (p>0.05). Isolate K4NRBAY001 

produced similar biomass as that of isolates K8AcR2AY004, K7SpZMAO002 and 

K3AsBAP008 (p>0.05). 
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Fig. 5.5 Production of EPS by the selected bacterial isolates in shake flask (1) 

K8AcR2AY004, (2) K4NRBAY001, (3) K4NRR2AY011, (4) K7SpZMAO002 and (5) 

K3AsBAP008 (Note- Bars are mean, error bars shows standard error. alphabets denote 

significant differences at P<0.05) 

5.3.3. Identity of the selected strains  

Selected five isolates were identified based on cell morphology, biochemical tests and 16S 

rRNA gene sequencing. Cell morphology of all the 5 isolates was revealed to be rods by light 

microscopy and SEM (Fig. 5.6). Average size of the isolates K8AcR2AY004, K4NRBAY001, 

K4NRR2AY011, K7SpZMAO002 and K3AsBAP008 were 1.9 ± 0.053 µm, 2.7 ± 0.105 µm, 

2.3 ± 0.148 µm, 1.2 ± 0.079 µm and 2.9 ± 0.128 µm, respectively. Apart from isolates 

K7SpZMAO002 and K3AsBAP008 which are Gram positive, rest of the isolates was Gram 

negative. Biochemical characteristics of the five isolate are listed in the Table 5.3. On the 

basis of biochemical test and 16S rRNA gene sequencing, the isolates were identified as 

Pantoea sp. K8AcR2AY004, Chitinophaga eiseniae K4NRBAY001, Pantoea dispersa 

K4NRR2AY011, Bacillus marisflavi K7SpZMAO002 and Bacillus wiedmannii 
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K3AsBAP008 (Fig. 5.7). The sequence of these strains has been deposited in the NCBI 

GenBank under the accession numbers MH620780, MK106277, MK106282, MK106294 and 

MK106270, respectively. 

 

 

Fig. 5.6 Scanning electron micrograph of the selected bacterial strains (1) Pantoea sp.  

K8AcR2AY004, (2) Chitinophaga eiseniae K4NRBAY001, (3) Pantoea dispersa 

K4NRR2AY011, (4) Bacillus marisflavi K7SpZMAO002 and (5) Bacillus wiedmannii 

K3AsBAP008 
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Table 5.3 Biochemical characteristics of the bacterial strains 1) Pantoea sp.  K8AcR2AY004, 2) 

Chitinophaga eiseniae K4NRBAY001, 3) Pantoea dispersa K4NRR2AY011, 4) Bacillus 

marisflavi K7SpZMAO002 and 5) Bacillus wiedmannii K3AsBAP008  

Tests 1 2 3 4 5 

Gram staining - - - + + 

Shape Short rod Rod Short rod Rod Rods 

Size (µm) 1.9 2.8 1.7 2 3.4 

Spore  Absent Absent Absent Present Present 

Motility + - + + + 

Catalase + + + + + 

Oxidase - + - - - 

Urease - - + - + 

Hydrolysis of: 

Esculine  - + - + + 

Casein  - + - + + 

Starch  - - - - + 

Tween 80 - - + - - 

Tyrosinase - + - - - 

Indole + + + + + 

Methyle Red - - + - + 

Voges Proskauers + + + - + 

Utilization of:      

Citrate  - - + - + 

Lysine + - - - - 

Ornithine + - - - - 

Phenylalanine 

deaminase 
+ + - - + 

Gelatinase - + + - + 

H2S production - + - - - 

Nitrate reductase - - - - + 

Acid production: 

Glucose + + + + + 

Fructose - - + + + 

Maltose + - + + + 

Mannitol + - - + - 

Mannose - + + + - 

Xylose + - + + + 

Ribose + - + + + 

Sucrose + + + + - 

Trehalose + + + + + 

Galactose - + + + - 

Raffinose + - - + - 

Adonitol + - - - - 

Arabinose + + + - - 

Lactose + + - - - 

Inositol + - + - - 

Sorbitol + - - - - 

Key: (-) Negative and (+) Positive 
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Fig. 5.7 The phylogenetic tree of 16S rRNA gene sequences of selected bacterial strains. (The 

tree was constructed using 1000 bootstraps. The percentages of 1000 replicates trees are 

shown next to the branches. Bar is showing substitutions per nucleotide position. Bold- 

Bacterial strains obtained during present study and ( ) - accession number of sequence 

deposited in NCBI GeneBank)  
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5.3.4. Effect of bio-inoculation on seed germination and seedling development 

Effect of the bio-inoculation of selected five bacterial strains on seed germination and seedling 

development was studied on cowpeas (Vigna unguiculata). Seeds of the cowpea treated with 

the strains and control (uninoculated) exhibited 100 % germination rate in-vitro (Table 5.3).  

The treatment of cowpea with all the five selected bacterial strains showed significantly higher 

wet weight than negative control (p<0.001) (Fig. 5.8) after 7 days of germination. The wet 

weight of the seedling was significantly higher (p<0.05) with the treatment of seeds with 

Bacillus marisflavi K7SpZMAO002, Bacillus wiedmannii K3AsBAP008 and Pantoea 

dispersa K4NRR2AY011  as compared to Chitinophaga eiseniae K4NRBAY001 and 

Pantoea sp. K8AcR2AY004. No significant difference in wet weight was observed in those 

treated with P. dispersa K4NRR2AY011, B. marisflavi K7SpZMAO002 and B. wiedmannii 

K3AsBAP008 (p>0.05). Among seedling treated with C. eiseniae K4NRBAY001 and 

Pantoea sp. K8AcR2AY004, the wet weight was significantly higher in seedling treated with 

former (p=0.023). 
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Fig. 5.8 Effect of the bacterial inoculation of cowpea plant on total wet weight, root and shoot 

dry weight (Keys- (NC) Negative control, (PC) positive control, (1) Pantoea sp. 

K8AcR2AY004, (2) Chitinophaga eiseniae K4NRBAY001, (3) Pantoea dispersa 

K4NRR2AY011, (4) Bacillus marisflavi K7SpZMAO002 and (5) Bacillus wiedmannii 

K3AsBAP008. Bars are mean, error bars shows standard error. Alphabets denote significant 

differences at P<0.05) 

 

There was no significant difference in the root length of seedlings treated with all five selected 

strains and negative control (p>0.05) (Fig. 5.8). No significant difference was observed in root 

length of seedling treated with C. eiseniae K4NRBAY001, Pantoea sp. K8AcR2AY004 and 

B. marisflavi K7SpZMAO002 (p>0.05). Cowpea seeds treated with Pantoea sp. 

K8AcR2AY004 gave significantly higher root length compared to the treatment of P. dispersa 

K4NRR2AY011 (p=0.023). Whereas root length of seedling treated with B. wiedmannii 
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K3AsBAP008 and P. dispersa K4NRR2AY011 were lowest. However, difference with 

control was not significant (p>0.05).   

 

Shoot length of cowpea seedling was seen significantly higher in treatment with P. dispersa 

K4NRR2AY011, B. wiedmannii K3AsBAP008, B. marisflavi K7SpZMAO002 and C. 

eiseniae K4NRBAY001 as compared to negative control (p<0.05) (Fig. 5.8). No significant 

difference was observed in shoot length in the treatment with negative control and Pantoea sp. 

K8AcR2AY004 (p>0.05). Treatment of cowpea seeds with B. marisflavi K7SpZMAO002 and 

P. dispersa K4NRR2AY011 gave significantly higher shoot length than treatment with 

Pantoea sp. K8AcR2AY004 (p<0.05). No significant difference was observed in shoot length 

with the treatment of Pantoea sp. K8AcR2AY004, B. wiedmannii K3AsBAP008 and C. 

eiseniae K4NRBAY001 (p>0.05). No significant difference in shoot length was observed in 

treatments with P. dispersa K4NRR2AY011, B. marisflavi K7SpZMAO002 and B. 

wiedmannii K3AsBAP008.    

 

The vigor index (VI) of control (un-inoculated) cowpea seeds was 1392 in vitro (Table 5.4). 

Treatment of cowpeas seedling with B. marisflavi K7SpZMAO002 exhibited the highest VI of 

1814 followed by treatments with C. eiseniae K4NRBAY001 (VI = 1799), Pantoea sp.  

K8AcR2AY004 (VI = 1611), P. dispersa K4NRR2AY011 (VI = 1582) and lastly with B. 

wiedmannii K3AsBAP008 (VI = 1530). Figure 5.9 showing seed germination of cowpea on 

day 1 and day 7. 

 

In vitro cotyledon and leaves formation in cowpea seedlings was observed in 17 seedlings out 

of total 20 seeds in all 5 test strains. Whereas, in control seedlings only 6 out of 20 seeds 

exhibited Cotyledon and leaves formation.  
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Table 5.4 Germination rate and Vigor index of cowpea treated with selected bacterial strains 

Sr. No. Bacterial Culture Germination rate (%) Vigor index 

1 Control 100 1392 

2 Chitinophaga eiseniae K4NRBAY001 100 1799 

3 Pantoea sp. K8AcR2AY004 100 1611 

4 Bacillus marisflavi K7SpZMAO002 100 1814 

5 Pantoea dispersa K4NRR2AY011 100 1582 

6 Bacillus wiedmannii K3AcBAP008 100 1530 

 

 

Fig. 5.9 Cowpea seeds kept for germination experiment on day 1 and day 7 

5.3.5. Containerized studies of bio-inoculation on cowpeas plant in sand            

Hundred percent cowpea seed germination was seen in cowpea seeds which were inoculated 

with B. marisflavi K7SpZMAO002, C. eiseniae K4NRBAY001 and P. dispersa 

K4NRR2AY011 (Fig. 5.10). Uninoculated (negative control) Cowpea seeds and seeds treated 

with compost (positive control) showed 80 and 90 % seed germination, respectively. Cowpea 

seed germination was seen least (70 %) with treatment of Pantoea sp. K8AcR2AY004. 

Germination of cowpea seed treated with B. wiedmannii K3AsBAP008 was same as of 

positive control.  



 CHAPTER V 
 

166 | P a g e  
 

 

 

Fig. 5.10 Germination rate and vigor index of cowpea treated with NC-Negative Control, PC-

Positive Control, 1- Pantoea sp. K8AcR2AY004, 2- Chitinophaga eiseniae K4NRBAY001, 

3- Pantoea dispersa K4NRR2AY011, 4- Bacillus marisflavi K7SpZMAO002 and 5- Bacillus 

wiedmannii K3AsBAP008 

 

No significant difference was observed in total wet weight, leaf number and shoot dry weight 

of cowpea plant among the treatments (p>0.05) (Fig. 5.11). Treatment of all the five selected 

strains on cowpea plant gave significantly higher root dry weight than negative control (p 

<0.05) (Fig. 5.11). No significant difference in root dry weight was observed between 

treatments of negative and positive control (p>0.05). Treatment of C. eisenia K4NRBAY001 

and P. dispersa K4NRR2AY011 showed significantly higher root dry weight compared to 

positive control (p<0.05). There was no significant difference in root dry weight between the 

five selected strains (p>0.05).  
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Fig. 5.11 Effect of the bacterial inoculation of cowpea plant on total wet weight, root and 

shoot dry weight (Keys- (NC) Negative control, (PC) positive control, (1) Pantoea sp. 

K8AcR2AY004, (2) Chitinophaga eiseniae K4NRBAY001, (3) Pantoea dispersa 

K4NRR2AY011, (4) Bacillus marisflavi K7SpZMAO002 and (5) Bacillus wiedmannii 

K3AsBAP008. Bars are mean, error bars shows standard error. Alphabets denote significant 

differences at P<0.05) 

 

The root length of cowpea plant treated with C. eisenia K4NRBAY001 was found to be 

significantly higher compared to positive control and rest of the strains (p<0.05) (Fig. 5.12). 

The root length of cowpea plant treated with positive control did not show significant 

difference as compared to negative control (p>0.05). Root length of cowpea treated with 

Pantoea sp. K8AsR2AY004, B. marisflavi K7SpZMAO002, P. dispersa K4NRR2AY011 and 

B. wiedmannii K3AcBAP008 showed no significant difference among themselves and 

compared to the negative and positive control (p>0.05). The shoot length of cowpea plant 

treated with P. dispersa K4NRR2AY011 were significant higher than negative control, 
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Pantoea sp. K8AsR2AY004 and B. Weidmanni K3AcBAP008 (p<0.05) (Fig. 5.12). No 

significant difference was observed in shoot length treated with C. eisenia K4NRBAY001, P. 

dispersa K4NRR2AY011 and positive control (p>0.05). All the five selected strains showed 

no significant difference for shoot length of cowpea plant compared to positive control 

(p>0.05). No significant difference was observed in the shoot length of treatment of B. 

wiedmannii K3AcBAP008 compared to Pantoea sp. K8AsR2AY004, B. marisflavi 

K7SpZMAO002 and C. eisenia K4NRBAY001 (p>0.05).  

 

Fig. 5.12 Effect of the bacterial inoculation of cowpea plant on shoot and root length (Keys- 

(NC) Negative control, (PC) positive control, (1) Pantoea sp. K8AcR2AY004, (2) 

Chitinophaga eiseniae K4NRBAY001, (3) Pantoea dispersa K4NRR2AY011, (4) Bacillus 

marisflavi K7SpZMAO002 and (5) Bacillus wiedmannii K3AsBAP008. Bars are mean, error 

bars shows standard error. Alphabets denote significant differences at P<0.05) 
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The average number of leaves observed in the cowpea plants was recorded to be 5.9 (Fig. 

5.13). The maximum number of leaves observed was 8 and least number of leaves observed 

was 2.  Treatments with B. marisflavi K7SpZMAO002, C. eisenia K4NRBAY001, P. 

dispersa K4NRR2AY011 and negative control gave significantly higher leaf area as compared 

to B. wiedmannii K3AcBAP008 (p<0.05) (Fig. 5.13). Treatment with positive control did not 

show significant difference as compared to the five bacterial strains and negative control 

(p>0.05). Treatment with Pantoea sp. K8AsR2AY004 did not show significant difference 

with the B. wiedmannii K3AcBAP008 (p>0.05). No significant difference was seen in leaf 

area with the treatment of C. eisenia K4NRBAY001, B. marisflavi K7SpZMAO002 and P. 

dispersa K4NRR2AY011 (p>0.05). Figure 5.14 and 5.15 shows the plant growth promotion 

of cowpea with the bio-inoculation of the strains.   

 

 

Fig. 5.13 Effect of the bacterial inoculation of cowpea plant on leaf area and number of leaves 

(Keys- (NC) Negative control, (PC) Positive control, (1) Pantoea sp. K8AcR2AY004, (2) 

Chitinophaga eiseniae K4NRBAY001, (3) Pantoea dispersa K4NRR2AY011, (4) Bacillus 
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marisflavi K7SpZMAO002 and (5) Bacillus wiedmannii K3AsBAP008, bars are mean, error 

bars shows standard error, alphabets denote significant differences at P<0.05) 

 

 

Fig. 5.14 Plant growth promoting activity by five selected bacterial strains against negative 

(un-inoculated) and positive (Bio-fertilizer) control 

 

 

Fig. 5.15 Plant growth promoting activity by Chitinophaga eiseniae K4NRBAY001 (middle) 

against negative (un-inoculated) (left) and positive control (Bio-fertilizer) (right) 

5.3.6. Analysis of plant biomass 

The total N, C, P and K content in the plant biomass was determined. Nitrogen, phosphate and 

potassium content in plant biomass was found to be higher in treatments with five selected 

strains and positive control as compared to negative control (Table 5.5). Carbon content was 

found to be lower in plant biomass treated with Pantoea sp. K8AcR2AY004, Bacillus 

marisflavi K7SpZMAO002 and Bacillus wiedmannii K3AsBAP008 compared to negative 
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control. Carbon content of plant biomass treated with Chitinophaga eiseniae K4NRBAY001 

was found to be same as that of positive and negative control. Nitrogen and potassium content 

in plant biomass treated with positive control was highest as compared to the other treatments. 

Among the selected strains, the nitrogen, carbon and potassium content was seen highest in 

plant biomass treated with strain Pantoea dispersa K4NRR2AY011. After Pantoea dispersa 

K4NRR2AY011, among selected strains the nitrogen content was highest in plant biomass 

treated with Chitinophaga eiseniae K4NRBAY001 followed by Bacillus marisflavi 

K7SpZMAO002, Bacillus wiedmannii K3AsBAP008 and Pantoea sp. K8AcR2AY004. 

Highest phosphate content was seen in biomass treated with Chitinophaga eiseniae 

K4NRBAY001 followed by Pantoea dispersa K4NRR2AY011, Pantoea sp. K8AcR2AY004, 

Positive control, Bacillus wiedmannii K3AsBAP008, Bacillus marisflavi K7SpZMAO002 and 

negative control. Among selected strains the highest potassium was obtained in biomass 

treated with Pantoea dispersa K4NRR2AY011 followed by Chitinophaga eiseniae 

K4NRBAY001, Bacillus marisflavi K7SpZMAO002, Bacillus wiedmannii K3AsBAP008 and 

lastly Pantoea sp. K8AcR2AY004. Plant biomass of negative control showed lowest 

potassium content.  

Table 5.5 Estimation of total Nitrogen (N), Carbon (C), Phosphate (P) and Potassium (K) 

from cowpea plant biomass treated with NC) Negative control, PC) Positive control, 1) 

Pantoea sp. K8AcR2AY004, 2) Chitinophaga eiseniae K4NRBAY001, 3) Pantoea dispersa 

K4NRR2AY011, 4) Bacillus marisflavi K7SpZMAO002 and 5) Bacillus wiedmannii 

K3AsBAP008 

 NC PC 1 2 3 4 5 

Nitrogen (%) 2.46 6.86 2.51 4.93 5.92 3.68 3.07 

Carbon (%) 39.35 39.83 37.89 39.76 41.54 34.49 37.45 

Phosphate (µg ml
-1

) 14.75 27.92 37.78 44.88 43.02 18.40 19.85 

Potassium (PPM) 11.00 26.00 12.00 18.00 24.00 17.00 16.00 

 

5.4. Discussion  

Due to increase in the population, the demand for food crop has increased drastically. Land 

availability for the agricultural practices is declining. Hence, there is a need to explore new 

areas which could be potentially used for cultivation. Sand dunes and deserts are unique 
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habitats which have not been explored for the agricultural purposes. For any agricultural 

practices, there are three major factors, land, type of crops and microbial inoculants. Present 

study focuses on exploring pigment producing bacteria of CSD for the use as bio-inoculants 

for the cultivation of cowpeas in the arid and sandy land. Microorganisms obtained from CSD 

of Goa-India have been reported to degrade hydrocarbons, bio-remediate metals, produce 

poly-hydroxyalkanoates, EPS and promote growth of eggplant in the mine reject soil (Aureen 

et al., 2010; Gaonkar et al., 2012; Gaonkar et al., 2013; Nayak et al., 2013). CSD is a nutrient 

deficient habitat which is exposed to draught-wet cycles, fluctuating pH, temperature, salt 

spray from the sea and has unstable ground. Cowpea (Vigna unguiculata) is a staple food in 

India, due to its high nutritional value. Since it is a leguminous plant, it is used for crop 

rotation. Cowpeas are known to grow in the drought and salt stresses (Kyei-Boahen et al., 

2017; Nunes et al., 2019; Rocha et al., 2019). Therefore in order to serve as bio-fertilizer for 

cowpeas in the arid and sandy soil, the bacterial species isolated from CSD were investigated 

for promotion of growth of the plant at the prevailing conditions.    

Two-hundred-fifty pigment producing bacterial isolates were obtained from 13 different CSD 

samples of Keri beach, Goa-India. Out of which 165 and 85 were from rhizosphere and non-

rhizosphere, respectively. Aureen et al. (2010) isolated 400 bacterial isolates from CSD of 

three different beaches of Goa-India and from the rhizosphere of two sand dune vegetation 

(Ipomeae pes caprae and Spinifex littoreus). Forty-seven isolates were obtained from 

rhizosphere of Ipomeae pes caprae, Canavalia and Spinifex littoreus from CSD of Uthandi, 

Chennai-India (Jayaprakashvel et al., 2014a). All the 250 isolates obtained in this study were 

screened for the PGP factors such as solubilization of inorganic phosphate, production of IAA, 

siderophore, EPS and ammonia. The 34 %, 31 %, 16 %, and 5 % of the isolates were able to 

produce siderophore, EPS, ammonia and IAA, respectively. Among the isolates 14 %, could 

solubilize inorganic phosphate. Based on these preliminary screenings the best 5 isolates were 

further studied due to their ability to exhibit large number of characters of PGPs. Five selected 

isolates were characterized and identified as Pantoea sp. K8AcR2AY004, Chitinophaga 

eiseniae K4NRBAY001, Pantoea dispersa K4NRR2AY011, Bacillus marisflavi 

K7SpZMAO002 and Bacillus wiedmannii K3AsBAP008. To the best of our knowledge these 

species have not been demonstrated from the CSD habitat earlier. Three strains, Pantoea sp. 

K8AcR2AY004, B. wiedmannii K3AsBAP008 and B. marisflavi K7SpZMAO002 were 
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isolated from the rhizhosphere of Acrocephalus capitatus, Anacardium occidentale and 

Spinifex littoreus, respectively, whereas P. dispersa K4NRR2AY011 and C. eiseniae 

K4NRBAY001 were isolated from non-rhizosphere of CSD region. Five selected isolates 

were further studied for the production of IAA and EPS in broth, ACC deaminase, anti-fungal 

activity against Fusarium oxysporum and elaboration of various hydrolytic enzymes. Bacteria 

tend to produce certain PGPF in order to help the plant to grow which can be used as potential 

bio-fertilizer. Three bacterial strains Pseudomonas alcaligenes PsA15, Bacillus polymyxa 

BcP26 and Mycobacterium phlei MbP18 obtained from rhizosphere of melon, cotton and 

maize, respectively showed antifungal activity against F. culmorum and F. oxysporum 

(Egamberdiyeva, 2007). P. alcaligenes PsA15 and M. phlei MbP18 were also able to produces 

IAA. Aureen et al. (2010) reported Microbacterium arborescens, B. subtilis and Kocuria 

rosea that produced ACC deaminase, IAA, HCN, siderophore and solubilized inorganic 

phosphate. In this study, during seed germination, inoculation of cowpea seeds with the 5 

bacterial strains significantly improved the seedling characteristics except Pantoea sp. 

K8AcR2AY004. Bacterized treatment of cowpea seeds with Enterobacter strains significantly 

increased the biomass and length of cowpea seedling compared to uninoculated control 

(Deepa et al., 2010).  

Pantoea dispersa K4NRR2AY011 gave positive results for all the preliminary PGP factors 

tested in present study. It showed presence of chitinase and lipase activities. Since, P. dispersa 

K4NRR2AY011 produced highest IAA and EPS, therefore could act as a good plant promoter 

in sandy regions. IAA produced by P. dispersa K4NRR2AY011 was observed to be 31.056 ± 

0.395 µg ml
-1

. As expected P. dispersa K4NRR2AY011 was able to significantly increase 

shoot length and root dry weight of cowpea plants in sand containing pots compared to 

negative and positive control. In sand, cowpea plant treated with P. dispersa K4NRR2AY011 

showed increase of 43.15 % and 19.91 % in the vigor index compared to negative and positive 

control, respectively. Among the 5 selected strains, the best PGP capacity was observed in P. 

dispersa K4NRR2AY011. P. dispersa is known for its capability of detoxifying albicidin 

toxin produced by the Xanthomonas albilineans, a causative agent of sugarcane leaf scald 

(Zhang and Birch, 1997). P. dispersa obtained from sea dumps in Bhavnagar, India was 

reported to produce 108 units ml
-1

 of chitinase enzyme and therefore could have good 

antifungal activity (Gohel et al., 2006). Selvakumar et al. (2008) obtained Pantoea dispersa 
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1A from Indian Himalayas exhibiting growth at large temperature range, produced IAA, 

HCN, siderophore and solubilized phosphate. It produced 3.7 to 4.4 µg ml
-1

 of IAA. Wheat 

seedling inoculated with P. dispersa 1A showed increase in root length, shoot length and 

biomass.   

Chitinophaga eiseniae K4NRBAY001 solubilized inorganic phosphate at neutral pH, 

produced IAA, siderophore, EPS, ACC deaminase, protease and cellulase. C. eiseniae 

K4NRBAY001 showed chitinase activity and possessed antifungal activity against 

phytopathogen Fusarium oxysporum. This is the first demonstration of antifungal activity of 

the C. eiseniae. C. eiseniae K4NRBAY001 was able to significantly increase root length of a 

cowpea plants in sand compared to the positive control and rest of the strains. It also showed 

significant increase in root dry weight as compared to negative and positive control. During 

seed germination, the vigor index of cowpea seedling treated with this strain showed increased 

by 29.2 % compared to negative control. Further, during pot experiment, the vigor index of 

cowpea plants which received this strain showed increase of 54.9 % and 29.76 % compared to 

negative and positive control, respectively. This vigor index is highest among the tested 

strains. There is only one previous report of this species wherein, it has been isolated from 

vermin-compost in Korea (Yasir et al., 2011). 

Bacillus marisflavi K7SpZMAO002 produced IAA, siderophore, ACC deaminase, EPS and 

showed antifungal activity. This is the first demonstration of antifungal activity of the B. 

marisflavi. However, it failed to solubilize inorganic phosphate at pH 7. An alkaliphilic strain 

of B. marisflavi was able to solubilize inorganic phosphate at alkaline pH (pH 8 - 9) and not at 

pH 7 and showed EPS production (Prabhu et al., 2018). B. marisflavi K7SpZMAO002 did not 

produce any of the hydrolytic enzymes tested. B. marisflavi TF-11 was isolated from the tidal 

flat of yellow sea in Korea (Yoon et al., 2003). During seed germination, cowpea seeds treated 

with B. marisflavi K7SpZMAO002 exhibited 30.3 % higher vigor index than negative control. 

During pot experiment in sand, it showed increased vigor index by 26.35 % and 5.84 % from 

negative and positive control, respectively. Root dry weight of a cowpea treated with B. 

marisflavi K7SpZMAO002 was found to be significantly higher than negative and positive 

control. Oryza sativa (rice) treated with B. marisflavi revealed a significant increase in plant 

characters compared to uninoculated control and could serve as bio-fertilizer in alkaline soil 
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(Prabhu, 2017; Prabhu et al., 2018). B. marisflavi could be a good candidate for the bio-

fertilizer to be used in harsh environmental conditions.   

Bacillus wiedmannii K3AcBAP008 produced IAA, siderophore, EPS, urease, ACC 

deaminase, hydrolytic enzymes such as protease, amylase, cellulase and could solubilize 

phosphate. During seed germination and pot experiment in sand, vigor index of cowpea 

seedling and plant treated with B. wiedmannii K3AcBAP008 was increased by 9 % compared 

to negative control. Further, it was observed that treating cowpea with B. wiedmannii 

K3AcBAP008 gave significantly lower leaf area compared to rest of the treatments. A strain 

of B. wiedmannii was reported to be a psychrotolerant isolated from raw milk stored at dairy 

powder processing plant in USA (Miller et al., 2016). It is known to produce non-hemolytic 

enterotoxin and has properties such as cytotoxicity in HeLa cell model. During pot 

experiment, this strain did not give promising outcomes as compared to P. dispersa 

K4NRR2AY011, C. eiseniae K4NRBAY001 and B. marisflavi K7SpZMAO002. Hence this 

strain may not be endorsed as bio-inoculants for cowpea crops.   

Pantoea sp. K8AcR2AY004 were able to produce varieties of PGP factors such as IAA, 

siderophore, EPS, Ammonia, ACC deaminase and solubilize inorganic phosphate. Pantoea sp. 

K8AcR2AY004 showed lower germination rate than negative control during pot experiment, 

implying that it is negatively affecting the cowpea plant growth. Pantoea sp. K8AcR2AY004 

showed the closest similarity with P. ananatis (99 %) and P. anthophila (99 %). Both these 

later species of Pantoea are reported to be phytopathogen. P. anthophila causes soft rots in 

Clausena lansium (Wampee) (Zhou et al., 2015) and P. ananatis causes infection in wide 

range of economically important agricultural crops. P. ananatis had been reported to enhance 

growth of potato and paper plant (Coutinho and Venter, 2009). Pantoea sp. K8AcR2AY004 

did not promote the growth of cowpea plant during current study in the sand and hence it 

could not be recommended for the use of bio-fertilizers. Present study was able to detect the 

negative impact of strain of Pantoea sp. on the growth of cowpea. 

P. dispersa K4NRR2AY011, C. eiseniae K4NRBAY001 and B. marisflavi K7SpZMAO002 

were most influential in improving vital characteristics of cowpea plants in sand. 

Exiguobacterium sp. N11-0906 and Pontibacter niistensis NII-0905 obtained from Western 

Ghat located in west coast of Kerala-India at an altitude of 900 m above sea level have been 
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studied by Dastager et al. (2010; 2011) for their effect on cowpeas. These strains produced 

various PGP factors and showed increased plant parameters such as biomass, root and shoot 

length compared to negative control. 

Arid ecosystem viz., desert and CSD, are harsh environments with poor nutrient and thus 

provide a limited scope for crop cultivation. There are limited plant species that can grow in 

these harsh ecosystems. Interestingly, crop like cowpeas have the ability to grow in such 

ecosystems. However, the scope of cultivating this crop in sand has not been explored so far. 

The present study clearly demonstrates that cowpea not only grows in sand but also the 

growth can be improved with the help of bio-inoculants. Three bacterial strains P. dispersa 

K4NRR2AY011, C. eiseniae K4NRBAY001 and B. marisflavi K7SpZMAO002 from CSD 

ecosystem showed their ability to promote cowpea plants in sandy soil. Thus these strains 

could be effective bio-fertilizers in sand. Cowpeas are leguminous plant capable of 

undergoing symbiosis for fixing atmospheric nitrogen, thus conferring additional benefit for 

other crops cultivated in sand dunes and improving the nutritional quality of the soil. To the 

best of our knowledge, this is a first report suggesting use of bio-inoculants for cultivation of 

cowpea plant in sand. This is first report where C. eiseniae has been shown as a plant growth 

promoter in sandy soils.  
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Summary and conclusion 

 Coastal sand dune (CSD) is stressed and hostile habitat, wherein organisms are exposed 

to nutrient-deficiency, dry condition, continuous salt mists, intense UV rays, tidal effects, 

fluctuating pH, temperature and salinity. CSD could harbors potential isolates capable of 

producing various secondary metabolites and enzymes of economic importance in 

various industries such as agricultural, pharmaceutical, food and detergents.  

 Thirteen sand samples from different zones of CSD namely Embryo, Fore, Gray and 

Mature dunes were obtained from Keri beach, North Goa. The temperature and pH of 

sand samples ranged from 23 to 29 ℃ and 5.59 to 6.70, respectively.  

 Microbial analysis of all the sand samples was carried out. Suspension of sand samples 

were serially diluted and spread plated on 7 different media namely Resonance 2 Agar 

(R2A), King’s B Agar (KB), Bannett’s agar (BA), Polypeptone yeast extract glucose agar 

(PPYG), Zobell’s marine agar (ZMA), Nutrient agar (NA) and M1 Agar.  

 The highest total viable count of 10
6
 to 10

7
 cfu/gm was obtained from Fore dune sample 

(Keri 13) on M1 agar. M1 agar designed in laboratory could be a prospective media in 

obtaining bacteria from stressed environments such as CSD.  

 Alkaliphilic bacterial count on PPYG agar with pH 10.5 ranged from 10
3
 to 10

4
 cfu/gm.  

 Total of 250 pigmented bacterial isolates were obtained from the thirteen sand samples. 

Majority of pigmented bacteria were yellow colored, followed by orange and pink. 

Colony characteristics of all the isolates were noted. Twenty two isolates have leathery 

colonies were expected as actinobacteria. From Embryo, Fore, Gray and Mature dunes, 

16, 127, 95 and 12 pigmented isolates were obtained, respectively.  

 Out of total 48.82 % and 51.18 % are Gram negative and Gram positive bacteria, 

respectively. Among these, 30.59 %, 20.59 %, 22.94 % and 25.88 % of the isolates were 

found to be Gram positive rods, Gram positive cocci, Gram negative rods and Gram 

negative cocci, respectively 

 Actinobacterial isolates were observed under Scanning Electron Microscopy (SEM). 

Based on size, shape, surface of filaments, arrangement of spores and spore surface using 

Bergey’s Manual of Systematic Bacteriology (vol.4), isolates were tentatively identified 
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as Streptomyces sp., Pseudonocardia sp, Actinomadura sp. and Saccaropolyspora sp, and 

Streptoverticillium sp. 

 One hundred and seventy three pigment producing bacterial cultures were characterized 

basis on 16S rRNA gene sequencing. All these sequences have been submitted to NCBI 

database and accession numbers have been allotted. 

 Among the 173 pigmented bacterial strains identified, the phyla Actinobacteria was 

found to be the dominant followed by Fermicutes, Proteobacteria and Bacteroidetes. 

 The dominant genera in the overall CSD were Bacillus, followed by Microbacterium, 

Curtobacterium, Streptomyces, Strenotrophomonas, Micrococcus, Brevundimonas and 

Pantoea.   

 In the Embryo dune, the highest proportion of Brevundimonas was observed. In the Fore 

dune, Microbacterium was dominant. In Gray and Mature dunes, Bacillus was dominant 

genus.  

 Genera Bacillus and Microbacterium were found in all the dunes. Genus Marinobacter 

was found only in Embryo dune. Genus Streptococcus was found only in Mature dune. 

There were 19 and 7 genera found exclusive to the Fore and Gray dunes, respectively. 

 Shannon-Wiener diversity index was found to be higher in Fore dune. Margalef’s species 

richness was higher in Fore dune. Pielou’s evenness was higher in Embryo dune.  

 Fore dune colonized with vegetation of Ipomea-pes caprea is higher in bacterial diversity 

and species richness than the rest of the dunes.   

 Next generation sequencing (NGS) of V3-V4 region of the 16S rRNA gene from CSD 

samples were carried out using Rapid Illumina HiSeq 2500 by M/S Agrigenome, Kerala-

India. Raw sequences were processed using Quantitative Insights into Microbial Ecology 

(QIIME 1.7.0) software. OTUs were identified based on the SILVA database.  

 NGS revealed that Actinobacteria is the dominant phyla in the overall CSD, followed by 

Proteobacteria, Acidobacteria and Firmicutes. The dominant Genera were Streptomyces, 

followed by Bacillus and Acidobacterium.  

 Raw Illumina paired end reads from each dune samples were submitted in NCBI’s 

Sequenced Read Archive (SRA) under the accession SRR 12031846, SRR 12031952, 

SRR 12032010, and SRR 12032019, respectively and are associated with BioProject 

PRJNA639930. 
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 Simpson’s and Shannon alpha diversity indices ranged from 0.9521-0.9764 and 4.143-

4.489, respectively. Fore dune have the higher diversity index than the rest of the CSD 

zones. Hence, it can be stated that Fore dune harbors the most diverse microbial 

community as compared to rest of the dunes. 

 Evenness or equitability analysis among dunes stated the bacterial community was most 

evenly distributed in Fore dune. Least evenness of bacterial community was seen in 

Embryo dune. Embryo dune is the nearest to sea shore and is continuously affected by 

tidal waves, therefore it could be the most unstable dune with least bacterial diversity as 

compared to other dunes.  

 This is a first metagenomics approach for assessing the microbiota in the four 

transactional zones of tropical CSD namely Embryo, Fore, Gray and Mature dunes. This 

work establishes the dynamic nature of microbial communities at four zones of CSD. 

Additionally, it establishes the distinctiveness of CSD zones in terms of their respective 

microbial community structure. Moreover, the metagenomics approach could give better 

assessments of potential bacteria and its ecological importance.  

 The raw sequences obtained from NGS were analyzed for functional diversity using MG-

RAST software. General subsystem annotation revealed system ontology including 

metabolism, information storage and processing, cellular processes and signaling. Major 

subsystem annotations belonged to carbohydrate transport and metabolism, cell wall 

biogenesis and amino acid transport and metabolism. It was revealed that majority of the 

members from Gray dune were capable of undergoing metabolisms of ascorbate and 

aldarate. From all four dunes highest numbers of annotations belonged to genes 

responsible for geraniol degradation and metabolism of alanine, aspartate and glutamate. 

 This is the first attempt to explore functional diversity of CSD zones using NGS data. 

Learning functional diversity at CSD is vital in understanding the ecological role of 

microbes in the habitat. Also, to understand its possible potential in the industries.  

 Two hundred and fifty isolates were screened for their potential in producing hydrolytic 

enzymes such as protease, cellulase, amylase, xylanase and lipase. Majority of the 

isolates showed xylanase production followed by cellulase, Protease, Amylase and lipase. 

Bacillus infantis K7SpZMAP003, Bacillus wiedmannii K5NRPPYGP001 and isolate 

K11IcM1O003 gave positive test for all the 5 enzymes tested. Streptomyces albofaciens 
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K2NRBAW008 gave the biggest zone of clearance for xylanase enzyme. Streptomyces 

tendae K13BAW010 and Streptomyces variabilis K2NRBAY005 gave best zone of 

clearance for cellulase enzyme. Proteus mirabilis K9RM1O003 showed the highest zone 

of precipitation for lipase. Bacillus endophyticus K3AsNAO001 gave the highest zone of 

clearance for amylase. Brevundimonas sp. K1NRKBO003 showed the highest zone of 

clearance for protease enzyme. This could be of ecological and economical importance. 

 All 250 pigmented bacterial isolates obtained from Keri beach-Goa were screened for 

antimicrobial activity. Streptomyces sp. K2NRKBY005, Streptomyces sp. 

K2NRBAY005a, Streptomyces sp. K13BAY007a, Streptomyces albofaciens 

K2NRBAW008 and Streptomyces sp. K2NRBAY011 showed antimicrobial activity 

against Staphylococcus aureus and Proteus vulgaris. All these 5 strains were obtained 

from Fore dune sample. The highest zone of inhibition was given by Streptomyces 

albofaciens K2NRBAW008 which was obtained from Fore dune sample towards 

Staphylococcus aureus and Proteus vulgaris. 

 All the 250 isolates were screened for the plant growth promoting factors such as 

inorganic phosphate solubalization production of IAA, siderophore, exoplolysaccharide 

(EPS) and ammonia. Thirty-four isolates showed phosphate solubilisation, 81 isolates 

showed siderophore production, 39 showed ammonia production, 75 showed EPS 

production and 12 showed IAA productions. Five strains out of 250, which showed 

maximum number of tests positive and best zone size were selected for further studies in 

seed germination, seedling development and containerized in vitro experiments.  

 Effect of bio-inoculation using Chitinophaga eiseniae K4NRBAY001, Pantoea sp. 

K8AcR2AY004, Bacillus marisflavi K7SpZMAO002, Pantoea dispersa K4NRR2AY011 

and Bacillus wiedmannii K3AcBAP008 on cowpeas seed germination and seedling 

development was studied. The cowpea seedling development of all test cultures exhibited 

higher vigor index compared to negative control. Bacillus marisflavi K7SpZMAO002 

exhibited highest vigor index, followed by Chitinophaga eiseniae K4NRBAY001, 

Pantoea sp. K8AcR2AY004, Pantoea dispersa K4NRR2AY011, Bacillus wiedmannii 

K3AcBAP008 and negative control.  
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 Except for Bacillus wiedmannii K3AcBAP008, which was obtained from Mature dune, 

all the other strains used for bio-inoculation of cowpeas were obtained from Gray dune 

sample.   

 Containerized studies with cowpea seeds, treated with 5 selected strains in the sand were 

performed. Hundred percent cowpea seed germination rate was recorded with treatment 

of Bacillus marisflavi K7SpZMAO002, Chitinophaga eiseniae K4NRBAY001 and 

Pantoea dispersa K4NRR2AY011. Cowpea seeds treated with these three strains in sand 

exhibited higher vigor index and growth parameters compared to un-inoculated seeds.  

 The highest vigor index was exhibited for the seedlings inoculated with Chitinophaga 

eiseniae K4NRBAY001 followed by Pantoea dispersa K4NRR2AY011, Bacillus 

marisflavi K7SpZMAO002, positive control, Bacillus wiedmannii K3AsBAP008, 

negative control and Pantoea sp. K8AcR2AY004. Pantoea sp. K8AcR2AY004 treatment 

showed lower vigor index than negative control, hence it was considered unsuitable for 

the use of bio-fertilizer on cowpea plants.  

 Treating cowpea with all five selected strains gave significantly higher root dry weight 

than negative control (p <0.05). Treatment of C. eisenia K4NRBAY001 and P. dispersa 

K4NRR2AY011 gave significantly higher root dry weight compared to positive control. 

The root length of cowpea plant treated with C. eisenia K4NRBAY001 was found to be 

significantly higher compared to positive control and rest of the strains. The shoot length 

of cowpea plant treated with P. dispersa K4NRR2AY011 was significant higher than 

negative control. 

 This is a first case, wherein C. eiseniae has been investigated as a plant growth promoter 

in sandy soils. C. eiseniae K4NRBAY001 was found to be enhancing root length. This 

strain could be helpful in CSD. CSD has low water retention capacity and plants growing 

here require longer root length in order to reaching the water table to absorb water. 

 Bacterial strains from CSD have the potential to promote cowpea growth in sand and 

could be utilized as bio-fertilizers in sandy soils. 
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ANNEXURE I 

MEDIA COMPOSITION  

A solution of sodium hydroxide or hydrochloric acid was used to adjust the pH of media. If 

otherwise not specified all the media were sterilized at 121 ˚C, 15 Psi for 20 minutes. 

NUTRIENT AGAR 

Ingredients Gms/Litre 

Peptone 10 

NaCl 5 

Beef extract 3 

Agar 15 

pH 7 

 

NUTRIENT BROTH 

Ingredients Gms/Litre 

Peptone 10 

NaCl 5 

Beef extract 3 

pH 7 

 

BENNET'S AGAR 

Ingredients Gms/Litre 

Yeast Extract 1 

Peptone 1 

Tryptone 2 

Dextrose (Glucose) 10 

Agar 15 

Final pH (at 25°C) 7.3±0.2 
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POTATO DEXTROSE AGAR 

Ingredients Gms/Litre 

Potatoes infusion  200 

Dextrose (Glucose) 20 

Agar 15 

Final pH ( at 25°C) 5.6±0.2 

POLYPEPTONE YEAST EXTRACT GLUCOSE AGAR  

Ingredients Gms/Litre 

Peptone 5 

Yeast Extract 1.5 

Glucose 5 

Na2HPO4.12H20 1.5 

NaCl 1.5 

MgC12.6H20 0.1 

Na2CO3 5 

Agar 15 

Final pH 10.5 

Solutions of glucose and Na2CO3 were sterilised separately as 10% solutions and then added 

to the cold basal molten medium to avoid precipitation of salts. 

 

MUELLER-HINTON AGAR 

Ingredients Gms/Litre 

HM infusion B 300 

Acicase 17.5 

Starch 1.5 

Agar 17 

Final pH ( at 25°C) 7.3±0.1 

  



 Annexure I 
 

212 | P a g e  
 

PEPTONE WATER 

Ingredients Gms/Litre 

Peptone 10 

Sodium Chloride 5 

Final pH ( at 25°C) 7.2±0.2 

DWORKIN AND FOSTERS MINIMAL SALT MEDIUM 

Ingredients Gms/Litre 

KH2PO4 4 

NaHPO4 6 

MgSO4.7H20 0.2 

FeSO4.7H20 0.001 

Glucose 2 

Gluconic acid 2 

Citric acid 2 

Distilled water 1000ml 

Micronutrients 0.1ml/L 

ACC 3 mM 

 

4.4 % GLYCINE MEDIA 

4.4 ml of glycine incorporated into 100 ml Nutrient broth.  

COLLOIDAL CHITIN AGAR 

Colloidal chitin (1 gm) incorporated into 100 ml Nutrient agar. 
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M1 AGAR (DESIGNED IN LAB) 

Ingredients Gms/Litre 

Malt Extract 1 

Yeast Extract 1 

Tryptone 10 

Manganese chloride 1 

Magnesium sulphate 1 

Sodium chloride 10 

Glucose 10 

 

CONGO RED AGAR    

Ingredients Gms/Litre 

Peptone 10 

NaCl 5 

Beef Extract 3 

Congo red 0.8 

Sucrose 50 

Agar 15 

pH 7 

 

5% SUCROSE 

Ingredients Gms/Litre 

Sucrose 50 

Distilled water Upto 1000mL 

The sterilization was done for 10 minutes. 

CHROME AZUROLE S AGAR 

Medium and CAS dye was sterilized separately at 121˚C, 15lbs for 20 min 

Preparation of CAS dye 

60.5 mg chrome azurol S dye was dissolved in 50mL distilled water. To this 10 mL of 1 mM 

FeCl3 prepared in 10 mM HCl was added. 72.9 mg hexadecyl trimethy ammonium bromide 
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was dissolved in 40 mL distilled water and this was added in CAS dye solution. The resulting 

dark blue mixture was mixed. It was then sterilized at 121 ˚C for minutes. 

 

ZOBELL’S MARINE AGAR 

Ingredients Gms/Litre 

Peptic digest of animal tissue 5 

Yeast Extract 1 

Ferric citrate 0.10 

Sodium chloride 19.45 

Magnesium chloride 8.80 

Sodium sulphate 3.20 

Calcium chloride 1.80 

Potassium chloride 0.55 

Sodium bicarbonate 0.16 

Potassium bromide 0.08 

Strontium chloride 0.034 

Boric acid 0.022 

Sodium silicate 0.004 

Sodium fluorate 0.0024 

Ammonium nitrate 0.0016 

Disodium phosphate 0.008 

Agar 15 

Final pH 7.6±0.2 
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KINGS B MEDIUM BASE 

Ingredients Gms/Litre 

Peptone 20 

Dipotassium hydrogen phosphate 1.5 

Magnesium sulphate 1.5 

Glycerol 15ml 

Agar 15 

pH 6.8±0.2 

Distilled water 900ml 

 

PIKOVSKAYA MEDIUM 

Ingredients Gms/Litre 

Yeast extract 0.5 

Glucose 1% 

Ammonium chloride 0.5 

Potassium chloride 0.2 

Magnesium sulphate 0.1 

Manganese sulphate 0.001 

Ferrous sulphate 0.001 

Tricalcium phosphate 5 

Bromo cresol purple 0.04% 

pH  7.3±0.2 

Dissolve tricalcium phosphate in 10 mL distilled water and sterilize separately. Sterilize 

glucose separately for 10 minutes 

BROMOCRESOL PURPLE DYE SOLUTION 

Dissolve 0.04 g of bromocresol purple in 50 mL deionized water. Dilute the solution to a final 

volume of 100 ml. 
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TRYPTOPHAN MEDIUM 

Ingredients Gms/Litre 

Casein enzyme hydrolysate 10 

Sodium chloride 5 

DL-Tryptophan 1 

pH 7.5±0.2 

 

SKIM MILK AGAR 

Ingredients Gms/Litre 

Skim milk powder 28 

Casein enzymic hydrolysate 5 

Yeast extract 2.5 

Dextrose 1 

Agar 15 

Distilled water 1000ml 

pH 7.0±0.2 

 

STARCH AGAR 

Ingredients Gms/Litre 

Meat Extract 3 

Peptic digest of animal tissue 5 

Starch, soluble 2 

Agar 15 

Distilled water 1000ml 

pH 7.2±0.1 
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R2A AGAR 

Ingredients Gms/Litre 

Casein enzymic hydrolase 0.25 

Peptic digest of animal tissue 0.25 

Casein acid hydrolysate 0.50 

Yeast extract 0.50 

Glucose 0.50 

Starch soluble 0.50 

Dipotassium phosphate 0.030 

Magnesium sulphate 0.50 

Sodium pyruvate 0.03% 

Agar  15 

Distilled water 1000mL 

pH 7.2±0.2 

 

1M NaCl solution 

Dissolve 58.44g of NaCl in a final volume of 1 litre. 

 

SODIUM PHOSPHATE BUFFER SALINE  

Ingredients Gms/Litre 

Sodium chloride 8 

Potassium chloride 0.2 

Disodium hydrogen phosphate 1.44 

Dihydrogen potassium phosphate 0.24 

pH 7.4 

Make the volume up to 1L with distilled water.        

  



 Annexure I 
 

218 | P a g e  
 

SALINE EDTA SOUTION 

Ingredients Gms/Litre 

Disodium EDTA 93.06 

NaCl 8.5 

pH 7 

Dissolve 93.06 gm Disodium EDTA in 200 mL distilled water and adjust the pH to 7 with 1N 

NaOH. 

Add 8.5 gm NaCl mix well and make the volume upto 1L with distilled water. 

0.1N NaOH BUFFER 

Dissolve 4g of NaOH in 1 litre of distilled water. 

0.1N HCL BUFFER  

Dissolve 8.1774ml of concentrated HCl in 1 litre of distilled water. 

PHYSIOLOGICAL SALINE   

Dissolve 0.85g of sodium chloride in 100 ml of distilled water. Sterilise by autoclaving at 15 

lbs pressure. 

GRAM’S STAINING REAGENTS 

GRAM’S CRYSTAL VIOLET STAIN 

Solution A                                                     Solution B 

Crystal violet   2 gm                                     Ammonium oxalate     0.8 gm 

Ethyl alcohol   20 mL                                   Distilled Water             80 mL 

Solution A and Solution B were mixed to obtained crystal violet reagent. Solution was stored 

for 24 hours and filter through Whatman filter paper No.1 prior to use. 

GRAM’S IODINE (MORDANT) 

Ingredients Gms/Litre 

Iodide   1 

Potassium Iodine                             2 

Distilled water 300 mL 
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Stored in amber colored bottle at room temperature. 

DECOLOURIZER 

Ingredients mL 

Ethanol   700 mL 

Distilled water 300 mL 

 

SAFRANIN (COUNTER STAIN)  

Ingredients Gms/Litre 

Safranin                                       25gm 

95% Ethanol                                  1000mL 

 

3% KOH SOLUTION 

Dissolve 3 grams in 100 ml of distilled water. 

IODINE    

Ingredients Gms/Litre 

Potassium iodide                                    6 gm 

Iodine crystals                                        3 gm 

Dissolve 6 gm Potassium iodide and 3 gm Iodine crystals and make the volume up to 1L with 

distilled water.  

95% ETHANOL  

95 ml of ethanol mixed with 5 ml of distilled water 

2% GLUTARALDEHYDE  

2 ml of glutaraldehyde mixed with 98 ml of distilled water. 

TE BUFFER 

10m1 0.1M Tris-HC1 (pH 8) was diluted with 90m1 of distilled water and  

0.0372gms of EDTA was added and pH was adjusted to 8.0. 

10mg/ml LYSOZYME 

10mg Lysozyme in 1ml T.E buffer pH 8, and stored at 4°C. 
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TAE BUFFER (5X) 

Ingredients Gms/Litre 

Tris base 12.1 

Glacial acetic acid 2.85mL 

0.5M EDTA 5mL 

Adjust the pH to 8 

TRIS HCl BUFFER 

Ingredients Gms/Litre 

Tris 15.76 

Distilled water 100mL 

 

PICRIC ACID SOLUTION 

Ingredients Gms/Litre 

Picric acid 2.5 

Sodium carbonate 12.5 

 

NESSLER'S REAGENT 

Ingredients Gms/Litre 

Mercuric chloride 10 

Potassium iodide 7 

Sodium Hydroxide 16 

Distilled water 100mL 

pH 13.2 ±0.05 

 

0.1 % MERCURIC CHLORIDE SOLUTION 

Ingredients Gms/Litre 

HgCl2 0.1 

Distilled water 100 mL 

 

SALKOWSKI’S REAGENT  

50 ml, 35% of perchloric acid, 1 ml 0.5 M FeCl3 solution 
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ANNEXURE II 

(Standard curves) 

1) Standard graph of Indole-3-Acetic Acid (IAA) 

 

2) Standard graph of Phosphorus (P) 
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3) Standard graph of Potassium (K) 

 

 

 

 

 


