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Chapter 1 



1. Introduction 

Microbial ecologists world over would wish to understand the population ecology of 

microbial ecosystems in the same way the macroscopic-population ecologists would 

with larger sized, seeable flora and fauna. The major questions that revolve in the 

minds of microbial ecologists would be: what populations are present in an 

ecosystem? What is their size/numerical abundance? And, how do they interact with 

in themselves and with each other, big or small, in a given ecosystem? 

The extraordinary diversity of life on Earth has intrigued humans, probably 

from the very early times. It is not only the presence of millions of living creatures on 

the Earth but also a striking pattern in their distribution over space and time that is 

awe-inspiring. We now have amassed a lot of information on the origin, maintenance 

and distribution of biodiversity. This knowledge has stemmed from incessant research 

on plants and animals (Groombridge and Jenkins, 2002). We also know that there are 

millions of species of single-celled microbes, on which we are only beginning to 

investigate to know their occurrence and diversity through applications of certain 

advanced techniques. 

Earth's habitat constitutes complex gradients of environmental conditions 

which include changes in organic and inorganic compounds, light, temperature, P H , 

salinity variations. On geological time scale, the age of the Earth is 4600 million years 

(Nisbet and Sleep, 2001). Regardless of the evolution of life on Earth, it is very clear 

that —70% of Earth's early life-forms were dominated by Prokaryotes (Bacteria and 

Archaea). Prokaryotes are the witnesses of geological, biogeochemical, atmospheric 

and climatic changes on the Earth as they arose very shortly after the Earth cooled. 

The first fossil of prokaryote has been discovered from 3600 millions year old 

stromatolites (Alwood et al., 2006). About —60% of the total biomass on Earth is 

Prokaryotic (Whitman et al., 1998). Constituting to such a bulk is implicit enough to 

distinguish their role in many ecological processes. Their respiration accounts for 

—60% of some terrestrial habitats (Hanson et al., 2000; Velvis, 1997). Their metabolic 

capabilities such as degradation of organic matter, transformation of elements and 

recycling of nutrients play a central role in supporting the existence of all forms of 

life. 
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An understanding of the pattern of prokaryotic biodiversity is pivotal for the 

fact that microbes include the majority of the Earth's species diversity. From the past 

100 years, we have been learning to use microorganisms for mankind's benefit. In the 

last few decades we have even begun learning to harness microbial biosynthetic and 

degradative activities. The study of prokaryotes or microorganisms in different 

habitats is known as Environmental Microbiology. 

The importance of prokaryotes becomes clearer when we look for them in the 

Oceans, the major portion of our Planet. The marine ecosystems include —90% of the 

total biosphere. As such, the oceans are overwhelmingly impressive. Covering 71% of 

the Earth's surface (3.6x10 8  km2) and with an average depth of 3.8 Km, they contain 

97% (1.4x 1021  liters) of the Earth's total water. This continuum of water is divided by 

five, major names. Among these, the Pacific Ocean is the largest ocean covering 

—28% of the Earth's surface. The Atlantic Ocean, lying between Africa, Europe, the 

Southern Ocean, and the Americas is the second largest. The Indian Ocean has an area 

of 6.9x107  km2 . It lies between Africa, the Southern Ocean, Asia, and Australia. The 

water body between 60°S and Antarctica is named the Southern Ocean. It has a 

continual eastward water movement called the Antarctic Circumpolar Current. The 

Arctic Ocean is the smallest with an area of 1.4x 10 7  km2 . 

The upper surface of the Ocean is always in constant motion due to the winds 

which generate waves and currents. The differential heating of air masses generate the 

major surface current system. The Coriolis force, caused by the rotation of the Earth, 

also deflects the moving water resulting in large circular gyres that move clockwise 

and anticlockwise respectively in the northern and southern hemispheres. The gyres 

and currents also affect the distribution of nutrients and, marine organisms. On the 

basis of surface ocean temperature, the marine ecosystem is divided into four major 

biogeographical zones: polar, cold temperate, warm temperate (subtropical) and 

tropical zones. The boundaries between these zones vary between seasons. The 

prokaryotes are present in all of the ocean-habitats from the frozen Arctic Ice to 

boiling hydrothermal vents located in particular in the Mid-oceanic Ridge. In 

addition, being abundant, these organisms are capable of different metabolic 

activities. 
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Marine microbial ecology is the study of diversity, dynamics and function of 

microbes (Bacteria, Archaea and single celled eukaryotes) in the marine environment 

(Kirchman, 2000). Initially, methods for studying the marine bacteria were adapted 

from clinical microbiology. For example, the enumeration of the seawater bacteria 

was done by serial dilution and plating on nutrient agar. Between 1970 and 1980, the 

direct counts of bacteria were enumerated by staining the bacteria with the 

fluorochrome, acridine orange and through epiflourescence microscopy (Strugger, 

1948; Wood, 1955). Later on, this technique was modified by the use of membrane 

filter (Hobbie et al., 1977; Zimmerman and Meyer-Reil, 1974). The alternate stain 

DAPI (4, 6'-diamidino-2-phenylindole, dihydrochloride) was suggested by Porter and 

Feig (1980) to reduce the background. The direct counts of bacteria revealed the 

presence of high number of cells in seawater majority of which are "non-culturable". 

This discrepancy came to be known as the "Great Plate Count Anomaly" (Staley and 

Konopka, 1985) which led the microbiologists to think about other ways to study the 

marine bacteria. The method for the bacterial biomass production was developed by 

Furhman and Azam (1982) using tritium labeled thymidine (TdR). The microbal loop 

(Azam et al., 1983) hypothesis was suggested in which the heterotrophic bacteria 

were recognized to play a key role by direct assimilation of dissolved organic matter 

and by serving as food for microfauna <200 microns. The radioactive leucine 

incorporation method was also developed during the 1980s by Kirchman and 

colleguages (Kirchman et al., 1985). These developments in the methods to study the 

marine bacteria were to highlight the role microbes perform in the marine waters as 

well as global biogeochemical cycles. 

The difference between direct counts and plate counts of heterotrophic 

bacteria indicated that the large fractions of bacteria are uncultured and thus placing 

them into a "Black Box" in terms of their species diversity. The pioneering, and path-

breaking, work by Woese and Fox (1977) on comparative analysis of small-subunit 

ribosomal RNA (16S and 18S rRNAs) provided an objective frame-work for 

determining the evolutionary relationship between organisms and thereby quantifying 

diversity as sequences-divergence on a phylogenetic tree. They divided cellular life 

into three domains, one eukaryotic (Eucarya also called Eukaryota) and two 

prokaryotic domains (Bacteria and Archaea). They also defined 12 lineages (phyla or 
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divisions) within the Bacteria on the basis of 16S rRNA sequences (Fig 1.1; Woese et 

al., 1990). 

In an yet other prospective development, Norman Pace and colleagues (Pace et 

al., 1985) proposed the outline of molecular approach to identify the 16S rRNA gene 

(16S rDNA) of microorganisms without their cultivation. In this method, 

environmental nucleic acids are extracted from natural samples, the 16S rRNA genes 

isolated via PCR (using universal primers for 16S rDNAs), and through cloning of 

PCR amplicons and their sequencing. These sequences are then compared with known 

sequences to find their position in a phylogenetic tree. These sequences can serve as 

`markers' for that particular species to identify that organism in nature (Pace et al., 

1985). The main reason of popularity of this application is the presence of conserved 

and variable regions in nucleotide stretches which are scattered over the rRNA genes. 

The conserved sites serve as the primer binding sites and are useful for amplifying the 

variable,region(s) in between any two sites (Fig 1.2). The variable regions are more 

informational for the microorganisms. The pair-wise comparison between 16S rDNA 

results in establishing the phylogenetic relationship between the microorganisms. 

Over the last decade, numerous studies using these molecular biological 

approaches have significantly changed our understanding of marine microbiology. 

Three noted examples, in chronological order are (1) the initial dissection of 

bacterioplankton communities in Atlantic (Giovannoni et al., 1990) and Pacific 

(Schimdt et al., 1991) oceans, (2) the discovery of archeoplankton in coastal marine 

environment (De Long, 1992) and (3) the discovery of dominant populations of iron 

and sulphur—oxidizing bacteria in hydrothermal vents (Moyer et al., 1995) that remain 

uncultured until today. Cloning of genes from natural environments has also revealed 

a surprising amount of diversity and, an understanding how microorganisms function 

in ecosystems, as well as how much of this diversity really matters. 

1.1 Arabian Sea 

Contcxtually, the Arabian Sea is a highly dynamic marine regime whose molecular 

ecology is hardly existant. While relatively small and, closed to the north, it is unique 

among the world's major ocean basins. Its closure to north restricts circulation and 

exchange, leading to an extensive volume of hypoxic waters beneath the seasonal 
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pycnocline (Olson et al., 1993). This basin experiences extreme wind force from 

seasonally reversing monsoonal winds (Shankar and Shetye, 1999; Smith et al., 

1991). The southwest monsoon (June-September) drives coastal upwelling along the 

south-west coast of India, which relaxes during fall intermonsoon (October-

November) season, leading to alternating mesotrophic and oligotrophic phases in the 

euphotic zone (Smith, 1999). The Coastal Zone Colour Scanner (CZCS) data of the 

Arabian Sea shows the highest seasonal variability in surface chlorophyll (Yoder et 

al., 1993) and primary productivity (PP, Brock et al., 1993; 1994) compared to any 

tropical oceanic basins. Due to variability in nutrient conditions, Arabian Sea is an 

important site for understanding microbial diversity and the role of microbes in 

biogeochemical cycles. 

The central and eastern regions of the typically tropical Arabian Sea are 

biologically highly productive on seasonal basis. A lot of work has been done in 

measuring rates and identifying the role of bacteria in heterotrophic activities and 

other processes that take place in water column of Arabian Sea. The biological 

processes in the Arabian Sea are shown to be strongly coupled with physical forces 

(Banse et al., 1996; Madhupratap et al., 1996). The southwest monsoon does 

influence the phytoplankton community structure and primary productivity (Campbell 

et al., 1998; Tarran et al., 1999). During the southeast monsoon the southern open 

ocean water is dominated by Synechococcus while the northern waters are dominated 

by Prochlorococcus (Burkill et al., 1993; Campbell et al., 1998; Tarran et al., 1999). 

The bacterial abundance and productivity in Arabian Sea are low during 

northeast monsoon and higher during spring intermosnoon. The southwest monsoon 

aids an increase in bacterial production (Ducklow, 2001; Ramaiah et al., 1996; 2000, 

2005). The upper 100 m water column of Arabian Sea contains approximately 1.5 - 

5.2 gCm-2  in the terms of microbial biomass. Out of this, heterotrophic bacteria 

represent 16 to 44% of total biomass (Garrison et al., 2000). In a DGGE-PCR study, 

during two consecutive northwest monsoons in Arabian Sea, Riemann et al., (1999) 

have shown "horizontal homogeneity" in bacterial community.' Further, the same 

study has indicated that there is change in the bacterial community structure with the 

depth and some degree of seasonal predictability in the community structure. The 

southern oligotrophic surface waters of Arabian Sea are dominated by SAR11, 
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SAR86 and marine actinobacterial group. The northern mesotrophic waters are 

dominated by marine actinobacteria and uncultured Gammaproteobacterial clades. 

The oxygen minimum zone (OMZ) region of the Arabian Sea is dominated by SARI 1 

and SAR406 groups (Fuchs et al., 2005). 

There are no investigations on bacterial community composition along the 

Indian coastal waters. With development and refinement in the molecular methods we 

are in a position to be able to recognize regional and seasonal variations in microbial 

community characteristics from the ocean in general and the Arabian Sea in 

particular. Therefore, this research plan was aimed to understand microbial 

communities and their seasonal dynamics. 

The following are the objectives that were planned for this study. 

o To characterize near-shore microbial communities in the central west 

coast of India through construction and analyses of 16S rDNA libraries. 

The simple rationale for this was the fact that there is an absolute lack of 

molecular analyses of microbial communities from Indian coasts. They are 

routinely applied elsewhere. In view of this, describing the prokaryotic 

community structure would serve useful not only to recognize the dominant 

prokaryotic community in this part of the world but also to provide a basis for 

future expanded studies. Also, when we get to know 'who is there?' through 

metagenomic approaches, we can infer what they could be doing using the 

available literature on the functional role of their 'culture-friendly cohorts. 

o To analyse spatial and temporal variations in these communities by 

applying relevant molecular phylogenetic methods. This was conceived 

with the idea to realise the community structure-differences/similarities within 

the central west coast which experience, as noted previously, seasonal 

variability in its physical and chemical settings. In this regards, we aimed 

therefore to clone and sequence the 16S rRNA gene amplicons as to obtain 

information on the operational taxonomic units of both Bacteria and Archaea. 
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• To study the regional and seasonal differences in their functional diversity 

through detecting a select set of appropriate gene sequences. Any analyses 

of genetic signatures implicitly explain the role of microbes that do not yield 

to culture methods. 
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Chapter 2 



2. Review of Literature 

To the informed minds, the term bacterium elicits small, abundant and single celled 

life-forms. Among other characteristics, their infinite diversity, ubiquity, nutritional 

versatility and structural 'simplicity' come to one's mind. From the knowledge 

perceivable through the copious and burgeoning literature on these tiny creatures, 

including from marine ecosystems (Kirchman, 2008), it is a matter of great wonder 

that these entities are so powerful and all-important in the functioning and stability of 

ecosystems. With most of them < 0.1 to 4 pm in length, the abilities of decomposing 

innumerable organic molecules and several xenobiotics bring heterotrophic bacteria to 

the centre-stage of nutrient cycling within the earth's ecosystems. The literature 

review covered in this chapter will focus briefly on different facets of bacteria in 

particular on their taxonomy and distribution in marine regimes. 

2.1 Bacteria: The Life-forms from the Deep-past with no History! 

Beginning the 1870s, the term "bacteria" (from the Greek meaning "little rod" or 

"staff') was used to denote the smallest of germs, "all those minute, rounded, 

ellipsoid, rod-shaped, thread like or spiral forms." These invisible life-forms may be 

defined as extremely minute, simple, unicellular microorganisms, which reproduce 

themselves under suitable conditions with exceeding rapidity, usually by transverse 

division. They have no morphological nucleus, but contain nuclear material, which is 

generally diffused throughout the cell body in the form of larger or smaller granules. 

These smallest autonomous biotic entities in the living world are the most important 

functional units in any ecosystem (Ramaiah, 2004). 

Anton Van Leeuwenhoek (1632-1723) observed bacteria among the very little 

animalcules in seawater and pepper-water. He described them in his letters to the 

Royal Society of London in 1676 (Dobell, 1958). It took more than a century to 

understand these microbes. The belief in spontaneous generation, that "living 

organism could develop from non-living organism" persisted, until Louis Pasteur 

(1822-1895) disproved this notion by using his now famous swan-neck flask 

experiment. Pasteur also demonstrated that germs are involved with every 

fermentation process. This existence of germs supported Robert Koch's (1843-1910) 
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claim that anthrax was always caused by the anthrax bacillus. In the late 19th century, 

new methods were developed to detect these invisible organisms. Bacteriologists were 

admired for their experiment-based description of physiological properties of bacteria 

and for ascertaining their importance for life and disease. Continued refining of 

methods of culturing microbes, preparation, staining, and observations with ever-

improving microscopes earned greater respect to microbiologists in the mid 19 th 

 century. 

Some scientists, who attempted to understand the bacteria in the light of 

evolution, had referred to them as "infusoria" as they were readily found in the 

infusions of decaying organic matter. Soon it became common place to call them as 

"germs". Charles Sedillot (1878) introduced, the term "microbe". As recent as 1878, 

nothing was known of bacterial evolution: how they varied, how they were related to 

one another, and how they were related to other microscopic organisms, plants and/or 

animals. Thus, Bacteria had a past with no history. In his book System Vegitabilum 

(1774), Carolus Linnaeus (1707-1778) proposed the generic term "Chaos" to 

microscopic life because he was not able to order and classify them. Georges Cuvier 

(1769-1832) classified these Infusoria in 1812 in the order of worms as zoophytes but 

"in which all is reduced to homogeneous pulp". In 1872, Ferdinand Cohn (1828-

1898) reclassified bacteria as plants. Charles Darwin (1809-1882) did not discuss 

anything about the Infusoria but the post Darwinian botanists believed that bacteria 

were belonging to the fission fungi (Schizomycetes). In his classification of three 

`Kingdoms of life', Ernst Haeckel (1834-1919) proposed the bacteria are the lowest 

order of protozoa as Monerea (later Monera). In 1938, Herbert Faulkner Copeland 

placed bacteria in a separate Kingdom, Monera. He did it on the basis of evolutionary 

and morphological assumptions, first "that they are the comparatively little modified 

descendants of whatever single form of life appeared on earth, and second "that they 

are sharply distinguished from other organisms by the absence of nuclei". Copeland 

argued for four Kingdom of Classification (Monera, Protista, Plantae and Animalia). 

His arguments relied on a natural classification or genealogy in accordance with 

evolutionary precepts. However, then the leading bacteriologists were most reluctant 

to assign bacteria to their own kingdom, and they had abandoned any hope of 

classifying bacteria based on genealogy (Jan Sapp, 2004). 
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2.2 Bacterial Species Concept: Phenetic vs Phylogenetics 

Taxonomy is the branch of biological systematics that deals with circumscription and 

description of organism(s) and with the classification of organism on the basis of 

phenetics or phylogenetics. Species, the basic unit of taxonomy is universally 

accepted as the lower unit of taxonomy and also considered as the unit to measure 

biodiversity. In traditional sense, the term species category, is a class defined in terms 

of properties that particular species possess (e.g. reproductive isolation); particular 

species are classes defined in terms of properties that organism posses (e.g. 

pigmentation); and particular organisms are individuals whose names are not defined 

. at all (Hull, 1976). 

Earlier bacterial species were defined as groups recognized by a unique set of 

features considered to be both sufficient and necessary for defining the group 

(Goodfellow et al., 1997). In microbiology, there is no official definition of species. 

However, prokaryotic species was defined as "a collection of strains showing a higher 

degree of overall similarity, compared to other, related group of strains" (Colwell et 

al., 1995). So the bacteria were described on the basis of phenotypic characters like 

biochemical characterization, fatty acid profiles, polyamines and quinines. The goal 

of phenotypic classification was to create the clustered group of strains, to establish as 

a hierarchy of genera and species on the basis of overall similarities. At every 

taxonomic level, the taxa share some common characters and can be restricted by 

descriptions that distinguish their members from others at the same level. Phenotypic 

data consists of single character or multiple characters. Single character (e.g. staining 

reaction, cell and flagellar morphology, pigment production, nutritional properties) 

describe a small component of total bacterial phenotype. Multiple character features 

include complex patterns (e.g., results of chemotaxonomic studies such as comparison 

of cell wall composition, fatty acid and protein profiling; Young, 2001). 

The genomic properties of bacteria were also used to define a bacterial 

species. DNA fingerprinting approaches (Goodfellow et al., 1985), and DNA-DNA 

hybridization method (Grimont, 1988) were also used to identify the bacterial species. 

In DNA-DNA hybridization method, organism having DNA-DNA re-association 

value of 70% or higher and/or AT m  of 5°C or less, when supported by phenotypic 
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properties were considered as the same species. Hybridization studies confirmed that 

such vales should not be taken as absolute boundaries and, in some cases, more 

relaxed limits should be taken as limits of single genomic unit (Rossello-Mora and 

Amman, 2001). 

The microbial classification system was revolutionized when the 16S rRNA 

gene sequence was used in the cladistic analysis to draw the phylogenetic 

(genealogical) tree (Woese, 1987). Although there is no fossil record available for 

bacteria, the phylogenetic relationship is indirectly inferred by ribosomal sequence 

data. In this analysis, it is assumed that any change in molecular sequences can infer 

the historical relationship. The species concept based on evolutionary relatedness 

among organisms is also called phylogenetic species concept (PSC). According to 

PSC, species are considered as "irreducible cluster of organisms, diagnosable, 

different from other such clusters and within which there is a parental pattern of 

ancestry and descent (Cracraft, 1997). Use of 16S and 23S rRNA studies confirmed 

the monophyletic origin of different strains of a group. 

All the methods discussed above have some drawbacks. For instance, thel6S 

rRNA method can not differentiate at species level as does the DNA-DNA 

hybridization but it helps to assign the phylogenetic position of a newly defined 

species (Ludwig and Schelfer, 1994). The current concept of prokaryotic species is 

depending on all the development and analyses in the techniques for bacterial 

systematics. Several authors have attempted to give the concept of bacterial species 

(Cohan, 2002; Lan and Reeves, 2000; Rossello-Mora and Amman, 2001). Rosello-

Mora and Amman (2001) concluded that no concept or technique can help the 

circumscription of the species but results from the application of phenetic, 

phylogenetic and the genomic cluster definition provide the more appropriate ways. 

So, the prokaryote systematics has taken full advantage of the new techniques 

developed in chemistry, molecular biology and computer science to develop the 

species concept. It is also called the polyphasic system of classification. 

The current concept of a bacterial species is phenetic for understanding the 

taxon's coherency and internal diversity. The internal diversity is based on numerical 

analysis of independently varying characters, which are not necessarily present in the 

taxon. It is phylogenetic also, in which members of one unit are showing 
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monophyletic origin. Further it is also based on genomic cluster definition (Mallet, 

1995). Therefore, bacterial species are defined as phylophenetic species. A 

phylophenetic species is defined as "a monophyletic and genomically coherent cluster 

of individual organisms that show high degree of overall similarity with respect to 

many independent characteristics and is diagnosable by a discriminative phenotypic 

property" (Rosello-Mora and Amman, 2001), or, as sensibly reformulated, "a species 

is a category that circumscribes a (preferably) genomically coherent group on 

individual isolates/strains, sharing a high degree of similarity in many independent 

features, comparatively tested under high standardized conditions"(Stackebrandt et 

al., 2002). 

2.3 Microbiology of the Uncultured: From Marine Environment 

The early studies on marine bacteria in the late 19th century, often focused on 

isolating pure-cultures, and cultures were needed to identify the bacteria (see Fuhrman, 

2008). Half a century later however, it was realized that much less than one percent of 

the marine bacteria could be studied and identified through the application of classical 

cultivation methods using standard microbiological media (e.g., Jannasch and Jones, 

1959). 

The advent of epifluorescence microscopy made life a bit simpler as the total 

bacterial abundance in seawater (typically 10 9  L-1 ; Ferguson and Rublee, 1976; 

Hobbie et al., 1977) could be easily estimated. With microscopic studies, it is 

estimated that ONLY 0.0001 to 0.1, 0.25, 0.1 to 1% 0.1 to3%, 1 to 1.5%. 0.25% and 

0.3%, of the total bacterial cell are accessible by traditional cultivation technique 

respectively from seawater, freshwater, mesotrophic lakes, estuarine waters, activated 

sludges, sediments and soils (Amman et al., 1995). Thus, the marine microbial 

ecologists learned that only about 0.1 percent of the observable bacteria were readily 

cultivable on ,standard rich growth media. As such, this problem was not unique to 

seawater, and the vast difference has been called the "great plate anomaly" (Staley 

and Konopka 1985). In any case, it became obvious that cultivation dependent 

approaches were unsuitable to characterize the overall bacterial community structure, 

even though it may identify some members of the community. Clearly, alternatives 

were needed and, were being thought of. A further limitation of culture based study is 

that under environmental stress, bacteria can enter viable but nonculturable state. 
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Many of these bacteria may not be regrown/resuscitated by cultivation techniques 

(Oliver, 2000; Ramaiah et al., 2002; Roszak and Colwell, 1987). 

Culture-independent genetic analysis of microbial communities have grown in 

importance for the main reason that upon extraction of DNA directly from biomass, 

and the gene sequences from that DNA can be determined (Fuhrman, 2008). Such 

genes can be used to identify the microorganisms, including those never grown/seen 

before but present in the sample. This is primarily because, well-conserved genes such 

as that for 16S rRNA can place any organism on a universal "tree of life." More 

interestingly, this approach can also be used to determine specific capabilities of the 

organisms that may never ever be coaxed to grow in culture media formulations. 

Originally, most such work used the polymerase chain reaction (PCR) to look for 

particular genes. Recent metagenomic studies (Kirchman, 2008) randomly sequence 

portions of the genomes. Such portions potentially can be used to indicate the 

presence of capabilities not otherwise known from that environment. This is in spite 

of the fact that both PCR and the different metagenomic approaches each have 

advantages and disadvantages (Fuhrman, 2008). 

2.4 New Dimensions in the Study of Uncultured 

Naturally occurring microbial communities can be analyzed by the direct extraction of 

nucleic acid from environmental sample. This environmental DNA provides 

information on the diversity of microbes in the natural samples. Basically there are 

two major methods for extracting DNA from the environmental samples. The first one 

is the direct lysis of the microbial cells in the presence of environmental matrix and 

the second one is the recovery of the microbial cells from the samples and processing 

of the cells for nucleic acid extraction. The former method was pioneered by Ogram 

et al., (1987) and the latter one by Torsvik (1980) and Holben et al., (1988). 

2.4.1 Ribosomal RNA Genes: Most valuable for Microbial Diversity Analyses 

The extraction of environmental DNA does not give any conclusion on community 

structure and gene expression by microbial cells. This information is obtained from 

analysis of RNA genes. The ribosomal-RNA (rRNA) markers are very potent in the 

field of molecular phylogeny and the most frequently analyzed genes are 5S, 16S and 
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23S rRNA genes (Pace et al., 1986). In most organisms, these genes occur in multiple 

copies per cell, but very slow growing species may have only a single copy 

(Klappenbach et al., 2000). The 16S rRNA is a part of the rRNA operon, located at 5' 

terminus followed by the larger 23S rRNA gene and the small 5S rRNA gene. These 

gene are separated by intergenic spacers, some of these spacers are responsible for 

synthesis of tRNA (Lindahl and Zengel, 1986; Fig 2.1). Being universal in all forms 

of life, the 16S rRNA, depicted in Fig 2.1, has great potential as a phylogenetic 

marker. It is structurally and functionally conserved; contains a number of regions 

which vary with a degree of relatedness and, lateral gene transfer has not been 

observed (Gogarten and Townsend, 2005). Other homologous genes 23S rRNA and 

and 5S rRNA also have been sequenced but there is very large database for 16S rRNA 

genes. 

The highly conserved nature of 16S rRNA helps to design the universal 

primers (Fig 2.1) which under right PCR conditions anneal to complementing 

sequences from all kinds of organisms (Pace, 1997). The PCR based amplification of 

16s rDNA sequences from community DNA was first applied by Giovannoni et al., 

(1990) to analyze the picoplankton assemblages of the Sargasso Sea. Since then, this 

approach has been applied to wide and variety of environmental samples and, has 

revealed the substantial diversity with very less or no representation among cultured 

bacteria (Alonso-Gutierrez et al., 2009; Celussi and Cataletto, 2007; Hugenholtz et 

al., 1998; Mueller-Spitz et al., 2009) Cloning of 16S rDNA fragments from 

environmental community and subsequent sequencing of the inserted fragments 

opened up a new era to cultivation-independent microbiology. 

In practice, the phylogenetic relationship is assessed by pair-wise similarities 

between different rRNA-gene sequences. The number of rRNA operon in bacteria 

also differs and the sequence heterogeneity among the different operons also occurs 

(Nobel et al., 1996; Von-Wintzingerode et al., 1997). Presence of many rRNA 

operons might be an indication of different ecological strategies of bacteria 

(Klappenbach et al., 2000). Due to many numbers of rRNA operons in Bacteria, the 

actual diversity analyzed by 16S rRNA-gene of bacteria may differ from the actual 

dominating bacterial species in the environments. Sometimes, universal pairs of 

primers for the amplification of 16S rRNA genes result in preferential amplification 
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of certain sequences types, generation of chimeric sequences and false positives due 

to environmental contaminants, all leading to erroneous interpretation of diversity 

(Baker et al., 2003; Fogel et al., 1999; Hongoh et al., 2003). Due to these reasons, the 

approaches based on house-keeping genes which are single in copy numbers in the 

genome, will be more helpful. These alternative markers such as genes coding for 

sigma (a) factor, RNA polymerase gene (rpo B), gyrB, recA, dnaK, Hsp 60 (also 

known as groEL or cpn 60) have been used for discriminating between microbial 

species (Dahlltif et al., 2000; Gupta, 2000; Masson et al., 2006). Although there are 

alternative genes available, the rRNA-genes are the most frequently used and, are the 

backbone of microbial diversity studies. 

2.4.2 Molecular Fingerprinting Methods 

For elucidating the spatial and temporal variations in microbial community due to 

environmental factors, analyses of multiple samples are required. For this purpose, the 

approaches based onl6S rDNA amplification by PCR, cloning and sequencing are too 

labor intensive and time consuming. The appropriate techniques for this purpose is 

fingerprinting techniques such as amplified ribosomal DNA restriction analysis 

(ARDRA), denaturing gradient gel electrophoresis (DGGE), temperature gradient gel 

electrophoresis (TGGE; Muyzer et a/.,1993; Muyzer and Smalla, 1998), single strand 

conformation polymorphism (SSCP; Schwieger and Tebbe, 1998), or terminal 

restriction fragment polymorphism (t-RFLP; Liu et al., 1997, Osborn et al., 2000). 

The advantage with these methods is not only that the fingerprinting patterns are 

generated, but also information on phylogenetic affiliation of dominant community 

members are made possible. The DGGE or SSCP were originally developed to detect 

the mutation in medical research and both have been adapted for microbial ecology 

(Ghiglione et al., 2005; Heuer et al., 1997). DGGE, SSCP and t-RFLP are ideal for 

PCR amplified rRNA genes from conserved and variable regions. PCR products of 

the same length but different sequences can be separated by DGGE on the basis of 

their melting behavior or by SSCP because of their conformational polymorphism. In 

the t-RFLP analyses, the PCR reaction carried out by using fluorescent primers and 

different terminal restriction fragments will yield different sequences of variable 

regions of 16S rRNA-gene. Nested or semi-nested PCR approaches with the taxa-

specific primers were successfully used to analyze less abundant ribotypes or to 
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reduce the complexity of the fingerprinting pattern (Boon et al., 2002). There are also 

reports that sometimes in DGGE gels, single band can contain a mixture of different 

sequences from more than one species hidden within the band (Sekiguchi et al., 

2001). Thus, the number of bands and peak intensity does not exactly correspond to 

the relative number of species in the samples. Despite of several pitfalls, the 

fingerprinting methods are useful tools to compare large number of samples and have 

been applied in many studies to understand the microbial community structure (Brons 

and Van Elsas, 2008; Ferrari and Hollibaugh, 1999; Riemann et al., 1999). These 

methods have also been used to analyze the functional activities of microbial 

communities. For these purposes, gene specific primers have been used to amplify the 

specific functional gene fragments from the environmental DNA. 

2.4.3 In situ Hybridization of Whole Cells 

The procedures associated with fluorescent in situ hybridization (FISH) technique 

help to study the complex community structure at individual cell level. The FISH 

provides the information about the overall single taxon composition in a microbial 

community or assembly. The strategy is to fix the cells in their environment settings 

and to hybridize with fluorescently labeled oligonucleotide probes targeting the 16S 

or 23S or gene of interest and to quantify the fluorescent signal by image processing. 

This technique offers the unique chance to analyze the spatial organization of 

microbial community (Hahn et al., 1992; Amman et al., 1995). 

2.4.4 Metagenomics 

Metagenomics is currently the most widely accepted strategy for microbial diversity 

analyses. This approach is based upon the isolation of total DNA from environmental 

samples, construction of libraries and, amplification of 16S rRNA gene or, any of the 

targeted functional gene(s) to study the total diversity, physiology, ecology and 

phylogeny of Bacteria eluding cultivation in the laboratory (Lorenz and Schleper, 

2002; Rondon et al., 2000; Steele and Streit, 2005; Streit and Schmitz, 2004; Voget et 

al., 2003). The metagenomic approach is aimed to reveal and understand the 

relationship between community composition and functional diversity in natural 

ecosystems. It is useful to exploit the unknown bacterial diversity in different 

environment. It can be used to discover the novel genes and to increase our 
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knowledge about the bacterial ecology and phylogeny. ?mother practical advantage 

with metagenomics is that, by careful sampling of the ecosystems and amplifying 16S 

rRNA-gene, one can confidently discern the stress levels the microbial populations 

are under. In that, those under stress tend to show less diversity than those unstressed 

(McCaig et al., 1999). 

Metagenomic sequences help to understand that how complex microbial 

communities function and how bacteria interact within these niches. The diversity of 

bacteria in a natural environment can be complex and serve as "chemical resources" 

of many undiscovered biodynamic compounds with potential for bio-prospecting 

(Bull, 2004). New antibiotics as well as enzymes have been identified by functional 

analysis of metagenomic libraries. Turbomycin A and B, lipases, amylases nucleases 

and hemolytic activities have already been identified (Gillespie et al., 2002; 

Riesenfeld et al., 2004). This technique has very promising approach to understand 

the physiology of uncultured in natural environments. 

2.5 Inferring the Phylogenetic Relationship from Molecular Sequences 

The meaning of the phylogeny is to see the relationship. This relationship is in the 

term of evolutionary basis. Since Charles Darwin's time, it was a dream for many 

biologists to reconstruct the evolutionary . history of the Earth in the form of 

phylogenetic tree. Use of fossil records is the ideal approach for this problem. 

Classical evolution-analysts have used fossil records to explain the major aspects of 

evolutionary history of organisms. Since the fossil records are often fragmented and 

incomplete, they fail to produce a clear picture of the evolutionary history. With the 

advancement of molecular biology, it became easier to compare the DNA sequences 

of different organisms (Keith, 2008). Since all the genetic information of an organism 

is coded in the form of four letters i.e. Adenine (A), Guanine (G), Thymine (T) and 

Cytocine (C), one can study the evolutionary relationship by comparing their DNA 

sequences. The comparison of DNA has several advantages over the morphological 

data. First, all the information is in the form of 4 letters thus, any two organisms can 

be compared to each other. Second, the change in the DNA sequences follow more or 

less regular pattern, so it is possible to use mathematical model to compare the distant 

organisms. Such efforts are hard with morphological characteristics. Third, the 

genome of organisms consists of very long sequences which contain much more 
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information compared to morphological characters. The result of phylogenetic 

analysis is a "phylogenetic tree" which would show the evolutionary relationship 

between the organisms through the branching pattern of the tree (Nei and Kumar, 

2000). 

Now the phylogenetic analysis of DNA or protein has become an important 

tool for studying the evolutionary history of the organisms. A mutational change in 

the gene is the primary cause of evolution. There are four basic types of mutations 

which can occur in the DNA. They are: substitution (change of one nucleotide for 

another)-, deletion-, insertion- and inversion- of nucleotide. The insertions and 

deletions are also called frameshift mutations because they cause change the reading 

frame of a protein (Nei, 1987). Nucleotide substitution can be divided into two 

categories i.e. transitions (when purine replaced by purine or, pyrimidine replaced by 

pyrimidine) and transversions (when purine is replaced by pyrimidine or vice versa). 

In most DNA sequence transitions occur more frequently than transversion (Gojobori 

et al., 1982). Initially, most of the evolutionary studies were carried out using the 

amino acid sequences because before the rapid method for DNA sequencing came 

late, in 1977 (Maxam and Gilbert, 1977; Sanger et al., 1977). Amino acid sequences 

are also useful for the study of long term evolution of gene or, species, because they 

are more conserved than DNA sequences. Further, the evolutionary model for the 

amino acid change is much simpler than that from the DNA sequences. 

The phylogenetic analysis starts with the calculation of evolutionary distance 

between the two sequences. The distance between the nucleotide or amino acid 

sequences is based on mathematically derived values. There are different types of 

assumptions used to drive the formulae. For example, Juke- Cantor's model (Juke and 

Cantor, 1969) and Kimura 2 parameters (Kimura, 1980) are used for calculating the 

distance between the nucleotide sequences. Dayhoff matrix (Dayhoff et al., 1978), is 

based on Point Accepted Mutation (also known as PAM matrix), used for protein. 

The evolutionary distances between the sequences are used to join the different genes 

or species called phylogenetic tree. 

There are three types of tree building methods (i) Distance method (ii) 

Parsimony method (MP) and (iii) Likelihood method (ML). The tree is presented with 

root (rooted tree) or without root (un-rooted tree). The branching pattern of the tree is 
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called tree topology. The possible tree topology increases with increase in the taxa or 

genes. The choice of tree building method is very arbitrary and depends on the data 

type and the computing facility with the investigators. 

The distance based methods are very simple for constructing the tree. They 

perform a cluster analysis on the basis of binary matrix calculated from the distance 

between the sequences. These methods also include the a model of base substitution 

to account for multiple substitution to a single site, for example Kimura 2 (Kimura, 

1980).The MP and ML methods compute tree topology on the basis of primary 

sequences. These methods also include the number of changes as well as characters 

which are changing. 

The accuracies and statistical significance test are also required for evaluating 

the tree. It is done by bootstrap analysis (Keith, 2008). It involves the construction of 

new data set from the original dataset by re-sampling the column of the sequences and 

reconstruction of the phylogenetic tree for new data set This process is repeated many 

times (100-1000 times).Then the value is shown in percentage at nodes of the tree, 

which means that how many times the cluster is coming together in bootstrap analysis 

(Nei and Kumar, 2000). 

2.6 The Molecular Tree of Life 

In his seminal analysis, Woese (2002) proposes that the evolution and improvement 

of information-processing mechanism has occurred during the evolutionary period 

shared by Eucaryota and Archaea. He argues that it was an important time in the 

evolution of cells. Modem Eucaryota and Archaea share many properties which are 

common while the Bacteria differ from these two in some fundamental ways. For 

example, in the nature of the transcription machinery, the RNA polymerases of 

Archaea and Eucaryota resemble each other while it is very different from Bacteria 

polymerase. Further, all bacterial cells require sigma (a) factors to regulate the 

initiation of transcription while Eucaryota and Archaea use TATA-binding proteins 

(Marsh et al., 1994; Rowlands et al., 1994). 

The molecular relatedness of life-forms is depicted in the Fig 2.2 from (Barns 

et al., 1996). It can be viewed as a maximum likelihood tree of some particular set of 
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rRNA sequences (Barns et al., 1996). The tree shows a rough map of the course of 

evolution. The branch length in this tree is calculated for sequence change in the 

rRNA gene. The time clock is not calculated here, although only one type of 

molecular sequences cannot be used to establish the "root" of the universal 

phylogentic tree. It is also evident from this tree that Archaea and Eucaryota show or 

share a common history that separates them from Bacteria. However, earlier 

phylogenetic studies of different gene families place the Bacteria on the root of tree 

(Gogarten et al., 1989; Iwabe et al., 1989). 

2.7 Marine Prokaryotes and Their Diversity in Seawater 

In a complex and dynamic marine ecosystem, heterotrophic microbes are involved in 

cycling of matter (Azam and Worden, 2004). Molecular methods have completely 

changed our understandings about the marine microbial diversity and their role in 

water column. The present knowledge about marine microbes is mostly depending 

upon the 16S rRNA gene sequences. Here I have attempted to summarize the known 

bacterial and archaeal diversity and their role in marine environment. 

The large majority of known marine bacteria and archaea tend to occur in 

about a dozen generally broad phylogenetic kingdoms or phyla or, divisions (Fuhrman 

and Hagstrom, 2008). Their relationships can be depicted in phylogenetic trees shown 

in Fig 2.3. As Giovannoni and Rappe (2000); Giovannoni and Stingl (2005) propose, 

some of these divisions are arguably broader than animal phyla. This relatedness of 

marine bacterioplankton based on only 16S rDNA phylogeny, can be considered in 

the context of about 20 recognized culturable and, well studied major divisions of 

Bacteria depicted in the most recent version of the tree of life by Ciccarelli et al. 

(2006). Focusing on the 31 "universally" occurring genes with indisputable orthology 

in 191 species with largely annotated genomes, these researchers provided this 

version based on a new computational approach. 

2.7.1.1 Diversity of Bacterioplankton 

The phylogenetic tree of the 16S rRNA gene sequences useful to ascertain that there 

are total nine groups which are distributed in all of the world oceans. These groups are 

related types rather than a single lineage. Further, these groups show wide genetic 
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variations. The most dominating bacterial population in oceanic environment does not 

belong to the cultured species of bacteria. Fig 2.3 shows the outline of distribution of 

these clusters (Giovannoni and Rappe, 2000). Of the major clades, 

Alphaproteobacteria (only the Roseobacter Glade), Gammaproteobacteria, 

Bacteroidetes and picophytoplankton (cyanobacteria including prochlorophytes) 

clades contain cultivable bacteria, although representatives of previously uncultivated 

clades are now being cultured (Rappe et al., 2002). The oligotrophic nutritional 

condition (also known as dilution-to-extinction) for culturing marine bacteria was 

developed by Button et al., (1993). With modification to this method, Rappe and 

colleagues were able to culture the bacterium Pelagibacter ubique (Rappe et al., 

2002). 

2.7.1.1.1 The Roseobactor Clade 

Roseobactor clades are numerically important fractions of marine bacterial 

community present in both culture dependent and independent surveys. This group 

has an important role in the transformation of dimethylsulfonylpropionate to 

dimethylsulfide, an important implication in climate regulation (Buchan et al., 2005; 

Gonzalez et al., 2000, 2003). They show a wide distribution in oceanic environments. 

This Glade comprises — 20% and 15% of total bacterial communities in costal water-

and mixed layer- communities respectively. A rapid decrease in the abundance of this 

group with <1% at depth below few hundred meters (Buchan et al., 2005). 

2.7.1.1.2 Gammaproteobacterial Clade 

Vibrios are the best examples of Alphaproteobacteria found in culture dependent 

surveys of marine waters. These are rapid growing, flagellates curved rods. There are 

different species of Vibrio found in natural marine environments. Vibrio cholerare 

(causative agent of human cholera), V. vulnificus (associated wih wound infection), V. 

anguilarum (a fish pathogen), V. fischeri (bioluminescent and symbiotic with fishes) 

are the most common Vibrio species (Thomsosn et al., 2004). Alteromonos, 

Pseudoalteromonos, Marinomonos, Glaciecola, Shewanella, Oceanospirillum, 

Colwellia are the other examples of cultivable Gammaproteobacteria (Giovannoni and 

Rappe, 2000). 
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2.7.1.1.3 Bacteroidetes 

Cytophaga-Flavobacteria and Bacteroides are together known as Bacteroidetes. 

These are the most common groups found in wide range of marine environments 

(pelagic, marine sediments, hydrothermal vents and sea-ice). The members of this 

group are involved in the degradation of organic matter. Riemann et al., (2000) has 

shown that there is an increase in the number of this group after natural algal bloom. 

Marine Flavobacteria, Dokdonia sp. Strain MED 134 contains proteorhodopsin 

pigment known to be involved in the capture of light energy (Gomez-Consarnau et 

al., 2007), apparently making this bacterium photoheterotrophic. 

2.7.1.1.4 Cyanobacteria 

Marine Cyanobacteria is a large and diverse group, contains chlorophyll a and 

involved in oxygenic photosynthesis. This group is also involved in aerobic nitrogen 

fixation. Although there are many groups of cynaobacteria present in the marine 

environment, the two most common groups are Synechococcus and Prochlorococcus. 

Together these two groups are the major contributors (15 to 40%) of carbon input in 

ocean food web (Munn, 2004). Prochlorococcus and Synechococcus have different 

ecological strategies. Prochlorococcus occurs in multiple ecotypes and is most 

abundant in the region from 40°S to 40°N in the temperature range of 10°C to 33°C 

and to a depth of about 200 m (Rocap et al., 2002; Johnson et al., 2006;). 

Synechococcus is more abundant in high nutrient and dynamic situations (Rocap et 

al., 2002). 

2.7.1.1.5 SAR 11 Cluster 

SAR 11 cluster is a distinct branch of Alphaproteobacteria. This novel microbial 

group was discovered in the first uncultivable approach, applied in the Sargasso Sea 

by Giovannoni et al., (1990), for the bacterial diversity study. Now SAR11 cluster has 

appeared to be a significant component of oligotrophic bacterioplankton community. 

SAR11 is the most dominant group (25%) in the open ocean water (Morris et al., 

2002). Recently cultured bacterium Pelagibacter ubique (Rappe et al., 2002) belongs 

to SAR 11 cluster. 
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2.7.1.1.6 Betaproteobacteria 

Not much is known about the cultured members of Betaproteobacteia in the marine 

environment but this group constitutes the 5-10% of clones of coastal sea water 

picoplankton community. The 0M43 Glade is the deep branching group within 

betaproteobacteria which has been found very commonly (Morris et al., 2006) 

2.7.1.1.7 Actinobacteria 

Marine actinobacterial groups have also shown their presence in many clone libraries. 

This group was first reported by Fuhrman et al. (1993). The wide presence of this 

group in terrestrial and freshwater ecosystem is already reported. But the ecology of 

this group in marine ecosystem is still an area of study. 

2.7.1.1.8 Marine Bacterioplankton yet to be Cultured 

A few uncultured members of Gammaproteobacteria have been commonly detected in 

the clone libraries. These clones are closely related to SAR 86 (Mullins et al., 1995). 

Metagenomic library sequences of SAR86 indicated that the members of this group 

also contain proteorhodopsin (Beja et al., 2000). SAR 92 and SAR 156 are also 

important groups within Gammaproteobacteria. The marine alphaproteobacterial 

clone SAR 116 was found in clone libraries from euphotic zone. These novel 

phylogenetic clusters are closer to alphaproteobacteria (Schmidt et al., 1991). 

DeLong and colleagues (DeLong et aL, 1993) have analyzed bacteria from 

marine aggregates by constructing 16S rDNA libraries of samples of marine 

aggregates and seawater (free living bacteria) by cloning and sequencing. Most clones 

from marine agregates clones were related to Planktomyces, Cytophaga and 

Gammaproteobacteria. In contrast to the clones obtained from free living bacteria 

which were related to Alphaproteobacteria. The alphaproteobacterial clones were very 

closely related to the clones SARI 1, SARI and SAR95 and central North Pacific 

Ocean clones (Schmidt et al., 1991). The SAR 202 group is another deeply branched 

group of "green non sulfur (GNS) bacteria. From the Sargasso Sea, this group has 

been reported in the lower boundary of deep chlorophyll maxima layer (Giovannoni et 

al., 1990). This group is present mostly in deeper waters (Fuhrman and Davis, 1997). 
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Deep marine waters have also shown the presence of Marine Group A and Marine 

Group B. Marine group A is found between 100 and 500m. Also the seasonal 

oscillation of this group with strong correlation with chlorophyll a has been shown in 

Sargasso Sea (Fuhrman et al., 1993, Gordon and Giovannoni, 1996). Members of 

Marine Group B are related to Deltaproteobacteria found at depths of 500 to 3000m 

(Fuhrman and Davis, 1997; Wright et al., 1997). 

2.7.1.2 Seasonal Variations in Bacterial Communities 

Variability in bacteria-mediated processes such as carbon metabolism can be 

understood with the changes in bacterial community. Bacteria also exhibit the spatial 

and temporal variations on the scales of season and depth. To study the true seasonal 

pattern of bacterial diversity in marine environment, one requires data from many 

years. However, seasonal changes of bacterial diversity in marine waters, have been 

studied by applying different molecular approaches (Brown et al., 2005; Ghiglione et 

al., 2005; Hewson et al., 2006; Lee and Fuhrman, 1991; Schauer et al., 2003). 

Environmental factors such as temperature and inorganic nutrients are known to 

control the appearance of phytoplankton populations, but less is known about their 

influence on phylogenetic groups of bacteria in the marine ecosystems (Torsvik et al., 

2002). In the seasonality analysis of the bacterial assemblage composition in north-

west Mediterranean coastal waters, Alphaproteobacteria were the dominant group on 

an annual basis (Onso-Saez et al., 2007). The SAR11 Glade was most abundant during 

spring and summer while the Roseobacter Glade was abundant primarily in winter and 

spring. The phylum Bacteroidetes constituted the second most important group and 

was quantitatively uniform throughout the year. There was also peak of 

Gammaproteobacteria during summer (Onso-Saez et al., 2007). Further, Eilers et al., 

(2001), showed the seasonality in marine bacterial groups in the North Sea, and found 

that Bacteroidetes dominated during spring and early summer, while a group of 

Gammaproteobacteria was abundant during summer. Bacteroidetes dominate in 

spring and early summer in the English Channel while there is a dominance of 

Alphaproteobacteria from late summer to winter (Mary et al., 2006). The seasonality 

of specific groups such as SAR11, SAR86 and SAR116 has also been studied from 

different oceanic samples collected at the Bermuda Atlantic Time Series station. 
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These groups exhibited the strongest increases during summer periods, as shown by t-

RFLP and bulk nucleic acid hybridization (Morris et al., 2005). 

2.7.1.3 Spatial Variation in Bacterial Communities 

Bacteria have the ability to deal with diverse nutrient conditions. Being very small in 

size, the spatial variation of bacteria can be considered as microscale to global scale. 

Long and Azam (2001) have shown the heterogeneity to occur even in 1 1.11 water 

sample. Hewson et al. (2006b) have also reported small variations in bacterial 

community of 20 liters in different water samples collected within 1 kilometer area of 

the ocean. Such small scale variations in bacterial community could be due to small 

variations in the experimental procedure, but microorganisms do show small scale 

heterogeneity in their distribution. The global pattern of bacterial population has been 

studied by many researchers. This has been done by the global sampling of seawater 

from nine different locations (Pommier et al., 2007). In their study, Pommier et al. 

(2007) found that in a total 562 bacterial species identified (at 97% sequence 

similarity cut off level, only two species or, 0.4% showed cosmopolitan distribution. 

Out of these two ribotypes, the first one was an uncultured Alphaproteobacterium 

which has also been reported from Antarctica (Prabagaran et al., 2007), San Pedro 

Channel, California (Brown and Fuhrman, 2005) and North Sea (Zubkov et al., 2003). 

The second one was related to Pelagibacter ubique (Rappe et aL, 2002) of SARI I 

group. 

In the continental-shelf picoplankton community phylogenetic analysis, close 

to 75% of the gene clones from the pycnocline (10 m) over the eastern continental 

shelf of the United States near Cape Hatteras, North Carolina, were closely related to 

rRNA gene lineages of open-ocean marine habitats, including the SAR86 cluster 

(Gammaproteobacteria), SAR83, SAR 11, and SAR 1 16 clusters (all 

Alphaproteobacteria), as well as the marine Gram-positive cluster of high G+C 

content (Rappe et al., 1997). In the Atlantic Ocean, the bacterial communities were 

mostly related to Proteobacteria and cyanobacteria (Fuhrman et al., 1993b) and these 

were very similar to the bacterial clones from Pacific Ocean (Schmidt et al., 1991) 

and Sargasso Sea (Gio. vannoni et al., 1990). In the Arctic Ocean, seven major lineages 

of the domain Bacteria: Alpha (36%)-, Gamma (32%)-, Delta (14%)-, and Epsilon 

(1%)-Proteobacteria; Cytophaga-Flexibacter-Bacteroides spp. ( 9%); 
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Verrucomicrobium spp. (6%); and green nonsulfur bacteria (2%; Bano and 

Hollibaugh, 2002) were observed. 

The 16S rRNA gene sequences deposited in GenBank database is also a good 

source to study the global distribution of the bacteria. Based on the analysis of 21752 

16S rRNA gene sequences from the 202 environmental samples from 111 of diverse, 

globally distributed samples, Lozupone and Knight (2007) concluded that salinity 

plays a major role in the distribution of species. Their results also indicate that soil is 

less diverse compared to sediment and/or hypersaline mats. The diversity of species 

shows latitudinal gradient i.e diversity increases from pole to equator (Hillebrand, 

2004; Magurran, 2004). Like other organisms, bacteria also exhibit latitudinal 

diversity. This latitudinal diversity is significantly correlated with temperature 

supporting the hypothesis that richness is influenced by the kinetics of metabolism 

(Fuhrman et al., 2008; Pommier et al., 2007). 

2.7.2 Diversity and Function of Archaeoplankton in the Ocean 

The presence of archaea in natural environment was the most important and 

unexpected finding of the microbial ecology during the mid 1980s. Initially, archaea 

were thought to be restricted to extreme environments only. Woese and coworkers 

named this group as Archaebacteria (Woese and Fox, 1977), but later it was changed 

to archaea, to differentiate it completely from Bacteria (Woese et al., 1990). The third 

domain of life, archaea (Woese, 1987) is divided into two kingdoms: the 

Euryarchaeota and the Crenarchaeota. The Euryarchaeota has been considered as 

physiologically more diverse. It includes the strictly anaerobic methanogens, the 

extreme halophiles that are restricted to highly saline, land-locked water bodies and, 

some of the thermophiles found in the vicinities of terrestrial and shallow-water hot-

springs and in deep-sea hydrothermal vents. The Crenarchaeota, conventionally 

considered to include an evolutionarily closely related group of organisms, is 

characterized by an extremely thermophilic, sulfur-metabolizing phenotype (Garrett 

and Klenk, 2007). Barns et al. (1996), created a third subkingdom, the Korarchaeota, 

to describe a group of uncultivated organisms whose 16S rRNA sequences have been 

retrieved from a hot-spring in Yellow Stone National Park. Archaea were first 

reported from 16S rRNA clone libraries of seawater from 100m and 500 m depths 

(Furhman et al., 1992). The discovery of archaea in coastal marine water was one of 
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the remarkable break-through using culture independent analyses of microbial 

communities. DeLong (1992), reported the discovery of two archaeal group in coastal 

marine water these were Marine group I (MG I) also known as Group I 

Crenoarchaeote and Marine group II (MG II) also known as Group II Euryarchaeotes. 

Two other planktonic archaeal group Marine group III (MG III; Group III planktonic 

archaea) and Group IV archaea were discovered (Schleper et al., 2005). These two 

groups are low in number compared to MG I and II. MG  I and II are the most 

abundant in ocean water. 

Many non-thermophilic Crenarchaeotal and Euryarchaeotal sequences have 

been retrieved from different ecosystems (Friedrich et al., 2001; Grosskopf et al., 

1998; Karr et al., 2006; Oline et al., 2006; Walsh et al., 2005; Zeng et al., 2007). 

Samples collected over large geographic distances, suggest that Group I and II marine 

archaea are abundant components of marine picoplankton. A recent data set suggests 

that sometimes the Marine archaea comprise about 34% of the prokaryote biomass in 

coastal Antarctic surface waters (DeLong et al., 1994).Their data also suggest that 

pelagic Marine archaea are broadly represented by these two groups. Mullins et al. 

(1995) suggested that the limited archaeal diversity, in the sense of the number of new 

monophyletic groups so far discovered, has the potential to greatly facilitate analysis 

of community dynamics using nucleic acid probes. There is also evidence of the 

fluctuations in the archaeal abundance of North Sea (Herfort et al., 2007). MG II 

blooms have been also observed off California (Fuhrman et al., 1993a). 

Compared to Bacteria relatively very little is known about the function of 

archaea in marine waters due to unavailability of pure cultures. archaea are both 

autotrophic and heterotrophic; can take up free amino acids from seawater (Ouverney 

and Fuhrman, 2000) and can also use the inorganic carbon (Wutcher et al., 2003). The 

autotrophy of archaea was further supported by the presence of a gene for ammonia 

oxidation (ammonium monooygenase or amoA) in metagenomic study by Venter et 

al. (2004) in Crenoarcheota. Ingalls et al., (2006) in their study near Hawaii, have 

reported that 83% of total crenoarchaeal lipid is derived from autotrophic metabolism 

and 17% from heterotrophic metabolism. In mesocosm study of ammonia oxidation 

the Hallam et al., (2006) have found that at 1000m, the diversity of archaeal amoA is 

much higher than that of bacterial amoA. A Crenarchaeote, Candidatus 
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Nitrosopumilus maritimus', was isolated from an aquarium and shown to be 

autotrophic and able to oxidize ammonium to nitrite (Konneke et al., 2005). Positive 

correlations between the abundance of Crenarchaeota and nitrite were observed in the 

Arabian Sea (Sinninghe Damste et al., 2002). All the experiments with archaea 

strongly suggested that Crenoarchaeota have a key role in the first step of nitrification 

i.e. conversion of NO2 to NO3 (Hallam et al., 2006). Very little is known about the 

function of Euryarchaeota. The presence of proteorhodopsin sequence in 

metagenomic libraries of euryarchaeote sequences indicates that these organisms 

might entrap light energy (Friggard et al., 2006). 

In a nutshell, as the major divisions of bacteria and archaea are ancient, it is 

important to recognize that shared membership in a broad division does not 

necessarily imply strong functional similarities between modem organisms, although 

as Fuhrman and Hagstrom (2008) term, "it is tempting to think [that] this is the case". 

While relatedness as based upon the analysis of "housekeeping" or "core" 

genes such as 16S rRNA might sometimes imply many shared characteristics, 

evolution of microbes has been shown to sometimes include some dramatic changes 

in functionality via gene loss or horizontal genetic exchange of a variety of functional 

genes. As more whole-genome sequences of marine bacteria (currently 150) become 

available for analysis based on multilocus approaches, a revised representation of the 

bacterial divisions might be expected. However, the main lines in Fig 2.3 are likely to 

remain similar (Fuhrman and Hagstrom, 2008). It is also important to recognize that 

there are many more (50 total) major bacterial divisions, including groups within 

which cultured members are not yet available, and many marine organisms fall into 

this latter category (Fuhrman and Hagstrom, 2008). 

2.8 Statistical Analysis of Microbial Diversity 

Cultured microbes represent only 1% of the total microbial diversity so the estimation 

of the microbial diversity from cultivated organisms is completely biased and a gross 

underestimate. The statistical estimation of microbial communities is very limited and 

completely depends upon the requirement of the particular question. 

28 



As documented above, the culture-independent studies of the microbial 

diversity are mostly based on 16S rDNA sequences. A number of statistical models 

have been used to compare the microbial community richness. All these models rely 

on the concept of microbial species or operational taxonomic units (OTUs). There is 

no consensus definition of microbial species. The microbial species has been defined 

in many different ways (Cohan, 2002; Rossello-Mora and Amman, 2001). The 

correlation study between 16S rDNA and DNA-DNA pairing with cultured bacteria 

showed that it is unlikely, that two bacteria having less than 97.5% 16S rDNA, exhibit 

more than 60 to 70% DNA similarity, hence 16S rDNA can be related at the species 

level (Stackebrandt and Gael, 1994). Therefore, the sequences that show less than 

2.5% 16S rDNA sequence dissimilarity could be a reasonable definition for a 

bacterial species or OTU or phylotype or, ribotype. So the microbial species is 

defined on the basis of difference in the 16S rDNA sequences. For example, Kroes et 

al., (1999) defined the OTUs in which 16S rDNA sequences differed by less than 3 to 

5% (Martin, 2002; McCaig et al., 1999). It is possible to more accurately define an 

OTU when investigating the diversity within classes and genera. Once OTUs are 

defined it is possible to compare and estimate species richness. A commonly applied 

procedure is the rarefaction analysis, which compares observed richness in 

environments that have not been sampled equally (Hughes et al., 2001). 

There are different types of statistical approaches for estimating and 

comparing microbial diversity. The diversity can be divided into those that estimate 

species richness i.e. number of types, and those that compare the genetic diversity 

between the samples (Kemp and Aller, 2004). Furthermore, the environmental factors 

playing major role in the diversity can also be calculated using statistical analysis 

(Ramette, 2007). In any sampling regimen, the number of types increases with the 

effort until all types are observed (Kemp and Aller, 2004). This relationship allows 

accumulation or rank abundance curves to be plotted, the shape of which provides 

information on how well the community has been sampled relative to its total 

diversity (Kemp and Aller, 2004). 

Parametric estimation of microbial diversity is done by fitting the small 

observations on data to OTUs abundance model. The model can be log normal 

(Curtis et al., 2002) and/or Poisson log normal (Bulmer, 1974). These models can be 
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used to explain the diversity of small data with few assumptions. There are certain 

drawbacks with parametric estimations. First, that this approach can not be applied 

for larger data set and, second, the parametric estimations favor assumed statistical 

models. Curtis et al., (2002), assumed log normal abundance curve and proposed that 

the total number of individuals in a sample (N t) is given by the area under the curve, 

and Nmax  and Nmin are the number of individuals of the most and least abundant 

species or OTUs. The dispersion of the curve (narrow or broad) is proportional to a 

constant (the spread factor; a in Curtis et al. (2002) nomenclature, which is an inverse 

measure of species abundance. 

The nonparametric estimators are very promising for microbial diversity 

analysis. Nonparametric estimators were developed to incorporate the face that equal 

catchability is unattainable in natural populations, even with randomized capture 

location on each sampling occasion (Chao, 1987).The nonparametric estimators ACE 

(abundance-based coverage estimator), (Chao and Lee, 1992) and Chao 1 (Chao, 

1987) have been applied to microbial data sets (Singleton et al., 2001). The richness 

estimators have great utility in describing the relative species richness of different 

communities but these estimators do not describe the genetic diversity between 

samples. The problem was highlighted by Martin, (2002) who proposed that the 

degree of differentiation between microbial communities can be compared by 

examining the genetic diversity within each community to total genetic diversity of 

communities combined: Fst = (0T - O w) / OT, where ar is the genetic diversity for all 

communities combined and 0, is the genetic diversity within each community 

average over all the communities being compared. This comparison is subject to the 

limitations inherent in calculating 0 from sequences libraries generated by PCR. 

Diversity can also be compared by considering the phylogeny as a cumulative 

function of the number of lineages relative to time (Martin, 2002). The software 

program DOTUR is very helpful for the nonparametric analysis of microbial diversity 

(Schloss and Handelsman, 2005). The environmental factors also play an important 

role in the microbial diversity and their variations. Different methods such as Cluster 

analysis, Non-metric dimensional scaling (NMDS), Principal component analysis 

(PCA), Redundancy analysis (RA), Canonical correspondence analysis (CCA), 

Mental-test have been used in the field of microbial ecology (Ramette, 2007). These 
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multivariate analyses are helpful to understand the microbial community dynamics 

and factor affecting the microbial diversity. 
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Chapter 3 



3. DGGE Profiles of Bacterial Communities 

3.1 Introduction 

The bacteria play a major role in carbon dynamics of marine ecosystems (Pomeroy, 

1974; Azam et al., 1983) and, the importance of heterotrophic bacteria in marine 

ecosystem functioning is very well recognized. They are a critical component of 

marine ecosystems, with high abundance and biomass, processing more than one half 

of the total primary production, regenerating nutrients, and interacting widely with 

other organisms (Azam, 1998; Field et al., 1998; Fuhrman 2002). Their biomass is 

often comparable to that of the phytoplankton, in the euphotic zone (Cho and Azam, 

1990; Mitchell et al., 1989; Simon et al., 1992). 

Despite such well-documented importance in marine biogeochemistry, 

analytical difficulties and inabilities to distinguish bacterial species based on 

morphology in complex communities and uncertainties in culture-based investigations 

to distinguish the species that comprise a given community make heterotrophic 

bacteria to fall into a 'black box'. A greater appreciation of the complexity of 

microbial communities however, came with introduction of rRNA gene sequencing as 

a tool in bacterial systematics (Woese, 1987) and its application in marine 

environments (Giovannoni and Stingl, 2005; Inagaki et al., 2006; Mason et al., 2007; 

Murray and Grzymski, 2007; Fuhrman et al., 2008; Steger et al., 2008). 

Denaturing gradient gel-electrophoressis (DGGE) based fingerprinting helps 

estimate the numbers of dominant phylotypes in a given sample (Muyzer et al., 1993; 

Ferris et al., 1996). Very diverse bacterial assemblages such as those in the soils 

present many bands (Muyzer and Smalla, 1998). Direct amplification and analysis of 

16S rRNA genes by DGGE have been carried out to examine the predominant 

sequences in mixed PCR products amplified from environmental samples such as 

activated sludge (Boon et al., 2002), river waters (Sekiguchi et al., 2002), soil 

(Nakatsu et al., 2000) or sediments (Freitag and Prosser, 2003). Simpler communities, 

such as microbial mats or enrichment cultures, have far less number of bands. Using 

this technique, only a few (5-14) bands in freshwater lakes to a moderate (20-35) 

bands in marine waters have also been reported (Saucher et al., 2000). 
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Coming under the swath of summer monsoon, the central west coast of India 

is a region where seasonal variability in biological processes is pronounced. Seasonal 

variations in physical forcing are pronounced in this upwelling influenced region 

(Shankar and Shetye, 1999). For instance, intense upwelling of nitrate rich deeper 

waters and, enormous volumes of land drainages during the peak monsoon period 

(July-August) enhance chlorophyll productivity that often lead to depletion of 

dissolved oxygen and increased denitrification along the entire near-shore water 

column in this region (Naqvi , 2001; Roy et al., 2006). Even excessive sulphate 

reduction during monsoon months is reported (Naqvi, 2001). With atmospheric 

temperatures of 34-37°C (during summer: April-June and rainy seasons: July-

September), and 25- 29°C (during 'winter': December-February), the near-shore sea 

surface temperatures remain warmer (>23 to —29°C) throughout the year. While the 

impact of these events on autotrophic community is variously reported, there is a lack 

of information on how bacterial assemblages vary during and after the monsoonal 

span. 

Most available biological investigations in Arabian Sea have focused on 

phytoplankton productivity (Banse et al., 1996), zooplankton biomass and taxonomy 

(Madhupratap et al., 1996a; 1996b). A systematic analysis of heterotrophic 

prokaryote assemblages or productivity is scarce although studies available on 

bacterial productivity and abundance are useful to note that the bacterial abundance 

and production are low during Northeast Monsoon (December-February), moderate 

during Spring Intermonsoon (March-May) and, higher during Summer Monsoon 

(June-September) in response to coastal upwelling in particular. The euphotic zone 

basin-wide remains enriched in bacterial abundance of —3 to 5 (X10 8) cells L-1 

 throughout the year, relative to other tropical regimes, presumably in response to 

overall high primary productivity (PP) and dissolve organic carbon (DOC) levels (De 

Souza et al., 2003; Ducklow, 2001, Pradeep Ram et al., 2007; Ramaiah et al., 1996) 

In order to obtain information on the variability in bacterial communities, 

applications of culture-independent and easy to adapt molecular techniques would be 

useful. Such application helps circumvent many difficulties with labor intensive 

culture-dependent plating techniques that bring out information only on a few types of 

culturable bacteria. In this context, molecular phylogenetic analyses based on 
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community-level analysis of bacterial 16S rRNA gene fragments using denaturing 

gradient gel electrophoresis (DGGE; Muyzer et al., 1993) is one of the powerful 

techniques. For pursuing this, very first study of bacterial community profiling from 

the central west-coast of India, it was hypothesized that bacteria might exhibit spatial 

variation with-in small geographic locations in coastal waters. Besides, seasonal 

variations in chemical and/or biological might also affect the bacterial community 

composition. To evaluate the significance of seasonally changing physical 

(temperature, salinity), chemical (nutrients, dissolved oxygen, pH) and biological 

(chlorophyll a) parameters on the diversity and, to compare spatio-temporal variations 

of four ecologically diverse locations in the central west-coast of India, DGGE was 

used for profiling of bacterial communities. 

3.2 Materials and Methods 

3.2.1 Sampling 

Four locations along the central west coast of India (Fig 3.1) were chosen for this 

study. Sampling was carried out during three distinct periods viz., premonsoon (Pr; 

Apr-May 2005), post monsoon (Po; Dec 2005-Jan 2006) and monsoon (Mo; Sept —

Oct 2006) off Ratnagiri (Lat 73°.20'E 18°.25 N, Mormugao 73°70'E, 15° 41' Karwar 

74° 03'E; 15° 02 'N and Bhatkal 74°28'E 13° 88'N. With a gentle sloping of the shelf, 

the 20m contour was about 23 Km from the shore off Ratnagiri, 21 Km off 

Mormugao, and —19 Km off Karwar and Bhatkal. While riverine discharges off 

Ratnagiri and Bhatkal are hardly any, locations off Mormugao and Karwar receive 

discharges from Rivers, Mandovi-Zuari and Kali respectively. Water samples were 

collected from ca 1 m (to avoid surface microlayer contamination), mid-depth (-10 

m) and close to bottom on the 20 m depth contour. Niskin samplers (General 

Oceanics, Fl, USA) were used for collection of samples from these discrete depths. To 

avoid large scale influences of anthropogenic activities in the inter-tidal region, we 

chose to collect samples at 20m depth contour. 

3.2.2 Nutrient Analysis 

The parameters measured were: temperature, salinity, pH, dissolved oxygen, 

chlorophyll a (chl a) and nutrients (nitrite, nitrate, phosphate and silicate). Standard 
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Fig 3.1: Sampling sites chosen for this study along the central west coast of India 



methods described in Parsons et al., (1984) were followed for measuring these 

parameters. 

3.2.3 Total Bacterial Counts (TBC) 

For TBC enumeration, subsamples of 25ml were preserved with buffered 

formaldehyde (2% final concentration) and stored at 4°C in the dark until taken up for 

analysis, usually within a fortnight of sampling. The preserved seawater samples were 

incubated with 4'6'-diamidino-2-phenylindole (DAPI; 1 pgm1-1 , final concentration) 

and filtered onto black 0.2pm-pore-size polycarbonate membrane filters (Millipore, 

U.S.A). Epifluorescence microscopic counts of bacterial cells (Plate 3.1) were made 

using a Nikon (Eclipse 6400, Japan) microscope by following the procedure of 

Hobbie et al., (1977). Minimum of 10 microscopic fields were counted from each 

sample to obtain a reliable averaging of TBC. 

3.2.4 Extraction of DNA 

Duplicates of two water samples (-2 liters) were filtered through Sterivex cartridges 

fitted with 0.22pm pore sized membrane filter (Millipore, USA) to retain microbial 

cells for subsequent DNA extraction. The cartridges were filled with 1.8 ml buffer (50 

mM Tris pH 8.3, 40 mM EDTA and 0.75 M sucrose), sealed and, frozen on dry ice. 

They were then transported to the laboratory and stored at -80°C until processed. 

DNA extraction and purification were carried out as described by Ferrari and 

Hollibaugh (1999). In brief, 40 pl of lysozyme (50 mg m1 -1 ) was added to each 

cartridge. They were then incubated for 60 min at 37°C. Fifty microliters of 

proteinase K (20 mg m1 -1 ) and 100 pl of solution of sodium dodecyl sulfate (SDS; 

20% wt/vol) were added to each cartridge, and the cartridges were further incubated at 

55°C for 2 h. The DNA was purified from the lysate by sequential extraction with 

equal volumes (2m1) of phenol-chloroform-isoamyl alcohol (25:24:1) and chloroform-

isoamyl alcohol (24:1). The aqueous phase was separated and precipitated at room 

temperature with 2 ml isopropanol for 30 min and, centrifuged at 13000X g for 15 

min. The precipitated DNA was washed twice with 70% chilled ethanol. It was finally 

dissolved in 100 pl TE buffer (10 mM Tris and 1 mM EDTA pH 8.0). In all, a total of 

72 extractions were made and, the DNA from replicate samples was pooled. The 
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Plate 3.1: Photomicrograph of DAPI stained microbial cells. Photo taken under 100X 
oil immersion under epifluorescence UV illumination 



integrity of all 36 environmental DNA was checked on 0.7% agarose Gel. Further the 

quality of the environmental DNA for PCR was also checked by the amplification of 

16S rRNA gene using universal primers 27F (5'-AGAGTTTGATC(AC) TGGCTCAG-

3') and 1492R (5'-CTACGGCTACCTTGTTACGA-3')(Weisburg et al., 1991). Each 

25111 PCR reaction contained 10-100ng of template DNA, 0.8mM dNTP, 20pM 

primers, 1X PCR buffer (Taq buffer A; Bangalore Genei) and 1U Taq polymerase 

(Bangalore Genei, India). The temperature profile for amplifying the 16S rRNA gene 

fragments was as follows, Initial denaturation at 94 °C for 5 min, followed by 35 

cycles of denaturation at 94 °C for 1 min, annealing at 55 °C for 1 min, extension at 

72 °C for 1 min. A final extension step of 72 °C for 10 min was added. 

3.2.5 DGGE-PCR 

DGGE 	specific 	primers, 	357F-GC 	5' 

CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCCTACGGG 

AGGCAGCAG-3' and 518R 5'-ATTACCGCGGCTGCTGG-3' developed by 

Muyzer et al., (1993) were used for amplifying the V3-variable region of 16S rRNA 

gene. Polymerase chain reaction (PCR) was performed on all the 36, pooled extracts. 

The PCR reaction was carried out as described as above for amplification of 16S 

rRNA gene. For DGGE-PCR - touch-down PCR was carried out with the temperature 

profile as follows-an initial denaturation step of 3min at 95°C, followed by 10 cycles 

of 94°C for 30 sec, 65-55°C for 30 sec (decrease by 1°C after every cycle) and 72°C 

for 30 sec. Additional 15 cycles were allowed at the constant annealing temperature of 

55°C. The final extension step was for 10 min at 72°C. In all, only 25 cycles of PCR 

were allowed to avoid excessive amplification of dominant fragments. However, to 

maximize the detection of as many 'species' as possible, at least six different PCR 

reaction were carried out for each samples. Replicate PCR products were pooled and 

checked on 2% agarose gel. Tubes without template DNA were included as negative 

controls for PCR reactions. 

3.2.5 DGGE Analysis 

DGGE was carried out on PCR products obtained as above using the D-Code 

universal mutation detection system. The DGGE gel was cast as follows: 
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Gel Assembly 

I. Glass plates, spacers and combs were cleaned thoroughly and wiped with 

absolute ethanol. The gel sandwich was assembled by placing the small glass 

plate on top of the large plate. Two 1 mm spacers along each edge of the plate 

assembly were placed to ensure proper assembly of the plates. The clamps 

were fixed tight enough to hold the assembly together and the entire 

II. Assembly was placed into the rear slot of the pouring stand. The spacing card 

was used to assure proper spacer alignment. The gradient former was set up by 

inserting 30 ml syringes into the gradient wheel. 

III. The small (10 cm) delivery tubing was attached to the syringes. 

Pouring the Gel 

DGGE-PCR products were resolved on 10% acrylamide gel. Further for DGGE 

analysis of bacteria was carried out in a 40-60% (urea + formamide) denaturing 

gradient with the following composition (Table 3.1). 

Table 3.1: DGGE gel composition 

Denaturing solution 	40% 	60% 

40% Acrylamide/Bis (ml) 	20 	20 

50X TAE buffer (ml) 	2 	 2 

Formamide (ml) 	 16 	24 

Urea (g) 	 16.8 	25.2 

dH20 	 Upto 100 	ml Upto 100 ml 

I. Two solutions of 20 ml volume each were made; a 40% (low) denaturant 

concentration solution, and a 60% (high) denaturant concentration solution. In 

order to make a 40-60% gradient 

IL APS (120g1 of 20% w/v) and TEMED (12 	Sigma Cat no.-T7024) were 

added into each solution and swirled gently to mix. 

III. Fifteen ml of each solution was drawn into the 30 ml syringes (BD, USA) 

without any air-bubble. 
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IV. These syringes were fixed on both sides of Bio-Rad Gradient maker as per 

instructions by manufacturer for top-filling. The connector (it is Y shape so 

called as Y connector) was also attached to connect the both syringes. The one 

ending of Y connector was attached to a tube for common output of both 

solutions. 

V. The delivery tube was placed in between the two plates near the center of the 

top edge of the plate assembly. The Gradient maker wheel was turned slowly 

and consistently until the gel was poured to the required level. The comb was 

placed carefully ensuring no air bubbles were trapped. 

VI. The gel was allowed to polymerize for minimum 4 hrs. After complete 

polymerization of the gel, the comb was removed carefully. 

Running the Gel 

I. Seven liters of 1X TAE was prepared and filled in the buffer chamber. About 

0.5 L was kept aside for later use. The buffer was preheated in the DeCode 

apparatus to 60°C. The gel plates were attached to the core assembly. The core 

assembly was placed in the buffer chamber and filled to the top of reservoir 

with remaining buffer. 

II. Each well was flushed with buffer to remove any unpolymerized acrylamide. 

Approximately 40-50 µl of PCR product containing loading dye was loaded 

into each well. The gel was run at 30 V for till the temperature was not 

reached at 60°C. After reaching the buffer temperature the gel was run at 60V 

for 16 hours. 

Staining the Gel 

I. Once the electrophoresis was complete, the gel assembly was taken apart and 

glass-plates were removed from the gel clamps. Carefully the plates were 

separated, leaving the gel exposed on the large plate. 

II. The gel was stained for 5 minutes in 250 ml 1X TAE buffer containing EtBr 

(10mg/m1). The gel was then transferred to another container containing 250 

ml TAE buffer where it was de-stained for 10 minutes. 

III. The gel was viewed under a UV transilluminator. 
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The DGGE analysis was carried out in two different sets. In the first set all the 

samples collected during one season were run together and in the second set the 

samples from one depth including all the three seasons were run together. Total six 

DGGE gels were run to discern the spatial and seasonal variation in bacterial 

community composition (BCC). 

3.2.6 Statistical Analysis of DGGE 

Quantity-one software (version 4.65, Bio-Rad, USA) was used to determine the 

intensity and relative position of each band compared to a composite lane of all 

sample lanes on each gel. For this analysis, each DGGE band (fragment of the same 

size; sensu Gasser, 1998) was assumed as operational taxonomic unit (OTU) or 

phylotype. Bands were detected using the band-searching algorithm of the software. 

Background subtraction was done using rolling disk method available in the software. 

I could not quantify the DNA concentration in the PCR products loaded per sample. 

To circumvent this deficiency, the gels were normalized with a common band present 

in all the lanes. Using the percentage normalized peak intensity function in the 

software the percentage intensity of each band was calculated as done by Riemann et 

al., (1999). This individual band intensity was correlated to the intensity of the whole 

lane for a realistic enumeration of the OTUs. Analysis of band patterns was performed 

using 1% position tolerance. Gels were checked visually too for ensuring the number 

of bands. 

Using the PRIMER 5.0 software (Clarke and Warwick, 1994), nonmetric 

dimensional scaling (NMDS) and Shannon diversity index (H') were performed using 

the percentage values for each band. Non-metric multidimensional scaling (NMDS) 

was performed to analyze the spatial and temporal changes in BCC. For NMDS, band 

intensity data were transformed into presence (1) and absence (0) and, Bray- Curtis 

similarity (equivalent to Sorenson coefficient) was calculated. The H' was calculated 

using the number of bands on the gel tracks by following the densitometry principle 

(Magurran, 1988). The intensity of the bands was reflected as peak heights in 

densitometry. The formula, H' = -E (n/N) log (n/N) (where n is the height of the peak 

intensity of an individual band and N, the sum of all peak heights of the densito- 

c, 
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metric curve in a lane) was used for this purpose. Three way ANOVA was calculated 

for finding the spatial, vertical and seasonal differences in H'. 

Canonical correspondence analysis (CCA) was used to analyze the effect of 

environmental factors on BCC was analyzed by Software Multivariate Statistical 

Package (MVSP v3.1; www.kovcomp.com). In the CCA analysis, the sampling 

locations were considered as the cases and the DGGE band (species data) and 

environmental parameters were correlated. CCA analysis was performed without the 

data transformation and was focused on the difference between locations and seasons. 

It was done for each DGGE gel separately and, the ordination plot including DGGE 

samples (locations) and environmental variables were used to explain the data. 

3.2.7 Excision and Analysis of DGGE Bands 

The individual bands were cut from the DGGE gel and placed in tube containing 20111 

of sterile 1X PCR buffer (Taq buffer A; Bangalore Genei). These tubes were stored at 

4°C for overnight. The buffer containing DNA was recovered after centrifugation 

(10000Xg; 1 min). Five microliter of this buffer was reamplified using primers 357F 

(without GC clamp) and 518 R. The PCR products were sequenced on ABI 31310XL 

genetic analyzer (Applied Biosystems). Since some of the PCR products did not yield 

reliable quality of sequences, they were cloned in to pGEMT-easy vector (Promega, 

USA) according to the manufacture's instructions and sequenced (details of cloning 

method provided in chapter 4). 

3.2.8 Nucleotide Sequence Accession Number 

All the sequences obtained in this study are deposited in Genbank database under 

accession no GQ860964 to GQ860994. 

3.3 Results  

3.3.1 Physical, Chemical and Biological Parameters During Different Seasons 

Location-wise, season-wise and depth-wise variations in physical, chemical and 

biological parameters were evident (Table 3.2). Concentrations of silicate (SiO4) and 

nitrate (NO3) showed wide variations. Chlorophyll a ranged between 1.91 and 5.13 
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Table 3.2: Different Environmental parameters measured during study (standard deviations (±) for mean TBC are in parenthese) 

Premonsoon Monsoon Postmonsoon 
Ratnagiri Mormugao Karwar Bhatkal Ratnagiri Mormugao Karwar Bhatkal Ratnagiri Mormugao Karwar Bhatkal 

Surface 8.1 8.3 8.14 8.14 8.46 8.34 8.55 8.3 8.01 8.15 8.4 8.17 
PH Mid 8.1 8.3 8.2 8.19 8.51 8.39 8.4 8.3 8.04 8.11 8.38 8.18 

Bottom 8.1 8.27 8.19 8.17 8.04 8.39 8.15 8.3 7.94 8.06 8.41 8.19 
Surface 29.6 29.54 29.12 29.42 29.2 28.2 27.19 27.16 25.31 27.41 27.9 27.31 

Temperature( °C) Mid 28.8 29.53 28.7 28.81 28.5 28.2 27.16 27.13 25.1 27.22 28.22 27.23 
Bottom 28.3 29.52 28.5 28.52 26.5 27.8 27.14 27.11 25.14 27.64 27.99 27.12 
Surface 35.6 35.44 35.32 35.42 34 34.82 34.79 34.63 34.55 34.72 34.46 34.48 

Salinity Mid 35.3 35.46 35.15 35.35 33.5 34.79 34.64 34.59 34.44 34.52 34.78 34.74 
Bottom 35.1 35.52 35.23 35.28 33.6 34.88 34.51 34.47 34.47 34.87 34.81 34.29 
Surface 0.65 0.24 0.07 0.31 0.45 0.93 0.06 0.85 0.17 0.77 0.06 0.93 

NO3( mM) Mid 6.78 0.61 1.14 0.39 0.53 4.56 1.62 0.11 0.3 0.48 0.02 0.48 
Bottom 6.17 5.89 0.46 12.11 1.92 4.88 0.19 2.58 0.08 0.2 1.02 0.14 
Surface 0.12 0.14 0.11 0.04 0.09 0.13 0.17 0.06 0.89 0.6 0.04 0.34 

NO2 (m1‘1) Mid 0.17 0.14 0.15 0.05 0.18 0.72 0.42 0.03 1.17 1.08 0.06 0.11 
Bottom 0.16 0.16 0.14 0.58 0.147 1.07 0.06 0.21 0.55 1.02 4.94 0.06 
Surface 0.33 0.36 0.13 0.16 0.35 0.72 2.01 0.19 0.27 0.68 0.24 0.31 

PO4(mM) Mid 0.76 0.24 0.15 0.21 0.26 1.53 2.19 0.08 0.95 0.71 0.29 0.29 
Bottom 0.25 0.28 0.56 1.22 0.26 0.99 2.21 0.84 0.17 0.69 0.89 0.2 
Surface 5.53 3.94 5.63 0.77 2.42 9.61 9.61 3.15 1.29 6.33 1.56 1.45 

5104(mM) Mid 10.69 4.2 3.24 5.05 1.65 2.31 2.31 1.45 1.81 7.46 0.79 1.69 
Bottom 11.06 10.02 9.93 13.1 2.03 5.31 5.31 6.14 0.29 5.11 10.15 1.04 
Surface 4.1 5.16 4.58 2.35 4.16 3.91 4.08 4.06 4.48 4.01 4.67 4.77 

02 (mgr') Mid 3.7 3.85 4.79 3 4.33 3.29 3.32 3.57 4.37 3.89 3.88 4.37 
Bottom 3.6 3.86 4.79 3.79 3.46 3.77 2.84 2.66 3.97 3.63 4.05 4.27 
Surface 4.93 4.92 4.91 5.13 2.74 2.86 2.15 2.19 3.64 3.31 3.62 3.28 

Chl a (mgm-3) Mid 4.76 3.85 4.8 4.62 2.1 2.31 2.11 1.85 3.86 2.95 2.79 2.47 
Bottom 3.91 3.75 4.1 4.13 1.91 2.21 1.97 1.86 3.53 2.85 2.71 2.67 
Surface 11.5(1.2) 8.5(1.21) 3.6(1.1) 5(1.45) 30(1.82) 19(2.37) 23(2.63) 17(2.12) 9.1(1.72) 7.3(1.47) 2.9(1.34) 1.8(1.37) 

TBC(x 105 ceII mr1)* Mid 5.5(1.6) 6(1.38) 7.4(2.1) 12.2(1.32) 21(1.83) 12(2.42) 16(2.41) 12(2.02) 4.2(1.32) 4.2(1.23) 2.8(1.1) 3.3(1.32) 
Bottom 6.8(1.13) 4.9(1.92) 2.6(2.12) 1.7(1.45) 29(2.12) 16(2.31) 19(2.23) 18(2.41) 3.3(1.64) 3.7(1.48) 4.3(1.84) 3.2(1.92) 



mg 	from different samples collected during the study period. Variation in TBC 

was of an order of magnitude with samples collected during monsoon having higher 

counts followed by those collected during pre-monsoon and post-monsoon. Season-

wise (F2,2 1.96; p<0.0001) and location-wise ((F2,2 0.04; p<0.043) differences were 

significantly different than those between depths (F2,4 5.748; p>0.196). 

3.3.2 DGGE Analysis of the Samples 

Good quality DNA was extracted from all the water samples, as can be made out from 

the gel photograph (Plate 3.2). All the DNA samples were successfully amplified, 

using universal bacteria primers 27F and 1492 R. The PCR products of —1500bp 

using these primers (Plate 3.3) assured that these DNA samples can be used for 

further analysis. The PCR amplification of DNA extracts from all water samples with 

bacterial DGGE primers 357-GC and 518R is shown in Plate 3.4. The PCR products 

of —200bp were successfully amplified with all water samples. 

The DGGE-PCR amplicons were electrophoresed differently in such ways for 

depicting differences in spatial (Plates 3.5-3.7) and temporal (Plates 3.8-3.10) 

variations in the banding patterns. The number of OTUs from different locations 

differed both depth-wise as well as season-wise (Table 3.3). Seasonal variations in the 

number of OTUs were pronounced in the samples collected off Bhatkal (range of 

OTUs: 25-45) and Karwar (27-41) than those from either off Mormugao (27-37) or 

Ratnagiri (31-37). During pre-monsoon, with 36, 29, 32 and 31 OTUs respectively in 

the surface samples off Ratnagiri, Mormugao, Karwar and Bhatkal, a difference of 

only nine OTUs was observed. Samples collected during monsoon had higher 

numbers OTUs at all depths than those collected the other two seasons. 

3.3.3 Shannon-diversity Index (H') 

In general, the H' in the surface samples was higher than that at other depths (Table 

3.3). Location- and, season-wise variations in H' is depicted in Fig 3.2. On the annual 

scale, H' was higher during monsoon and, more off Ratnagiri. 

From the three-way ANOVA (Table 3.4), the following inferences are drawn. 

The differences in the mean H' between different locations are not great (P = 0.24) 
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Plate 3.2: Photograph of agarose gels showing DNA extracts from water samples 
collected from different depths (0, 10, 20m) and locations during different 
seasons 
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Plate 3.3: PCR amplification of DNA samples shown in Plate 3.2 using universal 
bacterial primers (27F and 1492R). P= positive control (E.coli DNA); N, 
negative control; M, 1Kb DNA ladder 
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Plate 3.4: PCR amplification of DNA extracts from different water samples shown in 
Plate 3.2 using DGGE bacterial primers (357-GC and 518R; Muyzer et al., 
1993). P, positive control (E.coli DNA) ); N, negative control; M, 100 by 
DNA ladder 



Table 3.3: Number of operational taxonomic units (OTUs) and values of 
Shannon diversty index (H') at different sampling locations 
during different seasons 

Season Sampling depth 

Location 
Ratnagiri Mormugao Karwar Bhatkal 
OTUs H' OTUs H' OTUs OTUs 

Surface 36 3.27 29 3.23 32 3.21 31 3.26 
Premonsoon Mid 32 3.11 27 3.08 27 2.82 26 2.97 

Bottom 31 3.17 28 3.08 28 3.21 30 3.06 
Surface 37 3.35 37 3.54 36 3.44 39 3.30 

Monsoon Mid 37 3.14 33 3.26 35 3.34 45 3.38 
Bottom 33 3.09 37 3.34 41 3.33 35 3.16 
Surface 33 3.31 30 3.32 32 3.29 34 3.32 

Postmonsoon Mid 33 3.12 27 3.16 31 3.16 27 3.02 
Bottom 35 3.35 33 3.28 33 3.42 25 2.96 



Table 3.4: Three-way ANOVA analysis of Shannon diversity indices for 
differentiating the sources of variation 

Source of Variation DF*  SS**  MS@ 14  P#4  

Stations 3 0.0700 0.0233 1.62 0.237 
Seasons 2 0.151 0.0756 5.25 0.023 
Depths 2 0.559 0.279 19.37***<0.001 
Residual 12 0.173 0.0144 
Total 35 1.380 0.0394 

* Degrees of Freedom;, um of Squares; @Mean Sum of Squares; #F Statistic; "P Value; 
***Significant at 0.1% 



suggesting that though the sampling locations were quite apart, the diversity of 

bacterial populations is similar. The differences in the mean H' both between different 

seasons (P = 0.023) and depths are also greater (P = <0.001). 

3.3.4 Taxonomic Description of DGGE Bands 

Total 31 bands that were prominent in the gel photographs, whose positions are 

shown in Plates 3.5 and 3.7, were excised and sequenced. It was clear from the 

sequence analyses (Table 3.5) that the phylotypes profiled through DGGE were 

related to Proteobacteria (bands 1, 3, 5, 6, 12, 13, 15, 17, 19, 20-23, 28, 30 and 31), 

cyanobacteria (10, 11, 14, 16, 18, 24), Bacteroidetes (2, 4, 7- 9, 26 and 27) and 

Actinobacteia (25). Band 27 belonged to unclassified bacteria. Of the 31 total bands, 

only 13 and 15 appeared to indicate co-migration of 16S rDNA of two different 

species. 

3.3.5 Spatial Variations in Bacterial Communities 

The DGGE gels run season-wise on three separate gels were used to discern the 

similarities/differences among the phylotypes in samples (Plates 3.5-3.7). From the 

NMDS plots of the DGGE profiles (Fig 3.3), it is indicative that differences in BCC 

are quite low between locations and/or between sampling depths. During premonsoon, 

however, the samples showed much clear spatial differences in the BCC (stress value 

= 0.09) than during monsoon (stress value = 0.14) or postmonsoon (stress value = 

0.17). The BCC from samples off Ratnagiri and Mormugao grouped together during 

premonsoon. Similarly, the BCC in most samples from off Karwar and Bhatkal 

grouped together. During postmonsoon, the distances between the samples were 

lower, compared to the premonsoon ones. In other words, the similarity in the BCC 

from different samples was higher during postmonsoon. During monsoon, the BCC 

from Bhatkal was quite different from other locations. In the overall, it is apparent 

that the BCC did differ spatially though it was quite similar in samples off Ratnagiri 

and Mormugao and those from off Karwar and Bhatkal. 
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Plate 3.5: Spatial variations of bacterial communities during premonsoon season 
deciphered through DGGE. Sampling locations are: off Ratnagiri, 
Mormugao, Karwar and Bhatkal and sampling depths are 0, 10 and 20m. 
DGGE bands eluted for sequencing are numbered (Please see Table 3.5 for 
sequence details). 
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Plate3.6: Spatial variations in bacterial communities during postmonsoon deciphered 
through DGGE Sampling locations are: off Ratnagiri, Mormugao, Karwar 
and Bhatkal and sampling depths are 0, 10 and 20m. DGGE bands eluted 
for sequencing are numbered (Please see Table 3.5 for sequence details). 
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Plate 3.7: Spatial variations in bacterial communities during monsoon deciphered 
through DGGE Sampling locations are: off Ratnagiri, Mormugao, Karwar 
and Bhatkal and sampling depths are 0, 10 and 20m. DGGE bands eluted 
for sequencing are numbered (Please see Table 3.5 for sequence details). 



Fig 3.2: Mean values of Shannon Diversity index (H') of OTUs (based on intensity) 
from different sampling locations during different seasons 



Table 3.5: Homology of sequences of DGGE bands obtained from water samples collected off central west coast of India (Please see Plate 3.5 
to 3.7 for position of the bands) 

DGGE 
Band No. 

Accession 
No. 

Taxonomic Position Most Closely Related Sequence 
Similarity 

0/0) 

Accession 
No. 

of Related 
Sequence 

1 

2 
3 
4 
5 

6 

7 

8 
9 
10 

11 

12 

13 

14 

15 

16 

17 

18 

GQ860964 

GQ860965 
GQ860966 
GQ860967 
GQ860968 

GQ860969 

GQ860970 

GQ860971 
GQ860972 
GQ860973 

GQ860974 

GQ860975 

GQ860976 

GQ860977 

GQ860978 

GQ860979 

GQ860980 

GQ860981 

Unclassified Bacteria 

Flavobacteria 
Gammaproteobacteria 
Flavobacteria 
Gammaproteobacteria 

Gammaproteobacteria 

Flavobacteria 

Flavobacteria 
Flavobacteria 
Cyanobacteria 

Cyanobacteria 

Gammaproteobacteria 

Gammaproteobacteria 

Cyanobacteria 

Deltaproteobacteria 

Cyanobacteria 

Gammaproteobacteria 

Cyanobacteria 

Uncultured marine bacterium isolate DGGE gel band 
0114617(7)T7 
Uncultured Flavobacterium sp. clone 
Uncultured bacterium clone 1C227523 
Uncultured bacterium clone W9-A06 
Uncultured gammaproteobacterium clone 916-C22 
Uncultured gammaproteobacterium isolate DGGE gel band 
0130908(22)T7 16S ribosomal RNA gene, partial sequence 
Uncultured bacterium clone associate with coral Pocillopora 
meandrina 
Psychroserpens sp. MEBiCO5023 
Uncultured bacterium clone W3-H08 
Uncultured bacterium clone 4S_2g10 
Uncultured bacterium isolate JH1O_C20 16S ribosomal RNA 
gene 
Uncultured gamma proteobacterium clone HF70_25F 19 small 
subunitribosomal RNA gene, partial sequence 
Uncultured bacterium clone VH-FL8-28 16S ribosomal RNA 
gene,from Victoria Harbour 
Uncultured cyanobacterium clone 
Bacteriovorax sp. NFI 16S ribosomal RNA gene, partial 
sequence 
Uncultured Synechococcus sp. clone 
Uncultured gamma proteobacterium clone GOM_WB8-85 16S 
ribosomal RNA 
Uncultured Synechococcus sp. 

99 

92 
100 
98 
98 

100 

100 

98 
98 
100 

97 

98 

99 

98 

94 

100 

99 

98 

EF433334 

FJ744798 
EU799860 
FJ930875 
EU315547 

EF433349 

FJ497119 

EU581702 
FJ930762 
FJ382194 

AY568777 

EU361659 

EF379714 

EU980278 

EF092441 

FJ718237 

GQ250617 

FJ999601 



19 
20 

21 

22 

23 

24 
25 
26 
27 

28 

29 

30 

31 

GQ860982 
GQ860983 

GQ860984 

GQ860985 

GQ860986 

GQ860987 
GQ860988 
GQ860989 
GQ860990 

GQ860991 

GQ860992 

GQ 860993 

GQ860994 

Gammaproteobacteria 
Gammaproteobacteria 

Gammaproteobacteria 

Gammaproteobacteria 

Gammaproteobacteria 

Cyanobacteria 
Actinobacteria 
Flavobacteria 
Flavobacteria 

Gammaproteobacteria . 

Unclassified Bacteria 

Gammaproteobacteria 

Gammaproteobacteria 

Uncultured gamma proteobacterium clone SHWH_nightl_16 
Uncultured gamma proteobacterium clone GOM_WB8-85 
Uncultured gamma proteobacterium clone blp12F05 16S 
ribosomal RNA 
Psychrobacter sp. CS611037 16S 
Uncultured bacterium clone H10P1WR 16S ribosomal RNA 
gene, p 
Uncultured cyanobacterium clone 
Uncultured actinobacterium clone GOMWB8-9 
Uncultured bacterium clone W9-A06 
Uncultured marine bacterium clone C53 16S 
Uncultured bacterium clone BBD-Oct07-water-94 16S 
ribosomal RNA 
Uncultured bacterium clone 6C232172 16S ribosomal RNA 
gene, partial 
Serratia sp. AN4 
Uncultured gammaproteobacterium isolate DGGE gel band 
0130908(22 

100 
99 

99 

98 

97 

97 
99 
100 
100 

100 

100 

96 

100 

FJ744967 
GQ250617 

EF092639 

GQ200539 

FJ156718 

FJ844170 
GQ250624 
FJ930875 
EU010202 

GQ215179 

EU804270 

FJ230836 

EF433349 
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Plate 3.8: Temporal variations in bacterial communities in surface (Om) water 
deciphered through DGGE banding patterns. Surface samples were 
collected during premonsoon (Pr), postmonsoon (Po) and monsoon (Mo) 
off Ratnagiri, Mormugao, Karwar and Bhatkal. 
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Plate 3.9: Temporal variations of bacterial communities at mid-depth (10m) 
deciphered through DGGE banding patterns. Samples were collected 
during premonsoon (Pr), postmonsoon (Po) and monsoon (Mo) off 
Ratnagiri, Mormugao, Karwar and Bhatkal. 
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Plate 3.10: Temporal variations of bacterial communities at bottom water (20m) 
deciphered through DGGE banding patterns Samples were collected 
during premonsoon (Pr), postmonsoon (Po) and monsoon (Mo) off 
Ratnagiri, Mormugao, Karwar and Bhatkal. 



Fig 3.3: Non-metric dimensional scaling (NMDS) of spatial variations in bacterial 
communities deciphered through DGGE patterns. Samples were collected 
during premonsoon (A), postmonsoon (B). and monsoon (C) off Ratnagiri 
(R), Mormugao (M), Karwar (K) and Bhatkal (B) Samples from three 
different depths denoted as 0, 10 and 20. 
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Fig 3.4: Non-metric dimensional scaling (NMDS) of spatial variations in bacterial 
communities deciphered through DGGE patterns. Samples were collected 
during premonsoon (Pr), postmonsoon (Po) and monsoon (Mo). Sampling 
locations are: off Ratnagiri (R), Mormugao (M), Karwar (K) and Bhatkal (B) 
from surface (A), mid-depth (10m; B) and bottom (20m; C). 
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Fig 3.5: Canonical correspondence analysis (CCA) depicting the ordination of 
bacterial communities due to environmental variables during premonsoon 
(A), postmonsoon (B) and monsoon (C) off Ratnagiri (R), Mormugao (M), 
Karwar (K) and Bhatkal (B). Samples from three different depths denoted as 
0, 10 and 20. 



(A) 	Surface 

in 
n.) 

'7-3 	
lorophl : 

VP 
ip 
to e 

Vectror scaling: 2.53 

B, Pr • 
-0.5 

• K. Po 

K, Pr 
• 

0.9 

0.7 

0.5 
B, Mo • 

0.4 
R, pr. 

R Po." 	0.2 

-0.4 	-0.2 

• -0.2 
M. Pr 

-0.4 

- 0.5 

- 0.7 

-0.9 

Axis 1 (34.09%) 

• B, Po 

Nitrite 

	

R. M 	
M, Po 
• 

• i 	 

	

.2 	0.4 

CCA case scores 

Nitrate 

	

1 	I 

	

0.5 	0.7 	09
I  

M, Mo 
• P osphate 

• K, Mo 

Silicate 

(B) Mid Depth 

Silicate 

g. 

M, 

	

Nitrite 	1.0  

0.7 

Po 41. 	R, P o 	0.5 

Frir,,r 
. 

Nitrate 

K, Po 

CCA case scores 

Phos.hate 

• M, Mo 

K, Mo 
• 

0  
1,..) 	.1.2 	-1.0 
ii;.; 	Chlorophyll a 
co 
ik) C 
e. 

Vector scaling: 2.94 

-0.7 -0.2 

B. Po.2 

B , Pr 	
ow 

• -0.5 

• -0.7 
K, Pr 

-1. 

Axis 1 (34.65%) 

• I 
0.2 

M Pr eli 
R, Mo 

I 
0.5 

• 
B, Mo 

I 	I 
0.7 	1.0 

(C) 	Bottom 

Phosphate 

. 	 M, Mo 
(y) 	 • 

IL.)  

1.8 

Nitrate 
1.4 

• 

	

B' 	1.1-  Pr 

0.7 

K, Mo 	• 

Silicate 

R Pr 	• R, Po 

• • I 	
* 

40 0.4 	*OC 
M, Pr 	K, Pr 

• • M
*
, Po 

B, Po 

Axis 1 (30.36%) 

I 
1.1 

CCA case scores 

Chlorophyll a 

I 	I 
1.4 	1.8 

I 	I 
C - 1.1 	-0.7 

L.1 	B iro 
CO 	 • e 	R, Mo 

Veda scaling: 4.22 

	

1 	• 

	

-o.4 	K,  Po 

.0.4 

-0.7 

-1.1 

Fig 3.6: Canonical correspondence analysis (CCA) depicting the ordination of 
bacterial communities due to environmental variables during premonsoon 
(Pr), postmonsoon (Po) and monsoon (Mo). Sampling locations are: off 
Ratnagiri (R), Mormugao (M), Karwar (K) and Bhatkal (B) from surface 
(A), mid-depth (10m; B) and bottom (20m; C). 



3.3.6 Temporal Variations in Bacterial Communities 

The temporal variation in BCC was also analyzed by running all the samples colleted 

from one depth during different seasons (Plates 3.8-3.10). As also inferable from the 

NMDS plots (Fig 3.4), there were differences in the BCC during different seasons 

with a higher variation during monsoon. With higher stress values of 0.14 to 0.18, 

most surface samples collected during monsoon aligned into two groups together (Fig 

3.4a) and, those from mid depth (Fig 3.4b) in to three groups while all those from 

bottom (Fig 3.4c) samples grouped together. Apparently, the temporal variation in 

BCC was the largest in samples from surface and mid- depth at all locations implying 

the effect of monsoon. 

3.3.7 Effect of Environmental Parameters on BCC 

The CCA analysis was done on each DGGE gel to explain the environmental factors 

driving the spatial (Fig 3.5) and temporal variations (Fig 3.6) in BCC. It brought out 

that the chl a and NO3, among the five independent explanatory variables chosen 

(NO3, NO2, PO4, SiO4 and chl a), were responsible for spatial variation in BCC during 

premonsoon and monsoon. Other environmental parameters (depth, pH, salinity etc) 

with high (>20) inflation ratio were not included for the CCA analysis. All the 

independent variables indicated strong correlation (>88%) with the phylotypes in each 

lane. During postmonsoon, only NO3 correlated with the first ordination axis implying 

that the BCC was affected largely due to increased NO3 as a consequence of wind-

forced mixing. Apparently, seasonal variations of BCC in the surface and mid-depth 

samples were explained largely by chl a concentrations. The CCA analysis also 

indicated increasing correlation of NO3 with first axis with increasing depth. As can 

also be seen from Fig 3.3, axis 1 explained 34.05%, 31.43% and 35.76% of variation 

in BCC respectively during premonsoon, postmonsoon and monsoon. 

4. Discussion 

Analyses of bacterial community composition or diversity from the Indian coastal 

waters, either through applications of conventional or 16S rDNA based techniques are 

scanty. The PCR-DGGE is particularly suited to fingerprint the spatial and temporal 

differences in bacterial communities (Schauer et al., 2000). Comparing of bacterial 
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16S rRNA genes provide more details of bacterial diversity (Fierer et al., 2007; 

Murray and Grzymski, 2007; Brons and Van Elsas, 2008), they are time-taking and 

costly. Thus, DGGE profiling is an attractive and dependable alternative despite some 

inherent uncertainties (Iwamoto et al., 2000; Eiler et al., 2003; Van der Gucht et al., 

2005). Being faster, less-expensive and less labor-intensive than sequencing, it allows 

highly replicated analysis of bacterial communities (Muyzer et al., 1993). This 

approach is akin to those by Lindstrom (1998) and Konopka et al., (1999), in which 

multiple samples have been screened to obtain rapid, dependable and quantitative 

information on bacterial community changes through time and space. All the samples 

were treated identically to avoid any bias bound to occur during the analyses. With 

this precaution, it was easy to compare different samples from all locations or 

seasons. Each set of gels were analyzed separately so that location wise and season 

wise differences could be delineated. With as many as 45 different OTUs in one 

single sample and, over 70 OTUs in all, the neretic waters of the central west coast of 

India appear to harbor complex and diverse bacterial communities. These many 

number of bands (E--- OTUs) are much more than the 15-25 bands reported by Reimann 

et al., (1999) from samples off Oman coast which is far more productive. 

Apart from recognizing the gross structure of bacterial assemblages along the 

central west coast of India, it is possible from this study to suggest that chlorophyll, 

nitrate, seasonal shifts and, to some extent, sampling depth do influence the bacterial 

diversity pattern. From the DGGE profiles, it is apparent that low mixing due to 

calmer sea conditions during pre-monsoon leading to stratification and, complete 

mixing during monsoon leading to well mixed water column contribute to seasonal 

and vertical differences in the bacterial assemblages. The results are also useful for 

discerning the effect of seasonal shifts on the variations of bacterial assemblages. 

Further, the low or insignificant changes in the BCC depth-wise are suggestive that 

bacterial species in these waters are homogeneously distributed vertically at all the 

sampling locations. 

Our study is useful to recognize that Garnmaproteobacteria, bacteroidetes, 

Cyanobacteria and Actinobacteria are the substantial part of bacteria community in 

the coastal waters along the central west coast of India. These bacterial groups are 

reported for their ubiquitous presence in different oceanic environments (Pommier et 
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al., 2005). Gammaproteobacteria is a well known group in the marine coastal waters. 

The members of this group have been shown to capture light energy in marine 

environment (Beja et al., 2000). Using DGGE, Bacteroidetes assemblages has been 

shown to follow seasonal cycles in the Mediterranean Sea (Schauer et al., 2003). 

Bacteroidetes are considered to be actively involved in degradation of organic matter 

and they have been reported to occur during the algal blooms (Riemann et al., 2000). 

Actinobacteria are alk,  a major group contributing in bacterial production in coastal 

waters (Fuhrman and Hagstrom, 2008). The role of this group in marine water is not 

clear however their diversity decrease with the distance increase from coast (Okazaki 

and Okami, 1972). 

The bacterial diversity of any place is affected by biogeochemical, 

anthropogenic factors plus the biogeography of Bacteria (Van-der et al., 2007) and, 

by both top-down control and bottom-up controls. In the top-down control, grazers 

(protozoan, metazoan and dinoflagellate) keep check on bacterial population by 

selecting the particular size- or actively growing- fraction of bacteria (Adrian and 

Schneider-Olt, 1999). In the bottom-up control, availability of quality and quantity of 

resources regulate the bacterial population dynamics (Grover, 2000; Lebaron et al., 

1999). The chl a has been used widely as a reference variable for relating the marine 

bacterial populations and their spatio- temporal variations (Pinhassi and Hagstrom, 

2000 ; Suzuki et al., 2001). Also, bacterial populations are observed to be affected by 

the source of organic matter (Crump et aL, 2003). Since chl a was >1 pig 1-1  at all 

locations and depths, it is unlikely that the organic resources were limiting to bacterial 

processes. In our analysis, the significant correlation observed between the BCC and 

chl a in surface waters and mid-depth waters could be taken to suggest that the 

bacterial diversity and population sizes are regulated mostly by top-down control 

rather than by primary productivity. Furthermore, intense bacterivory has been 

reported previously from coastal waters (Gasol et al., 2002). From our CCA analysis, 

it is evident that nitrate was a more significant variable explaining the variation of 

BCC during monsoon than could chl a do. Also, the TBC were higher (12 to 30 [X 

105] cells m1-1 ) at all locations during monsoon. All these inferences suggest bottom 

up effect of nitrate on BCC. Ducklow et al. (2001) had also shown —2-fold increase in 

bacterial secondary production during monsoon. Also, higher numbers of OTUs 

indicate that diverse groups of bacteria proliferate in the presence. of higher organic 
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matter as a consequence increased primary production due to elevated NO3 

concentrations. 

In summary, the BCC along the central west coast of India shows spatial 

variations within the small geographic distances. While concentrations of chlorophyll 

a and nitrate are responsible for affecting the BCC, the temporal variation in BCC is 

caused mainly by the onset and, prevalence of monsoon. As also discernible from the 

sequencing efforts and detailed phylogenetic analyses (chapter 4), the y-

Proteobacteria, Bacteroidetes and cyanobacterial species seem to be abundant in these 

coastal regions. Both, top-down and bottom-up control of BCC seem to be operating 

in the study area with monsoon facilitating bottom-up control. 
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Chapter 4 



4. Bacterial Community Phylogenetics 

4.1 Introduction 

Bacterioplankton are well recognized as the major biological components of the 

oceanic biogeochemical cycles and ecosystem structure (Azam and Worden, 2004; 

DeLong and Karl, 2005; Falkowski et al., 2008). Their high abundance, large biomass 

and their ability to bio-transform a variety of biologically essential elements, 

remineralization of most organic matter and their central role in cycling of nutrients 

shape the organismic community structures, in sustaining 'microbial loop' and, 

overall functioning of the marine ecosystems. 

Bacterioplankton community in any ecosystem is invariably influenced and 

shaped by both biotic and abiotic factors. As a consequence of such dynamic 

interactions, seasonal variations of bacterial community structure have been observed 

and reported both from coastal as well as open ocean marine environments (Eiler et 

al., 2009; Muller-Spitz et al., 2009; Pernthaler and Pernthaler, 2005; Pinhassi and 

Hagstrom, 2000). In the marine regimes, bacterial community structure is strongly 

affected by varying salinity (Bouvier and delGiorgio, 2002), pH (Yannnarell and 

Triplett, 2005), substrate resources (Crump et al., 2003), phytoplankton composition, 

type and blooms, chlorophyll a concentrations (Pinhassi et al., 2004), grazing (Hofle 

et al., 1999) and viral lysis (Suttle, 1993). However, the environmental variables that 

affect the bacterial community composition (BCC) do vary both geographically and 

temporally. Furthermore, temporal variability patterns in marine BCC can be 

"predictable" as defined by Fuhrman et al., (2006) and Kan et al., (2006) who found a 

seasonal repeatability of assemblages off the southern coast of California coast and 

Chesapeake Bay, respectively. 

Our current understanding of microbial diversity has been significant due to 

the use of molecular techniques in the analysis of the small subunit of rRNA (SSU 

rRNA) gene, the most commonly used phylogenetic maker for prokaryotes (Woese, 

1987). The 16S rRNA gene sequences have been used to describe the marine 

bacterioplankton communities (Alonso-Gutierrez et al., 2009; Cottrell and Kirchman, 

2000; Giovannoni et al., 1990). The genomic analyses of marine bacterioplankton 

through large genomic fragment and whole genome shotgun cloning have provided a 
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separate PCR-Independent approach to understand microbial diversity (DeLong et aL, 

2006; Pham et al., 2008; Suzuki et al., 2004; Venter et al., 2004). The analysis of the 

bacterioplankton communities through these approaches has revealed that —84 % of 

16S rRNA genes related to only 6 bacterial clades (Furhman and Hagstrom, 2008). 

Further, SAR11, Roseobacter and SAR 86 are the most abundant clades in the coastal 

waters (Alonso-Sdez et aL, 2007; Gonzalez et al., 2000; Morris et aL, 2002). 

Analyses of taxonomical composition of bacterial assemblages to obtain 

information on "who is there?" are integral requirements as to appreciate their 

potential roles in the oceans. They are of major importance in determining the 

functioning of bacterial assemblages in marine environment (Castle and Kirchman, 

2004). In this regard, the application of culture independent methods for deciphering a 

large portion of bacterial assemblages has proven highly beneficial. In view of the 

lack of information on bacterial community composition (BCC), from the west coast 

of India, the present study was aimed to obtain information on phylogenetic 

distribution and on seasonal variations of BCC.' 

4.2 Material and Methods 

4.2.1 Sampling and Extraction of DNA 

For phylogenetic and eubacterial diversity analyses, the DNA extracts from water 

samples collected from Mormugao during all three seasons were used. Since in the 

DGGE analysis (Chapter 3) of the samples indicated very less or no difference in the 

bacterial community structure in surface and mid-depth water samples, only surface 

and bottom water samples were selected for 16S rRNA-gene library construction. 

4.2.2 Amplification of 16S rRNA Gene 

DNA samples extracted from different water samples were amplified by PCR using 

the 	eubacterial 	universal 	16S 	rRNA-gene 	primer 	set: 	519F 

(5 "CAGCMGCCGCGGTAATAC3 ") and, 1492R ( 5 ' - 

 CTACGGCTACCTTGTTACGA-3") (Bowman and McCuaig, 2003; Reysenbach and 

Pace, 1995; Suzuki and Giovanni, 1996). The temperature profile for amplifying the 

16S rRNA gene fragments was, initial denaturation at 94 °C for 5 min, followed by 25 
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cycles of denaturation at 94 °C for 1 min, annealing at 55 °C for 1 min, extension at 

72 °C for 1 min. A final extension step of 72 °C for 10 min was added. Each 

environmental DNA sample was amplified in replicates for obtaining larger quantities 

of the amplicons. The tube without DNA was taken as negative control. The presence 

of PCR products and their concentration were checked by electrophoresing 3 pi PCR 

product through a 1% agarose gel (Plate 4.1). A molecular-weight marker of 500 by 

(Bangalore Genei) was included to ascertain the sizes of PCR amplified 16S rRNA-

gene fragments. 

4.2.3 Construction of 16S rRNA Gene Libraries 

All the replicate amplicons were pooled sample-wise and purified using QlAquick 

PCR purification kit (Qiagen, U.S.A). Purified PCR products were ligated in pGEM-T 

easy vector (Promega, U.S.A) as per manufacturer instructions. The ligation reaction 

was carried out in total 10[il volume at 4°C for 16 hrs. After 16 hrs, the ligation 

mixture was purified with QlAquick PCR purification kit (Qiagen, U.S.A) as per 

manufacturer's instructions except that the elution was done in MilliQ water. Fifteen 

microliter MilliQ water was used for the elution. This extra purification step was to 

remove the salts from the ligation mixture prior to electroporation. The ligated 

plasmid pool was electroporated into E.coli (JM109) cells. Electroporation was 

carried out as follows 

1. Electrocompetent E. coli (JM109) cells were thawed on ice. 

2. An aliquot of 500 competent cells was pipetted into the pre-chilled cuvette 

(2mm). 

3. Seven microliters of ligation mixture was pipetted directly into the competent 

cells and mixed by stirring gently with the pipette tip. 

4. Transformation was done by electroporating at 25KV for 5 milliseconds in an 

electroporator unit (Bio-Rad, U.S.A). 

5. Then, 943 [il of Luria broth (LB) was added to each cuvette. 

6. Cuvettes were shaken at 150 rpm on a rotary shaker at 37°C for 1 hour. 

7. Aliquots of 5000 from the transformation vials were spread on 200mm 

diameter LB-agar plates containing ampicillin-100m m1 -1  antibiotic (Stock-

100 mgm1-1 ). 200 [il of X-gal (20 mgm1-1 ) and 40 µl of IPTG (Stock-200 

mgm1-1 ) for blue-white screening of positive clones. 
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Plate 4.1: PCR amplification of 16S rRNA gene from the environmental DNA 
samples using universal bacterial primers (519F and1492R) 



8. Plates were placed in a 37°C incubator for overnight. 

4.2.4 Screening of positive clones from the library 

The transformed positive clones were screened on the basis of blue-white colony 

selection. Further, to ensure the size of cloned PCR product, 48 white clones from 

each library were picked up randomly and grown in 100 1.1.1 LB medium containing 

100 lig m1-1  of ampicillin for 16 hrs at 37°C. One microliter of grown cells was 

directly used for the PCR reaction using Ml3F (5'-CCCAGTCACGACGTT-3') and 

M13R (5'-AACAGCTATGACCATG-3') primers (Plate 4.2). The amplification was 

carried out as follows: initial heating for 10 min at 95°C (for cell rupture), 35 cycles 

each of 1 min at 94°C, at 55°C and at 72°C and, a final extension step for 10 min at 

72°C. The PCR products were electrophoresed in 1% agarose gel for checking and 

selecting the positive clones with DNA inserts of —1200bp sizes. 

4.2.5 Extraction of Plasmid from Clones 

Total 148 white clones from each library were grown overnight in 5 ml LB medium 

containing 100 lig m1 -1  of ampicillin for 16 hrs at 37°C. The plasmids were extracted 

using AxyPrepTM  Plasmid Miniprep Kit (Axygene BioScience; U.S.A) from these 

clones as per manufacturer's instructions. 

4.2.6 Sequencing of the Plasmids 

All the extracted plasmids were sequenced in both the directions using Ml3F and 

M13R sequencing primers using an. ABI 3730 DNA analyzer system (Applied 

BioSystems, USA) using the ABI Big-Dye version 3.1 sequencing kit as per the 

manufacturer's instructions. The sequencing of the clones was carried out by myself 

at the National Center for Cell Sciences (NCCS), Pune. 

4.2.7 Analysis of the Sequences 

Vector sequences were trimmed off and bidirectional sequence pair was assembled to 

get complete sequence of approximately 950 by of cloned product. Further these 

contigs were checked for their proper 5' to 3' direction. The contigs showing the 

opposite direction were changed to their reverse complement. All the sequences of 
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Plate 4.2: PCR screening for clones with 16S rRNA gene using M13F and M13R 
primers (250bp ladder was used as marker) 



poor read or small in size were omitted from further analysis. Mallard programme 

(Ashelford et al., 2006) was used to check chimera formation due to PCR artifacts. 

Sequences were also examined manually for chimeras. Total six bacterial 16S rRNA 

gene libraries were constructed. The designations of libraries and corresponding 

clones are as follows: 

Pre-monsoon surface water: PrSur-clone no., bottom water: PrBot-clone no 

Post-monsoon surface water: PoSur-clone no, bottom water: PoBot-clone no 

Monsoon surface water: MoSur -clone no, bottom water: MoBot-clone no 

4.2.8 Phylogenetic Analysis of the Libraries 

The Software program DOTUR (Schloss and Handelsman, 2005) was used for the 

grouping of sequences as operational taxonomic units (OTUs). The distance matrix 

required for this program was calculated by aligning the 16S rRNA gene sequences 

using DNADIST program available with PHYLIP 3.62 package (Felsenstein, 1989). 

Juke-Cantor (Juke and Cantor, 1969) parameter was used for distance correction. All 

the 16S rRNA gene sequences were collectively grouped for constructing the 

phylogenetic tree as well as separately for comparative analyses of the libraries. The 

sequences having similarity 97% were considered as the same OTU (or phylotype 

or ribogroup). From the combined grouping, only one clone was taken to represent 

that specific ribogroup. All the representative ribogroups were checked for their 

similarity with sequences in GenBank (www.ncbi.nlm.nih.gov ) using BLAST. 

Sequences from this study were aligned with their matching ones retrieved from 

GenBank Data Base using ClustalX 1.83 (Thompson et al., 1994). Aligned sequences 

were edited manually to remove the gaps as well as the ambiguously aligned 

sequences. MEGA 4 (Tamura et al., 2007) was used to construct the tree. The 

bootstrap analysis was performed 1000 times. The distance matrix for these multiple 

data sets was calculated using Juke-Cantor parameter (Juke and Cantor, 1969). 

Phylogenetic tree was drawn using Neighborhood-Joining method. The Ribosomal 

data base (RDB) classifier (Wang et al., 2007) was used to assign the taxonomic 

position of the sequences. The RDB classifier was also used to decipher the broad 

difference in the community structure between the clone libraries. 
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4.2.9 Diversity Indices and Comparison of 16S rRNA-gene Libraries 

The DOTUR program (Schloss and Handelsman, 2005) was used to carry out 

rarefaction analysis, Shannon richness diversity index and, non-parametric diversity 

index (Chao 1 and ACE). For this, each of the 16S rRNA gene libraries were aligned 

separately and the distance matrix calculated by DNADIST. Percentage of Good's 

coverage(C) (Good, 1953) was calculated using equation C=1-n/N X 100 (where n is 

the number of phylotypes occurring only once and N, the total no. of populations). 

In order to obtain an estimation of similarity levels between the 16S rRNA 

libraries, they were compared with each other using SONS (Shared OTUs and 

Similarities; Schloss & Handelsman, 2006). The SONS is a computer program that 

uses non-parametric estimators to estimate similarities between the communities. It 

compares the membership and structures in the communities by accounting for the 

abundance distribution of OTUs that are either endemic to one community or, shared 

by two communities (Schloss and Handelsman, 2006). For this program all non-

chimeric sequences were aligned together and the cut-off distance of 0.03 was used to 

define the OTUs. 

The SONS program uses the output from the DOTUR program to calculate 

these indices. Community membership only considers the lists of OTUs in each 

sample, where as community structure considers the lists and abundance of OTUs. 

Jciass, an abundance based Jaccard similarity index, is an estimator of community 

membership that reflects the probability that a randomly selected OTUs in one 

community will be present in the other community. Values of Jciass  can fall between 0 

and 1; a value of 0 implies that the two communities do not share all OTUs and 1 

implies that the two communities share all OTUs. The community structure estimator 

was also calculated to compare the difference in the communities during different 

seasons and at different depths. The SONS program also calculates values of Ow a 

common similarity index that takes into account the abundance of OTUs. Values of 

theta can fall between 0 and 1; the 0 value implies dissimilarities between community 

structure, and the value 1 implies the identical community structure (Schloss and 

Handelsman, 2006). 
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4.2.10 Nucleotide Sequence Accession Numbers 

All the sequences obtained in this study were deposited at the NCBI Database 

(www.ncbi.nlm.nih.gov/nucleotide)  with the accession numbers: HMO23049 to 

HMO23774 

4. 3. Results 

The PCR amplification of environmental DNA samples extracted from water sample 

of using universal bacterial primers is shown in Plate 4.1. The bacterial 16S rRNA 

gene fragments were successfully amplified from all extracts of DNA from the water 

samples. In all PCR runs, amplicons of —986 by were obtained. These amplicons 

were used for cloning after the purification. Cloning efficiency was evaluated by 

picking out 48 colonies from each library and PCR amplification using M13F and 

Ml3R primers. It can be discerned from the Plate 4.2 that over 98% of the colonies 

picked out were positive for 16S rRNA gene insertion. After this confirmation, 148 

clones were randomly taken up for sequencing from each library. In all, 888 clones 

were sequenced in both directions from six libraries. The negative clones (n=45), bad 

quality sequences (n= 17), small sequences (n=8) and chimeras (n=92) were not 

included for the further analysis. Thus, 726 good quality sequences were included for 

phylogenetic and statistical analyses. 

From the combined grouping of all sequences, a total 217 ribogroups were 

obtained at 97% similarity level (Table 4.1). With as many as 84 sequences of >97% 

similarity, the ribogroup PosBot62 was the most dominant among the six libraries. 

Representative clones of all 217 ribogroups from all the libraries were used for the 

phylogenetic tree construction. 

4.3.1 Taxonomic Composition of Clone Libraries 

The broad distribution of different bacteria in each library is shown in Fig 4.1. Of the 

726 good quality sequences, as many as 517 (71% of total) were related to Class 

Proteobacteria. Among these, 276 sequences (-38% of total) were related to sub-class 

Alphaproteobacteria and 220 (-30% of total) to Gammaproteobacteria. They were 

substantially high in all libraries. The remaining sequences were related to 
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Fig 4.1: Pie chart explaning the distribution of Bacterial groups identified from the 
16S rDNA libraries from coastal waters off Marmugao during different 
seasons. Figures are percentages of ribogroups related to different lineages 
of Bacteria 



Table 4.1: Operational taxonomic units (OTUs/ribogroups) of bacterial clones from 
water samples collected off Mormugao. These OTUs were decided by 
grouping individual clones with >97% sequence similarity level. Clones 
designated as PrSur-x, PoSur-x, MoSur-x, are from surface water samples 
collected respectively during premonsoon, postmonsoon and monsoon. 
Similarly, PrBot-x, PoBot-x and MoBot-x are from water samples at 20m 
collected during the above, corresponding seasons. 

Sr.No Ribogroups Total  
clones 

1 
2 
3 

4 

5 

6 

7 
8 

9 

10 

11 
12 

13 

14 

15 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

PrSur47, MoSur80, MoSur112 
MoSur79 
PrSur29, MoSur82 
PrSur15, 41, 102, 113, 115, PrBot59, 62, 102, MoSur81, 
94, MoBot107 
PrBot31, 22, MoSur83, 114 
PrBot97, PoSur2, 7, 12, 18, 82, 101, PoBotl, PoBot 61, 
85, 107, MoSur95 
PoBot60 
PoBot63 
PrSurS, 6, 8, 10, 11, 13, 16, 17, 18, 19, 30, 31, 46, 51, 
52, 56, 57 64, 66, 74, 76, 82, 85, 88, 89, 93, 103, 119, 
121, PrBot18, 22, 27, 29, 30, 36, 41, 43, 44, 47, 48, 58, 
72, 78, 79, 81, 88, 92, 94, 96, 101 105, 106, 107, 108, 
110, 117, PoSurl, 3, 10, 11, 16, 20, 39, 51, 57, 59, 68, 
74, 84, PoBot3l,PoBot62, 91, 98, 99, 106, MoSur57, 87, 
88, 104, 107, 110, 118, MoBot19, 26 
PrBot19, 25, PoSur17, 28, 29, 33, 48, 52, 63, 65, 114, 
PoBot26, 28, 33, 37, 41, 44, 53,PoBot57, 83, 95,116, 
MoSur25, MoBot89 
PoSur36, PoBot3,PoBot56 
PrSur21, 61, 71, 78, PrBot103, PoBotlS,PoBot59, 82 
PrSur35, 44, 68, 106, 118, PoSur14, 61, PoBot21, 
49,PoBot58, 64, MoSur117 
PoSur15, PoBot23, 46,PoBot54, 69, 104, 105, 115 
PrBot3, PoSur26, 40, 56, 102, PoBotS, 8, 30, 
45,PoBot55, 68, 70, 78, 81, 86, 87, 92, MoBot79 
MoSur74, MoBot63 
MoSur31, 33, 50, 51, 53, 71, 75 
MoSur76, MoBot14 
PrBot6, 35, 115, PoSur55, PoBot79, MoSur77, 91 
MoSur78 
MoSur14, 47,MoSur70 
MoSur4l,MoSur69 
MoSur68 
MoSur55, 60, 61,MoSur73 
MoSur72 
PrBot61, PoSur4, 8, 9, 13, 22, 34, 44, 75, 78, 79, 80, 81 

3 
1 
2 

11 

4 

12 

1 
1 

84 

24 

3 
8 

12 

8 

18 

2 
7 
2 
7 
1 
3 
2 
1 
4 
1 
23 



27 
86, 111, 117, PoBot9, 50,PoBot52, 67, MoSurl 9, 27, 97 
PoSur23, 25, PoBot2,PoBot51, 75, 103, 118 
PoSur37, 46, 69, 73, 77, 85, 94, 95, 97, 98, 104, 107, 

7 

28 108, 109, 110, 113,PoBot6, 25, 42,PoBot48, MoSur5, 
20, MoBot4, 34, 64, 69, 95, 101, 102, 104, 106, 110 

32 

29 PoBot47,PoBot96 2 
30 

31 

MoSur34, 46, MoSur66, 
PoSur19, 53 
MoSur67 

3 

3 

32 PrSur48, 87, PoBot35, MoSur64, MoBot59 5 
33 MoSurl3, 17, 35, 39, MoSur65, 5 
34 MoSur62 1 
35 MoSur63 1 
36 PrBot71, MoSur58, 93, MoBot29, 51, 54, 6 
37 MoSurl8, 32,MoSur59 3 
38 PrBot100, PoSur105, PoBot80, MoBot67 4 
39 PrSur3,PrSur77, 81, 97, 107, 2, 39, 42, 68, MoSur101 11 
40 PrSur80, PoBot108 2 

41 

42 

PrSur50, 60,PrSur79, 94, 100, PrBot38, PrBot63, 
PoSur27,PoSur90, PoBot117 
PoBot74 

10 

1 
43 PrSur84, PrBot52 2 

44 

45 

PrSur59, 120, 123, PrBot14, PoSur60, PoSur103, 
PoBot13, PoBot76 
PrSur83 

8 

1 
46 PoBot77, MoSurl, MoBot5, 30, 55, 83 6 
47 MoSur54 1 
48 MoSur56, 111 2 
49 PrSur86 1 
50 MoSur52, MoBot36, 40, 41, 45, 52, 60 7 
51 MoSur49 1 
52 MoSur48 1 
53 PoBot73 1 

54 

55 

PrSur36, PrBot51, 55, PoBot72, 119, MoSur120, 
MoBotl 00, 
PoBot71 

7 

1 
56 PoBot65 1 
57 PoBot66 1 
58 MoSur44 1 
59 MoSur38,MoSur45 2 
60 MoBot56 1 
61 MoBot57 1 
62 PoBot100 1 
63 PrSur2, 116, 122, PoSur62, PoBot101 5 
64 PoBot93,PoBot102 2 

65 
PrSurl, 25, 43, 55, 92, 98, 111, PrBot16, 24, 26, 32, 60, 
PoSur30, 72, 116, PoBot14, 70,PoBot97, 110, 
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MoBot84 
66 MoBot62 1 
67 MoSur2, MoBot6,MoBot58, 81, 93, 114 6 

68 PoBot113, 114, MoSur4, 8 
MoBot13,MoBot61, 66, 70, 71, 118 10 

69 PrSur75, PrBot49, 66, PoBot94 4 
70 MoBot46, 47, 48, 53 4 
71 MoBot44 1 

72 PrSur23, 34, 42, 109, PoSur64, 76, 100, PoBot89, 90 
MoBot37, 38, 96 12 

73 

74 

PrSur32, 112 ,PoSur88,PoBot16, 84,PoBot88, 
MoSur115, 
MoSur3, MoBot3,MoBot50, 85, 98, 123 

7 

6 
75 PrSur9, 12, 49, 58, PrBot4, 29, 64, PoBot120, MoBot49 9 
76 PrBot53, MoBot74 2 
77 PrBot91, 95, PoBot109, MoBot75,MoBot105 5 
78 PrBot75, MoBot76 2 
79 PrBot54, MoBot77 2 
80 PrSur101, PoSur24, 89, MoBot78 4 
81 MoSur102 1 
82 PrBot33,MoSur103 2 
83 MoSur98 1 
84 MoSur97 1 

85 

86 

PrSur63, 104, 114, PrBot15, PrBot77, PoSur106, 
PoBot36, MoSur100, MoBot91 
MoSur99 

9 

1 
87 MoSur96 1 
88 MoBot80,PoBot112 2 
89 MoBot82,PrBot57 2 
90 PrBot28, PoSur70, PoBotl 11, MoBot90, 4 
91 MoBot35,MoBot68 2 
92 MoBot65,MoBot99 2 
93 PrSur39, 70, 90, PoSur66, MoSur92 5 
94 MoSur90 1 
95 PrBot104, 113, MoSur89 3 
96 MoSur86 1 
97 MoSur85 1 
98 MoSur84 1 
99 PrBot74, MoBot72 2 
100 MoSur9, MoBot2, 43,MoBot73, 88, 121 6 
101 PrSur4, 26,PrSur33, 37, 72, PrBot12 6 
102 PrBotl 1 
103 PrSur40, 69, 108, PoSur42 4 
104 PrSur38 1 
105 PrSur117, PoBot12, 24 3 
106 PrBotl 0 1 
107 PrSur45, PoBotl 1 2 



108 PrSur20 , 73, PrBot9, 98, 111, MoSur109 6 
109 PrSur53, PrBot8,PrBot40 3 
110 PrBot7 1 
111 PrBot13 1 
112 PrBotl 1 1 
113 PrBot5,PrBot46 2 
114 PrBot23 1 
115 PrSur14, PrBot21, PrBot80 3 
116 PrBot20 1 
117 PrBot17 1 
118 PoSur5, PoSur41, PoBotl9 3 
119 PoSur43 1 
120 PoSur32, PoSur35, 58 3 
121 PoSur38 1 
122 PrSur22, PrBot116, PoSur71 3 
123 PrSur27 1 
124 PrBot27 1 
125 PrSur7, PrSur24 , 67, 99, PrBot34, 39 6 
126 PrSur28 1 
127 PrBot37, PoSur21 2 

128 

129 

PrSur65,PrSur96, PoSur45, 54, 87, 99, 112, 
MoSur40,MoBot92 
PoSur119 

9 

1 
130 PoSur118 1 
131 PoSur120, MoBot113 2 
132 PoSur115, PoBot38 2 
133 PrBot45 1 
134 PrBot50 1 
135 PoBot10, 18, MoSur37 3 
136 PoSur49, 92, PoBot4, MoBot21 4 
137 PoSur83, PoBot7 2 
138 PoSur31 1 
139 PrBot56 1 
140 PrSur54 1 
141 PrBot114 1 
142 PoBot20, PoBot40 2 
143 PrBot118 1 
144 PoBot17 1 
145 PrBot67, PrBot120 2 
146 PrBot119, MoBot94 2 
147 PrSur62 1 
148 PoSur6 1 
149 PrBot109 1 
150 PoBot43 1 
151 PrBotll2 1 
152 PoSur91 1 
153 PoBot34 1 



154 PoBot32 1 
155 PrBot99 1 
156 PrBot90,PrBot93 2 
157 PrBot89 1 
158 PrBot84 1 
159 PrBot85 1 
160 PrBot73, 82, PrBot86 3 
161 PrBot87 1 
162 PrBot83 1 
163 PrBot76, MoBot87 2 
164 PoSur96 1 
165 PoSur93 1 
166 PoSur47 1 
167 PrBot65 1 
168 PrSur91 1 
169 PrSur105 1 
170 PoSur67 1 
171 PrSur110 1 
172 PrSur95 1 
173 PoSur50 1 
174 MoSur106 1 
175 MoSur105 1 
176 MoSur108 1 
177 MoSur113 1 
178 MoSur119 1 
179 MoSur116 1 
180 MoSurl 1, MoBotl, 10, 15, 17, 28 6 
181 MOBot24 1 
182 MoBot86 1 
183 MoBot33 1 
184 MoSur6 1 
185 MoSur7, MoBot8, 12, 20, 22, 25 6 
186 MoSur10, MoBot116,MoBot18 3 
187 MoBot31 1 
188 MoSur12,MoSur30 2 
189 MoBot32 1 
190 MoBot27 1 
191 MoBot103 1 
192 MoSurl5 1 
193 MoSurl6 1 
194 MoBot42 1 
195 MoSur23 1 
196 MoSur21 1 
197 MoSur22 1 
198 MoBot39 1 
199 MoBot111 1 
200 MoBot112 1 



201 MoBot109 1 
202 MoBot108 1 
203 MoBotl 1 1 
204 MoSur28 1 
205 MoSur29 1 
206 MoSur24, MoSur43 2 
207 MoSur26 1 
208 MoBot7 1 
209 MoBot9 1 
210 MoBot122 1 
211 MoBot115, MoBot120 2 
212 MoBot119 1 
213 MoBot117 1 
214 MoSur42 1 
215 MoBot23 1 
216 MoSur36 1 
217 MoBot16 1 



Bacteroidetes (98 sequences; —13.5% of good quality sequences), cyanobacteria and 

plastids (45 sequences; —6%), Deltaproteobacteria (18 sequences; —2.5%), 

Planctomycetales (19 sequences; —2.6%), Actinomycetales (18 sequences; —2.5%), 

Verrucomicrobiales (14 sequences) and Betaproteobacteria (3 sequences). 

4.3.1.1 Alphaproteobacteria 

As many as 64 ribogroups clustered in to the subclass Alphaproteobacteria 

(Fig 4.2). Ribogroups similar to SAR11 cluster (12 OTUs; 128 clones; 17.6%) and 

Rhodobacterales (34 OTUs; 107 clones) were predominant among the sequences 

clustering within Alphaproteobacteria. Among the Rodobacteriales the Roseobacter 

Glade was predominant (25 ribogroups; 58 sequences). The ribogroup PoBot48 (32 

sequences), 99% similar to Loktanella sp, was the most abundant of Roseobacter 

Glade. Ribogroup MoSur65 (5 sequences) was 100% similar to Hyphomonas 

jannaschiana. The clones that clustered within SAR11 Glade were highly similar to 

other SAR11 clones obtained from different geographic locations e.g. Sargasso Sea, 

San Pedro Ocean and Delaware Bay (Brown et al., 2005; Shaw et al., 2008; Venter et 

al., 2004). 

Ribogroup PoBot62 (with 84 good quality sequences) aligning into SAR 11 

cluster, was the most abundant ribogroup. It was 100% similar to the metagenomic 

sequence from Sargasso Sea (Venter et al., 2004). Ribogroup PoBot76 (8 sequences), 

88 (7 sequences) were related to the sequences obtained from marine waters 250 

miles away from Panama city (Shaw et al., 2008). 

Four ribogroups, PoBot4, 100, PrBot37 and PrBot83, were monophyletic 

origin with the uncultured Alphaproteobacterium clone (Accession no. AF24564) 

related to SAR106 cluster (Fuchs et al., 2005). In addition, many sequences clustering 

into SAR106 cluster were related to the sequences obtained from marine water 250 

miles away from Panama City (Shaw et al., 2008). 

Ribogroup MoBot33 (one clone) was 97% similar to Parvularcula 

bermudensis represented the order Parvularculales. Ribogroups PrSur86 (one clone) 

and PoBotlO (3 clone) were monophyletic with Sphingomonadales. Ribogroup 

PoBot10 was 100% similar to Erythrobacter flavus strain SW-52 (Yoon et al., 2003). 
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Fig 4.2: Neighbor-joining phylogenetic tree of Alphaproteobacteria inferred from 
16S rRNA gene sequences from Mormugao water samples. Values at nodes 
are the percent occurrence of the sequences in the same cluster (Bootstrap 
values <50% are not shown). Figures in parentheses are the number of 
clones related to that particular ribogroup. Scale bar represent the 2% 
nucleotide substitution. Burkholderia sp. S-2 was used as the out group. 
Clones designated as PrSur, PoSur and MoSur are from surface water 
samples collected respectively during premonsoon, postmonsoon and 
monsoon. Similarly, PrBot, PoBot and MoBot are from water samples at 
20m collected during the above, corresponding seasons 

Fig 4.3: Neighbor-joining phylogenetic tree of Gammaproteobacteria inferred from 
16S rRNA gene sequences from Mormugao water samples. Values at nodes 
are the percent occurrence of the sequences in the same cluster (Bootstrap 
values <50% are not shown). Figures in parentheses are the number of 
clones related to that particular ribogroup. Scale bar represent the 2% 
nucleotide substitution. Rhodobacter gluconicum was used as the out group. 
Clone designations from different samples are the same shown in the legend 
for 4.2 
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Seven ribogroups (PrSur110, PoBot34, 47, MoSur63, MoBot23, 56, 73, 77 and 82,) 

did not show close similarity with any of the previously defined Glade within 

Alphaproteobacteria. These ribogroups are named 'unclassified Alphaproteobacteria'. 

4.3.1.2 Gammaproteobacteria 

As many as 62 ribogroups represented class Gammaproteobacteria in 20 

lineages (Fig 4.3). The phylogentic relationship between the order Alteromonadales 

and Oceanospirillales were particularly very complex. For example, ribogroup 

MoSur85 which was very similar to Ferrimonas sp. was not showing the 

monophyletic origin with Marinobacter sp. CAB. This was also true for the order 

Oceanospirillaes where ribogroups PrBot93 and MoBot61 similar to Alcanivorax sp. 

and Halomonos sp. respectively were not showing monophyletic origin. 

There were as many as six clusters of Alteromonadales, named in this study as 

Alteromonadales I to VI. Alteromonadales I, includes two ribogroups MoSur96 (one 

clone) and PrBotl 1 (one clone) with 93% and 100% similarity with the bacteria 

associated with marine eukaryotes (DQ269073). Three ribogroups MoBot50 (six 

clones), MoSur6 (one clone) and MoBot120 (two clones) represented 

Alteromonadales II cluster. These ribogroups were showing close similarity with 

Marinobacter sp. Ribogroup MoBot120 has 100% sequence similarity with 

denitrifying bacteria Marinobacter sp. CAB (Rontani et al., 1997). The ribogroup 

PoSur91 (one clone) aligning into Alteromonadales III also bears 100% similarity 

with Maronobacterium jannaschii (Satomi et al., 1998). Four ribogroups, with 30 

good quality sequences, represented the Alteromonadales IV cluster. These 

ribogroups were monophyletic with Alteromonas sp. With 18 of the 30 good quality 

sequences forming this cluster, the ribogroup PoBot55 was the most dominating 

ribogroup. Also it is 100% similar to Alteromonas sp. (Morris et al., 2008). 

Alteromonadales V cluster included five ribogroups: PoBot77 (Six clones), PoBot61 

(12 clones), PoSur31 (one clone), PoSur50 (one clone) and PoBot60 (one clone). 

Among them PoBot77 and PoBot61 are 100% similar to Idiomarina loihiensis strain 

GSP37 and Pseudoalteromonas sp01/121 (Gamier et al., 2007) respectively. 

Ribogroup MoSur85 (one clone) is monophyletic and 96% similar to recently cultured 

bacterium Ferrimonas sp. A3B-64-2 (Katsuta et al., 2005) represented 

Alteromonadales VI. 
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Fig 4.3 
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Three clusters of Oceanospirrilales paraphyletic in origin are named in this 

study as Oceanospirillales I to III. Ribogroup PrBot93 (two clones) 100% similar to 

Alcanivorax sp Oha - 1 (AB053130) represented Oceanospirillales I. The second 

cluster is represented by three ribogroups (PrBotl, 109 and MoBot9 with one clone 

each). Ribogroup PrBotl is 100% similar to Oleiphilus messinensis. With 20 good 

quality sequences forming five ribogroups aligned into cluster Oceanospirillales III. 

The ribogroups PoSur96, 118 (one clone each) and MoBot61 (10 clones) are 

monophyletic with Halomonas sp. Ribogroups PoBot51 (7 clones) and MoSur90 (one 

clone) were monophyletic in origin with the recently cultured species Spongiispira 

norvegica (Kaesler et al., 2008). 

Thiotrichales, Vibrionales and Xanthomonadales and Legionellales were 

represented by one ribogroup each. Among these the ribogroup PoBot57 

monophyletic with Vibrio sp. is by far the largest with 24 clones. 

The widely distributed uncultured clusters of Gammaproteobacteria such as 

SAR86, SARI 56 and 0M60 were also present in the libraries. Forty three good 

quality sequences 6% of total), forming nine ribogroups (PrSur79, PrBot76, 97, 

112, 120, MoSur108, 92, 119 and, MoBot86) clustered within SAR86 cluster. Clones 

related to ribogroups PoBot97 (20 clones) and PrSur79 (10 clones) were dominant 

among those aligning with SAR86. These ribogroups are >98% similar to 

metagenomic sequences obtained from Sargasso Sea (Venter et al., 2004). Two 

ribogroups PoBot101 (5 clones) and MoSur58 (6 clones) represented the uncultured 

cluster 0M60. SAR 156 cluster was represented by only one ribogroup, PrSur117, 

with just three clones. 

As can be seen in the Fig 4.3, eleven ribogroups of the present study bear 

higher similarity with environmental sequences from wide geographical locations and 

ecological niches. For example, with the bacteria associated with Mediterranean 

sponges, hot spring , Northern Arabian Sea (Fuchs et al., 2005), Yellow Sea sediment 

and Sargasso Sea metagenomic sequences. Since these groups did not cluster with 

previously defined clusters of Gammaproteobacteria, they are designated as 

unclassified Gammaproteobacteria (UGP) I to IV. Most of the ribogroups in these 

clusters were represented by one or two clones but interestingly Ribogroup PoBot72 
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of UGPII and MoBot58 of UGP IV had seven and six clones respectively, indicating 

the presence of some novel Gammaproteobacterial clusters in Arabian Sea water. 

4.3.1.3 Deltaproteobacteria 

In all, 12 ribogroups from all six libraries clustered into class Deltaproteobacteria (Fig 

4.4). These ribogroups were represented by 7 distinct clusters with high bootstrap 

values. Ribogroup MoBot75 (5 clones) was the most prominent aligning into 

Deltaproteobacteria. It was monophyletic with SAR276. Another ribogroup MoBot82 

(2 clones) was also monophyletic with SAR276. 

MoSur84 and Mosur98 aligning into the class Bdellovibrionales, are 100% 

similar to Bacteriovorax sp DA5 (Wen et al., 2009) and Bacteriovorax sp GSL4B1 

(Pineiro et al., 2004). Ribogroup PrSur62 only 90% similar but was monophyletic 

origin with mesopelagic Antarctic fosmid clone (Moreira et at, 2006). 

Seven ribogroups did not show monophyletic origin or high similarity with 

previously defined deltaproteibacterial groups. These clusters are named as 

Unclassified deltaproteobacteria (UDPB) I to IV. Ribogroups MoBot108 (1 clone), 

PoSur120 (two clones) and MoSur99 (1 clone) clustered in UDPB I and are 

monophyletic in origin with the order Myxococcales with low boot strap values. 

Ribogroup PoSur120 (two clones) and MoSur99 (1 clone) were >99% similar to 

sulphate reducing bacterial clone from microbial mat (DQ109930) and Coco's Island 

clone (EF574773). Ribogroups MoSur105 represented UDPB II was 99% similar to 

Arabian Sea clone from another study (Fuchs et al., 2005).UDPB III included two 

ribogroups MoBot27 and PrBot7 which are monophyletic with mangrove soil clone 

(DQ811796). Ribogroup MoSur113 clustered in UDP IV is 100% similar to soil 

microbial clone (EF516682). 

4.3.1.4 Betaproteobacteria 

Only three ribogroups namely, PrSur6, MoSur116 and PoBot63 (one clone each) from 

all the six libraries represented the class Betaproteobacteria (Fig 4.4). All the 

ribogroups are monophyletic in origin with members of order Burkhoderiales. 

Ribogroup PoBot63 is 100% similar to Janthinobacterium sp. (AJ864846). It is 
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apparent that members of this class are very less in numbers compared to Alpha- and 

Gamma- proteobacteria in these coastal waters. 

4.3.1.5 Bacteroidetes 

Total 29 ribogropus represented the phylum Bacteroidetes (Fig 4.5). Most of the 

clones aligning into this class are monophyletic with order Flavobacteriales and 

Sphingobacteriales. Members of Flavobactriales (20 ribogroups; 74 clones) were 

more abundant than those aligning with Sphinngomonadales (6 ribogroups; 21 

clones). Three ribogroups: MoBot117, PrSur27 and, PrBot99 (one clone each) did not 

show high similarity with previously described orders of Bacteroidetes. They are 

named as unclassified Bacteroidetes I and II. 

Ribogroups PrSur77 (11 clones), MoBot49 (9 clones), MoSur100 (9 clones) 

and PrSur24 (6 clones) was more abundant among the ones clustering within 

Flavobacteriales. These clones are 100% similar to the 16S rRNA gene sequences 

retrieved from metagenomic sequence from Sargasso Sea (Venter et al., 2004); from 

those 250 miles away from Panama City (Shaw et al., 2008) and clones from off 

Coco's Island (EF574723, EF575134, EF574309 etc.). 

Some ribogroups bear 100% similarity with the cultured members of 

Flavobacteriaceae. For example, ribogroups MoSur70 (3 clones) and MoBot119 are 

100% similar to the cultured flavobacterial species Muricauda aquimarina strain SW-

72 from Korean salt lake (Yoon et al., 2005) and Aequorivita capsosiphonis (Park et 

al., 2009) respectively. 

Among clones aligning into Sphingomonadales, the ribogroup PoBot59 with 8 

clones is 100% similar to Sargasso Sea sequence (Venter et al., 2004). Ribogroup 

MoBotl (6 clones) is 100% similar to the cultured species Roseivirga spongicola (Lau 

et al., 2006). 

4.3.1.6 Cyanobacteria 

The phylogeneitc tree of the ribogroups aligning with Cynalobacteria (Fig 4.6) is 

comprised of 45 clones forming nine ribogroups. These ribogroups aligned into three 

distinct clusters namely Chlorococcales, Plastids and Eukaryotic Chlorophyta. 
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Ribogroup PoBot52 with 23 clones is the most dominant This ribogroup is 99% 

similar to the eukaryotic chlorophyte, Mantoniella squamata (Fuller et al., 2006a). 

Ribogroup PrSur65 (9 clones) is 99% similar to Synechococcus sp (West et al., 2001). 

Sequences related to Prochlorochoccus sp. were not present in all libraries. The 

plastid cluster included three ribogroups PrBotl 11 (4 clones), PrSur105 (1 clone) and 

PrSur84 (1 clone). These ribogroups were >98% similar to Arabian Sea eukaryotic 

phototrophic clones from another study (AY702172-74). 

4.3.1.7 Other Bacterial Groups 

Members 	of 	Planktomycetales, 	Actinomycetales, 	Acidobacteriales, 

Verrucomicrobales, Bacillales and Chloroflexi were also present in the libraries (Fig 

4.7). Most of the ribogroups related to these groups were represented by one or two 

clones indicating that the members related to this order are present in coastal waters 

but are less abundant compared to Proteobacteria. Ribogroups MoSur83 

(Verrucomicrobales) and MoSur10 (Bacillales) were represented by four and three 

clones respectively. Ribogroups related to Bacillales (4 clones) were present in 

libraries from monsoon samples. Some previously defined uncultured bacterial 

clusters SAR432 (Venter et al., 2004), EF100-108A04 (Suzuki et al., 2004), TM7 

were also present. Ribogroup PoSur115 (12 clones) present in all the six libraries 

represented the SAR432 cluster. Interestingly, one ribogroup, PrBot9, with 6 clones, 

is 100% similar to bacterial sequences obtained from Arabian Sea (Fuchs et al., 2005) 

and Sargasso Sea (Venter et al., 2004). This ribogroup did not match with previously 

defined bacterial groups and assigned to unclassified bacteria. 

4.3.2 Temporal Variations in BCC 

The percentage of sequences related to Alphaproteobacteria in each library varied 

widely. Seasonal variation in the ribogroups related to Alphaproteobacteria was 

clearly evident. The maximum fraction of this group was observed in the surface 

water sample collected during monsoon. As much as 47.5% of total of monsoon 

season bacterial clone library was constituted by Alphaproteobacteria. In general, the 

percentage of Alphaproteobacterial clones was higher in surface samples. Clones 

related to the most abundant ribogroup PoBot62 were more in numbers during 

premonsoon than during postmonsoon and/or monsoon. Though there were 32 clones 
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that formed ribogroup PoBot48 of this study, it was conspicuously absent in the 16S 

rRNA gene libraries from water samples collected during premonsoon. Similarly, 

ribogroup MoSur65 (5 clones) was exclusively from the surface samples collected 

during monsoon season (Table 4.1). 

The clones of Gamrnaproteobacteria also indicated temporal variations. 

Sequences forming ribogroups PoBot61 and PoBot 55 were 100% similar to 

Pseudoalteromonas sp. and Alteromonas sp. They were more in numbers in water 

samples collected during postmonsoon (see Table 4.1). Ribogroups PoBot97 and 

PrSur79 of SAR86 cluster and Vibrio sp were more numerous during premonsoon and 

postmonsoon. Seven sequences of UGPIV were obtained only from monsoon water 

samples. Ten sequences (forming ribogroup Mobot61) 100% similar to Halomonas sp 

were from only postmonsoon and monsoon samples. Eight of these 10 sequences 

were from the monsoon samples. Temporal variation in 0M60 cluster was also 

observed. This cluster (Fig 4.3) was represented two ribogroups PoBot101 (5 clones) 

and MoSur58 (6 clones). Most of the sequences of MoSur58 were from monsoon 

samples while those of PoBot101 were from premonsoon samples. 

Most sequences of the dominating ribogroup PoBot52 were from samples 

collected during postmonsoon. These sequences were >99% similar to Mantoniella 

squamata. Out of 11 sequences related to Synechococcus sp, six were obtained from 

postmonsoon samples implying Synechococcus sp as the dominating cynaobacterial 

group during that season. 

The percentage of clones related to Phylum Bacteroidetes varied among the 

libraries. The clones of Bacteroidetes were maximum (24.4% of total clones aligning 

with Bacteroidetes) in the surface sample collected during premonsoon and minimum 

(5%) in the surface sample collected during postmonsoon. In the monsoon samples, 

it's clones accounted for 10% and 10.6% in the water samples from surface and 

bottom respectively. The abundance of ribogroups aligning into Bacteroidetes also 

varied during different seasons. Clones forming ribogroup PoBot80 were present in 

all seasons, while those forming ribogroup PoBot59 were present in water samples 

collected during pre- and post- monsoon. 
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Ribogroups PrSur24, 33, 40, and 77, related to Order Flavobacteriales were 

present only in libraries of premonsoon water samples. Ribogroup MoBotl (6 

sequences) related to Sphingomonadales was present exclusively in water samples 

collected during monsoon. 

4.3.3 Statistical Analysis of Libraries 

The numbers of OTUs - defined using 97% sequence similarity- obtained 

from each library are given in Table 4.2. This The Good's coverage (Good 1953) 

estimate indicated that the sampling plan detected the coverage between 82 and 50% 

of the OTU richness of BCC during different seasons (Table 4.2). The coverage was 

the highest for premonsoon surface water (82.11%). The estimator indicated very low 

coverage in the both libraries (-50%) during monsoon. Maximum numbers of OTUs 

were obtained from surface water samples collected during monsoon. Only 31 OTUs 

were obtained from premonsoon surface water samples collected during premonsoon. 

The bacterioplankton diversity and richness were compared using Schaor and 

SALE estimates. These estimators suggest high richness of bacterial species during 

monsoon season. On comparing the libraries depth-wise, the estimated richness was 

higher for bottom waters samples during all the seasons. As many as 496 OTUs were 

estimated from monsoon bottom water samples collected during monsoon. Only 263 

OTUs were estimated from bottom water samples collected during premonsoon 

(Table 4.2). The bacterial communities also exhibit increased species richness in 

monsoon season than either during premonsoon or postmonsoon. 

The rarefaction analysis was done for the comparing the sampling effort and 

phylotype obtained (Fig 4.8). It clearly indicated that none of the libraries reached to 

asymptotic plateau. This is implying the very high diversity of bacteria in these 

tropical waters. Further, the steeper slope of monsoon samples is also an indication of 

increased bacterial richness during monsoon. 

The OTUs common between the libraries was quantified using SONS program 

and, nonparametric estimates of all six libraries obtained by this analysis are listed in 

Table 4.3. In essence, the community structure at the surface and bottom water was 

not similar during any given season. The Venn diagrams (Fig 4.9) explain the 
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Table 4.2 - Derived estimates of bacterial sequence diversity in the water samples off 
Mormugao. DOTUR were used for these analyses on bacterial libraries 
during different seasons and depth. 

Bacterial 
library 

Clones 
sequenced 

(n) 
OTUa  H' Schap CACE 

% Good's 
coverage 

Premonsoon 
Surface 123 31 3.2 (3 - 3.2) 99 (60 - 220) 68 (52-110) 82.11 
(PrSur) 

Premonsoon 
Bottom 120 65 3.6 (3.4 - 3.9) 155 (107 - 263) 180 (120-307) 60.83 
(PrBot) 

Postmonsoon 
Surface 120 44 3.3 (3.1 - 3.5) 74 (55 - 125) 94 (65-165) 79.16 
(PoSur) 

Postmonsoon 
Bottom 120 53 3.5 (3.3 - 3.7) 98.1 (71 - 164) 111 (79-185) 73.33 
(PoBot) 

Monsoon 
Surface 120 81 4.2 (4 - 4.4) 199 (139 -320) 263 (175--432) 50 
(MoSur) 
Monsoon 

Botton 123 69 3.9 (3.8 - 4.1) 251 (147-496) 231 (149-394) 58.54 
(Mobot) 

a - The OTUs and coverage are defined at a DNA distance of 0.03. H' - Shannon-
Wiener diversity index; Schao _ Chao richness estimate OTUs; CACe Ace richness 
estimate of OTUs; The numbers in parentheses are the ranges at the 95% confidence 
interval. 
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0.74 
(0.13) 
0.67 

(0.16) 
1.00 

(0.18) 
0.86 

(0.19) 
1.00 

(0.09) 
0.94 

(0.09) 
0.90 

(0.15) 
1.00 

(0.13) 
0.47 

(0.22) 

0.78 
(0.06) 
0.29 

(0.08) 
0.20 

(0.07) 
0.26 

(0.08) 
0.07 

(0.03) 
0.46 

(0.09) 
0.18 
0.06) 
0.14 

(0.04) 
0.17 

(0.05) 

0.77 
(0.18) 
0.33 

(0.12) 
0.19 

(0.07) 
0.67 

(0.19) 
0.36 

(0.21) 
0.81 

(0.12) 
0.22 

(0.11) 
0.47 

(0.21) 
1.00 

(0.12) 

Table 4.3- Nonparametric estimates of Bacterial library-comparisons using SONS at 
an OTU of 0.03 distance 

Libraries from 
different water 
samples*  

A 

  

Estimated value? 

Uest Vest 
SA 

Jclass Ashared Bshared 
BChaol 

*Clones designated as PrSur-x, PoSur-x, MoSur-x, are from surface water samples 
collected respectively during premonsoon, postmonsoon and monsoon. Similarly, 
PrBot-x, PoBot-x and MoBot-x are from water samples at 20m collected during the 
above, corresponding seasons. 
# derived by following Schloss and Handelsman (2006). The numbers in parentheses 
under Uest and Vest are standard errors at 95% confidence interval. 
Uest  and Vest, the fractions of sequences from libraries A and B, respectively, that 
belong to a shared OTU; S A B chao , estimated no. of shared OTUs; Jciass, the classic 
Jaccard similarity index; Ashared,  the ratio of shared OTUs to the total number of OTUs 
in library A; Bshared, the ratio of shared OTUs to the total number of OTUs in library B. 
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estimated number of OTUs (Seim) and shared OTUs (SABchao)  between surface and 

bottom water libraries during each season. The similarity was maximum during 

premonsoon (Oyc value= 0.78) and minimum during monsoon (Oyc value= 0.17). The 

estimated number of shared OTUs (SAB ehao) was 42 and 87 between PrSur vs PrBot 

(Fig 4.9a) and MoSur vs MoBot (Fig 4.9c) libraries respectively. On comparing the 

surface water communities with each other using SONS program, the difference was 

evident. The Jclass value between PrSur and PoSur was 0.19, suggesting that both 

communities were quite dissimilar. This was further supported by low Ow value 

(0.29). The Jciass values for PrSur vs MoSur and PoSur vs MoSur were 0.12 and 0.10, 

Oyc value for these comparison were 0.20 and 0.18 respectively. Very low values of 

Jciass  clearly indicate the difference in the community structure in the surface water 

during different seasons. The bacteria community structure in bottom waters also 

showed the variation during different seasons. The J e lass  value for PrBot vs MoBot was 

0.19. 

4.4 Discussion 

As noted previously, an assessment of the composition of bacterial community 

structure is a pre-requisite for recognizing the possible functional roles by bacteria. 

Using the existing information from culture dependent assays on nutritional versatility 

of bacterial species amenable to culturing in the laboratory, the culture-independent 

phylogenetic analyses such as the one undertaken for this work are useful efforts for 

an understanding of the bacterial roles in natural environments. Alphaproteobacteria, 

Gammaproteobacteia, Bacteroidetes and Cyanobacteria (including plastid sequences) 

were the predominant phyla in the water samples off Mormugao. The members of 

Deltaproteobacteria, Betaproteobacteria, Actinomycetes, Planctomycetes, and 

Verrucomicrobiales were also present. This finding is consistent with the previous 

study in the Arabian Sea off Oman coast (Fuchs et al., 2005; Riemann et al., 1999) 

from where these authors have reported that the dominating sequences are affiliated to 

Alphapreoteobacteria and Gammaproteobacteria. Fuchs et al., (2005) have also 

reported the presence Deltaproteobacteria, Betaproteobacteria, Actinomycetes, 

Planctomycetes, Verrucomicrobiales from the Arabian Sea. Several studies have 

shown substantially large bacterial diversity in the coastal waters (Fuhrman and 
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Hangstrom; 2008) comprising Alphaproteobacteria, Gammaproteobacteria and 

Bacteoridetes as the major components of BCC. 

The SAR11 cluster within Alphaproteobacteria is genetically diverse and, the 

most abundant Glade (Giovannoni et al., 1990; Rappe and Giovannoni, 2003). In this 

study, SAR11 was abundant during premonsoon and sparse during monsoon. This 

observation is also in congruence with many previous reports (Campbell et al., 2008; 

Carlson et al., 2009; Eiler et al., 2009; Morris et al., 2002) wherein the spatial and 

temporal dynamics of SAR11 is accredited to be tightly coupled with seasonal mixing 

and summer stratification (Carlson et al., 2009; Morris et al., 2005). Leucine 

incorporation assay indicate that the members of SAR11 contribute significantly to 

secondary production (Villa-Coasta et aL, 2007). Further, participation in the 

assimilation of glucose, amino acids, protein and dimethylsulfoniopropionate has 

been also reported by members of this cluster (Malmstrom et al., 2005; 2005; Alonso 

and Pernthaler, 2006; Villa-Coasta et al., 2007). 

Clones related to Reoseobacter Glade were more abundant during monsoon 

season during this study. This is not unusual as Roseobacter Glade has been reported 

to be the frequently observed one from coastal and open ocean regions (Brinkhoff et 

al., 2008; Buchan et al., 2005). Further, higher numbers of sequences are reported 

from coastal waters when compared to open ocean waters (Buchan et al., 2005). 

Memebers of this Glade are aerobic phototrophs and contain bacteriochlorophyll a. 

This group is known to take part in the transformation of dimethylsulfonylpropiniate 

(DMSP) (Brinkhoff et al., 2008; Buchan et al., 2005). As the clones of Roseobacter 

from this study are 100% similar to Loktanella sp (EU143344) members of which 

have been recently isolated from the beach sand of Korea (Moon et al., 2009) and 

seawater off Japan (Hosoya and Yokota, 2007), it is possible to suggest that the 

observed abundance of this Glade is indicative of its significant functional role in our 

coastal ecosystems. 

Rappe et al., (2002) have suggested that SAR11 clusters are more adapted for 

oligotrophic waters and are typically of open ocean water regimes. In the oligotrophic 

coastal waters, the abundance of Roseobacter Glade was observed during chlorophyll 

a rich seasons, under the influence of coastal upwelling (Alonso-Saez et al., 2007). In 

contrast, this study brings out new information that Roseobacter can thrive during 
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monsoon season which is characterized by high nutrient concentrations in the coastal 

water (Naqvi et al., 1998; 2000) in the study area. Recent studies have also indicated 

an increase in metabolic activities in Roseobacter which compete with SAR11 for 

nutrient resources (Alonso and Pernthaler, 2006). 

The abundance of SAR86 was high during premonsoon, intermediately during 

postmonsoon and very low during monsoon. Members of SAR86 are the ubiquitous 

members of Gammaproteobacteria and are abundant in marine bacterioplankton 

(Acinas et al., 1999; Eiler et al., 2000; Fuchs et al., 2005; Mullins et al., 1995). The 

abundance of SAR86 was high during premonsoon, intermediate during postmonsoon 

and very low during monsoon. This observation is useful to indicate that members of 

SAR86 also exhibit seasonal variations and, high nutrient conditions in coastal water 

might cause a reduction in the abundance of this group. 

The clones related to SAR156 have been reported earlier from the Arabian Sea 

waters (Fuchs et al., 2005). Members of the genus Vibrio are ubiquitous and abundant 

in marine environment. As such, many studies routinely report the abundance of 

culturable populations of vibrios (Thompson et al., 2004), which are also reported 

from the coastal waters off Goa (Ramaiah et al., 2007 and references therein). Twenty 

four clones related to Vibrio sp obtained from the water samples indicate the 

abundance of this group in coastal water in particular during monsoon. 

In this study, 100% similarity of many ribogroups with the cultured members 

of Gammaproteobacteria was observed. These ribogroups were identical in their 16S 

rRNA-gene with Alteromonas sp, Pseudoalteromonas sp, Idiomarina sp, 

Marinobacter sp, Halomonos sp, Aclanivorax sp, and Ferrimonas sp. This is useful to 

suggest that that cultivable Gammaproteobacteria are quite preponderent in these 

coastal waters. In marine ecosystems, large proportions of Pseudoalteromonas sp are 

reported in association with marine eukaryotic organisms (Barbieri et al., 2001; Gillan 

et al., 1998). 

The 0M60 Glade of Gammaproteobacteria has been identified from 16S PCR 

(Fuchs et al., 2005) and metagenomics (Venter et al., 2004) and SSU colony 

hybridization surveys (Pham et al., 2008). This group is more abundant in coastal 

waters compared to open ocean waters (Yan et al., 2009). The presence of two 
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ribogroups (with 5 or more clones) during different seasons indicates a useful role of 

these ribogroups in the biogeochemical processes. 

Bactroidetes thrive in a variety of marine environments including coastal and 

offshore waters (Alonso et al., 2007; DeLong et al., 2006; Eilers et al., 2001; 

Kirchman et al., 2003; Zukbov et al., 2002). Most of the ribogroups of Phylum 

Bacteroidetes recorded during this study are related to Flavobacteria and abundant 

during premonsoon. Using Fluorescence insitu hybridization (FISH) Cottrell and 

Kirchman (2000) have also reported that Bacteoridetes as the most abundant group in 

coastal pelagic habitats. Members of this phylum play an important role in the 

degradation of complex and polymeric organic matter (Kirchman, 2002). The 

sampling site of this study is characterized by higher abundance of diatoms (Parab et 

al., 2006) during premonsoon. Apart from the fact that some ribogroups of 

Bactroidetes could exist in attached forms with phytoplankton, they may proliferate 

during or subsequent to diatom bloom formation. High abundances of flavobacteria in 

induced and natural algal blooms have been reported (Grossart et al., 2005; Riemann 

et al., 2000; Simon et al., 1999). Members related to Sphinogbacteriales have also 

shown their presence the coastal waters but are few in numbers compared to 

Flavobacteriales. This observation during this investigation is also in consistence with 

the previous report (Alsonso et al., 2007). 

Cyanobacteria perform oxygenic photosynthesis. Synechococcus and 

Prochlorococcus are the two main groups which have been observed during 16S 

rRNA gene survey (Fuller et al., 2006a; Penno et al., 2006; Scanlan and West, 2002). 

In the Arabian Sea, the distribution of these two groups varies differentially with the 

increasing distance from the coast (Mazard et al., 2004). In this study only 

Synechococcus rRNA gene sequences were obtained. The previous studies have also 

shown that Prochlorococcus are more abundant oligotrophic waters than mesotrophic 

waters (Fuller et aL, 2006a; Zwirglmaier et al., 2008). This can be one explanation for 

the absence of the Prochlorococcus related rRNA gene sequences in the coastal 

location of this study. Similarly, presence of rRNA gene sequences related to 

Prasinophyceae member, Mantoniella squamata, is also consistent with the previous 

report from the Arabian Sea (Fuller et al., 2006b). 

65 



Ribogroups 	related 	to 	Deltaproteobacteria, 	Betaproteobacteria, 

Actinobacteriales, Planktomycetales, Bacillales, Chlorofelxi and Verrucomicrobiales 

confirm the presence of these groups in coastal water. Bacterial members related to 

these orders were few in number but most of them were present in the libraries 

constructed during monsoon. Further some ribogroups from water samples collected 

during monsoon were also showing the close similarity with the Mangrove soil 

(EF125397; 125400; DQ811874) and, deep-sea sediment (EU491188; 491100; 

DQ513065). The monsoon, driving the biogeochemical flux in the Arabian Sea, is 

characterized by the peak river discharges and high load of suspended particles (Rixen 

et al., 2009). Ramaiah et al., (1996) and Ducklow et al., (2001) have reported 

increases in the bacterial abundance and production (hiring monsoon. 

The coverage of clones in the libraries from the monsoon samples was quite 

low compared to premonsoon and postmonsoon samples. This could be due to the 

presence of many groups of bacteria. Statistical analysis of libraries also denoted the 

increase in species richness as well as diversity during monsoon. Further, the steeper 

slope in the rarefraction curves of monsoon samples is also an indication of increased 

bacterial richness during monsoon. So the increase bacterial production can be 

correlated with the increase in the diversity of species as well as abundance. 

The bacterioplankton diversity and richness estimators from this study suggest 

high richness of bacterial species during monsoon season. On comparing the libraries 

depth-wise, the estimated richness was higher for bottom waters samples during all 

the seasons. With as many as 496 OTUs estimated from bottom water samples of 

monsoon and only 263 OTUs from bottom water samples of premonsoon period, it is 

possible to suggest that bacterial communities also exhibit an increased species 

richness in monsoon season than either during premonsoon or postmonsoon. The 

statistical analyses also indicated that the sampling plan detected the coverage 

between 82 and 50% of the OTU richness of BCC during different seasons and the 

coverage was the highest for premonsoon surface water and very low coverage during 

monsoon. This observation is important to suggest that more and more efforts are 

needed to describe the phylogenetic diversity extant in the coastal waters of India. 

In conclusion, the coastal waters off Mormugao, a monsoon-governed location 

in the central west coast of India do exhibit temporal differences in bacterial 
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community composition. Members of SAR11, Roseobacter, SAR86 cluster, 

Synechococcus and falvobacteria are the important fractions of BCC. The 

premonsoon seasons is characterized by the abundance of SAR11, SAR86 and 

Bacteroidetes. Roseobacters become predominant in the monsoon season. Two 

ribogroups of 0M60 cluster were also found to oscillate between premonsoon and 

monsoon seasons. The BCC during the postmonsoon seemed to indicate a transition 

from the high diversity monsoon season to low diversity premonsoon season. It is 

important to note from the rarefaction analysis that more efforts are needed to cover 

the very high diversity of bacteria in these tropical waters. The indicatives, derivations 

and gross observations of this first work on the molecular phylogenetics in the coastal 

marine waters off the central west coast of India are useful to not only highlight the 

existence of a plentitude of phylogentic diversity but also its dynamic shift during 

different seasons. Undoubtedly, a large number of clones are needed to be sequenced 

and analyzed for more emphatic conclusions. 
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Chapter 5 



5. DGGE Profiles of Archaeal Communities 

5.1 Introduction 

The use of molecular tools to decipher the microbial biodiversity has dramatically 

changed our understanding about organisms and their existence in nature. This is 

particularly so for Archaea. Meticulous and extensive analyses of 16S ribosomal RNA 

gene sequences have revealed that Archaea, the third domain of life (Woese, 1987), 

are ubiquitous (DeLong, 1992; Fuhrman et al., 1992) and, align phylogenetically into 

two kingdoms, Euryarchaeota and Crenarchaeota. 

The cultivated Archaea are restricted to the habitats with high temperature, 

extreme values of pH, high salinity or anaerobic environments allowing 

methanogenesis. Inferences from such documentation led to believe that the genetic 

and metabolic diversity of Archaea and their ecological distribution are 'limited' than 

those of Bacteria. However, uncultured archaeal sequences have been recovered from 

marine pelagic/planktonic environments, soils, sediments (Bano et al., 2004; Bintrim 

et al., 1997), and animals (van der Maarel et al., 1998). A decade ago, Kamer et al. 

(2001) concluded that there are 1.3 X 10 28  Archaeal cells (of which ---20% are 

Crenarchaeota) and 3.1 X 1028  bacterial cells in the world ocean. Therefore, the 

expected metabolic capabilities of Archaea must be far greater than previously 

believed. A combination of in-situ hybridization and micro-autoradiography has 

shown that marine Archaea are active and, capable of direct up-take of amino acids 

(Ouverney and Fuhrman, 2001). 

Denaturing gradient gel electrophoresis (DGGE) has been used extensively to 

profile prokaryotic community composition for their spatial and temporal distribution 

patterns in soils and aquatic environments (Duan and Min, 2004; Schafer et al., 2001). 

It is quicker economical and less-labour intensive approach to compare community 

composition in many different samples than sequencing of clone libraries. Although 

DGGE was primarily used for bacterial communities by amplifying fragments from 

16S rRNA genes (Muyzer et al., 1993; Muyzer and Smalla, 1998), lately it has also 

been used to explore the diversity of Archaea (Hoj et al., 2008) as well as specific, 

non-dominant, functional groups of prokaryotes (Bodelier et al., 2005; Nicolaisen and 

Ramsing, 2002). Traditionally, relationships between DGGE profiles and 
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environmental variables have been suggested by tracking the appearance and 

disappearance of bands and linking these to other changes occurring in the ecosystem 

(Riemann et al., 2000). Recently, DGGE profiles have been analyzed using a variety 

of statistical approaches (Fromin et al., 2002; Ramette, 2007) for a better 

comprehension of phylogenetic diversity of prokaryotes. 

In order to elucidate the seasonal and spatial variability of archaeal community 

in the central west-coast of India, the DGGE was adapted. The sole rationale for this 

objective was to recognize if there are differences in their profiles. Through such 

elucidations, it was aimed to explain the temporal, spatial and, vertical patterns of 

DGGE bands of archaeal members in the study area. This first DGGE analysis was 

also aimed to delineate the effect of seasonally changing physical (temperature, 

salinity), chemical (nutrients, dissolved oxygen, pH) and biological (chlorophyll a) 

parameters on the diversity of Archaea detectable by DGGE. 

5.2 Materials and Methods 

5.2.1 Sampling, nutrient analysis, total bacterial counts (TBC) and extraction of 

DNA 

Details of all these aspects are provided in Chapter 3. 

5.2.2 DGGE-PCR: 

DGGE specific primers for Archaea developed by Ovreas et al. (1997), PARCH 

340F: 5 '-CC C TACGGGG(C/T)GCA(G/C)CAG 	and PARCH 934R: 5'- 

GTGCTCCCCCGCCAATTCCT, with GC clamp: 5'- 

TCGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGG (Muyzer et al., 

1993) were used for the amplification of archaeal 16S rDNA. The PCR program for 

DGGE was as follows: 94°C for 30 s, 4 cycles of 94°C for 5 s, 52°C for 1 min and 

72°C for 22 s, followed by 35 cycles of 94°C for 5 s, 52°C for 15 s, and 72°C for 22 s, 

with a final extension of 72°C for 10min (Ovreas et al., 1997). At least three 

independent amplification reactions were carried out on all the 36 extracts to 

maximize the diversity coverage. All the replicates were pooled and amplicons 

checked by electrophoresis through 1.5% agarose gel for amplification. Reaction 
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tubes without template DNA were included as negative controls. The pooled PCR 

products were purified using Qlaquick PCR purification kits as per manufacturer's 

instructions (Qiagen, USA). Each purified PCR product was quantified using nano-

spectrophotometer (Nanodrop, USA). 

5.23 DGGE Analysis 

Details of these analyses are similar to the ones provided in Chapter 3. In brief, PCR 

amplicons of above archaeal primers were used to obtain DGGE fingerprints. DGGE 

was carried out using the D-Code universal mutation detection system and 16 x 16 cm 

plates were used (Bio-Rad, USA). One thousand nanogram of each PCR product was 

loaded on to the DGGE gel. These products were resolved on 6% (w/v) 

polyacrylamide gels (Table 5.1) containing a 40 to 60% denaturing gradient of urea 

and formamide for 16 h at 60°C at a constant voltage of 60 V in 1X TAE. 

Table 5.1: DGGE gel composition 

Denaturing solution 	40% 	60% 

40% Acrylamide/Bis (ml) 	15 	15 

50X TAE buffer (ml) 	2 	 2 

Formamide (ml) 	 16 	24 

Urea (g) 	 16.8 	25.2 

dH2O 	 Upto 100 ml Upto 100 ml 

The gels were stained for 30min in 1X TAE buffer containing SYBR green (1 X of 

10000X, Sigma,USA) and visualized in a UV trans-illuminator. In all, six DGGE 

gels, each with 12 DNA samples were run such that the spatial as well as seasonal 

differences could be delineated. Spatial variation in archaeal communities during each 

season was examined by running all 12 DNA samples on a single gel. Thus, there 

were three gels, one each for premonsoon, postmonsoon and monsoon samples. 

Similarly, temporal variation in archaeal communities from different depths was also 

analyzed by running three separate gels for surface, mid depth and bottom samples. 
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5.2.4 Statistical Analysis of DGGE 

Quantity-one software (Bio-Rad, USA) was used to determine the intensity and 

relative position of each band compared to a composite lane of all sample lanes. 

Analysis of the DGGE gel, finding of the bands was done as described in Chapter 3. 

The gel image was normalized (available with Quantity-one software) with a common 

band present in each lane in a gel. Thereafter the peak intensity for each lane was 

calculated. All further statistical analyses were performed using these values for each 

band. Three way ANOVA was calculated for finding the spatial, vertical and seasonal 

differences in H'. 

Both spatial and temporal variations in archaeal community structure (ACS) 

were analyzed by non-metric dimensional scaling (NMDS) with the function available 

in Primer 5 software. The peak intensity of the bands was square-root transformed and 

the Bray-Curtis similarity indices were calculated. To delineate the effect of 

environmental factors influencing the ACS, the canonical correspondence analysis 

(CCA) was carried out on the data without any transformation. Multivariate statistical 

package (MVSP v3.1; www.kovcomp.com ) was used for this purpose. 

5.2.5 Sequencing of DGGE Bands 

The most prominent bands were excised from the gel and re-amplified using primers 

PARCH F (without GC clamp) and PARCH R. The PCR products were sequenced on 

ABI 31310XL genetic analyzer (Applied Biosystems, USA). All the sequences were 

deposited in GenBank DataBase under accession numbers GQ999841 to GQ999852. 

5.3 Results  

The amplification of the archaeal 16S rRNA gene using DGGE specific primers (Plate 

5.1) indicated the existence of Archaea in all the samples studied. The spatial (Plates 

5.2-5.4) as well as temporal (Plates 5.5-5.7) patterns of DGGE bands indicate both 

seasonal as well as regional differences in the distribution of Archaea along the 

centralwest coast of India. The OTUs (Table 5.2) calculated by using the Quantity-

one software from different locations and depths also ascertain this inference. With 

17, 20, 19 and 21 OTUs respectively off Ratnagiri, Mormugao, Karwar and Bhatkal, 
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Plate 3.2 using DGGE Archaeal primers (PARCH 340E-GC and 934R; 
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the OTUs were more during the monsoon. In general, samples from surface water had 

higher numbers of OTUs. From the DGGE patterns and the number of bands seen 

from each sample, it is clear that the clades of archaeal community are numerically 

substantial in the water column (Plates 5.2 - 5.7). The stronger intensity of a few 

bands in all the samples at the same position on the gels suggests the ubiquity of such 

species/OTUs along the central west coast of India. 

5.3.1 OTUs and Shannon-diversity Index 

The calculated Shannon-diversity Index (H') from different locations and depths is 

listed in Table 5.2. Location- and, season-wise variations in H' is depicted in Fig 5.1. 

In general, the H' at bottom was higher than at other depths. On the annual scale, it 

was higher during monsoon and, more off Bhatkal. In the overall, Pearson correlation 

analysis between mean H'and chl a suggests significant negative correlation (r = - 

0.64; p<0.0001). 

From the three-way ANOVA (Table 5.3), the following inferences can be 

drawn. (a)The difference in the mean values among the different levels of locations 

are not great enough to exclude the possibility that the difference is just due to 

random sampling variability after allowing for the effects of differences in seasons 

and depths. The difference is not statistically significant (P = 0.486). (b)The 

difference in the mean values among the different levels of seasons are greater than 

would be expected by chance after allowing for the effects of differences in locations 

and depths. This difference is statistically significant (P = 0.001). (c)The difference in 

the mean values among the different levels of depths are not great enough to exclude 

the possibility that the difference is just due to random sampling variability after 

allowing for the effects of differences in locations and seasons. The difference is not 

statistically significant (P = 0.096). 

5.3.2 Spatial variations of OTUs 

Location-wise variations in archaeal communities during different seasons (Plates 5.2 

to 5.4) suggest that irrespective of the sampling depths, the profiles differ rather 

widely during pre-monsoon (Plate 5.2) and monsoon (Plate 5.4). During post-

monsoon (Plate 5.3) however, location wise differences were prominent than the ones 
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Plate 5.2: Spatial variations of archaeal communities during premonsoon deciphered 
through DGGE. Sampling locations are: off Ratnagiri, Mormugao, Karwar 
and Bhatkal and sampling depths are 0, 10 and 20m. 
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Plate5.3: Spatial variations in archaeal communities during postmonsoon deciphered 
through DGGE Sampling locations are: off Ratnagiri, Mormugao, Karwar 
and Bhatkal and sampling depths are 0, 10 and 20m. 
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Plate 5.4: Spatial variations in archaeal communities during monsoon deciphered 
through DGGE Sampling locations are: off Ratnagiri, Mormugao, Karwar 
and Bhatkal and sampling depths are 0, 10 and 20m. 
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depth-wise. NMDS analysis (Fig 5.2) also indicates higher distance among the 

samples from different locations than the samples from different depths at a particular 

location. A particular trend in the variation in the community profiles was not 

discernible. However, there was a clear difference in its variation between the samples 

from different locations. The CCA analysis (Fig 5.3) indicated that nitrate, nitrite and 

chrorophyll a were the explanatory variables for the spatial variations in the ACS. 

Axes 1 and 2 together explain >60% variation in all the samples from different 

locations (Fig 5.3). During all the seasons nitrate and nitrite bore positive correlation 

with the ACS. While chlorophyll a correlated negatively. During monsoon, 

phosphate also correlated negatively with the archaeal community. 

5.3.3 Temporal variations of OTUs 

For the elucidation of seasonal effect on ACS, the samples collected from different 

locations and seasons were run together. The DGGE profiles were generated by 

running together the samples from single depth from different locations (Plate 5.5 to 

5.7). In the overall, seasonal difference was more pronounced in terms of the number 

of OTUs from different depths. The NMDS analysis (Fig 5.4) suggests that the 

monsoonal effect on ACS was more prominent at all the depths. The distance between 

the archaeal communities from samples collected during monsoon was lower than that 

during pre- and post- monsoon. The CCA analysis (Fig 5.5) indicated nitrate, nitrite 

and chlorophyll a as the main explanatory variables for the season-wise differences in 

the ACS. In deed, axis 1 itself explains 51.46% variation of ACS. Further, the 

seasonal effect of nitrate was more than that of chlorophyll a. For instance, nitrate 

correlated positively with ACS in the surface water (Fig 5.5a) than did chlorophyll a. 

5.3.4 Taxonomic positions of the bands: A total of 12 bands were eluted from 

DGGE gels and their respective positions are shown in Plates 5.5 to 5.7. The clone 

sequences of these bands were related to marine group I (MG I; bands: 1, 4, 11 and 

12) and MG II (bands: 2, 3, 5, 7, 8 and 10). All the DGGE bands with their GenBank 

database number and matching sequences are presented in Table 5.4. 
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Plate 5.5: Temporal variations in archaeal communities in surface (Om) water 
deciphered through DGGE banding patterns. Samples were collected 
during premonsoon (Pr), postmonsoon (Po) and monsoon (Mo) off 
Ratnagiri, Mormugao, Karwar and Bhatkal. DGGE bands eluted for 
sequencing are numbered (Please see Table 5.4 for sequence details). 
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Plate 5.6: Temporal variations of archaeal communities at mid-depth (10m) 
deciphered through DGGE banding patterns. Samples were collected 
during premonsoon (Pr), postmonsoon (Po) and monsoon (Mo) off 
Ratnagiri, Mormugao, Karwar and Bhatkal. DGGE bands eluted for 
sequencing are numbered (see Table 5.4 for sequence details). 
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Plate 5.7: Temporal variations of archaeal communities at bottom water (20m) 
deciphered through DGGE banding patterns Samples were collected 
during premonsoon (Pr), postmonsoon (Po) and monsoon (Mo) off 
Ratnagiri, Mormugao, Karwar and Bhatkal. DGGE bands eluted for 
sequencing are numbered (see Table 5.4 for sequence details). 



Fig 5.4: Non-metric dimensional scaling (NMDS) of spatial variations inarchaeal 
communities deciphered through DGGE patterns. Samples were collected 
during premonsoon (Pr), postmonsoon (Po) and monsoon (Mo). Sampling 
locations are: off Ratnagiri (R), Mormugao (M), Karwar (K) and Bhatkal 
(B) from surface (A), mid-depth (10m; B) and bottom (20m; C). 
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Fig 5.5: Canonical correspondence analysis (CCA) depicting the ordination of 
archaeal communities due to environmental variables during premonsoon 
(Pr), postmonsoon (Po) and monsoon (Mo). Sampling locations are: off 
Ratnagiri (R), Mormugao (M), Karwar (K) and Bhatkal (B) from surface 
(A), mid-depth (10m; B) and bottom (20m; C). 



Table 5.2: Operational taxonomic units (OTUs) and Shannon diversity indices (H') 
from different sampling locations and depths (Surface- 0.5m, Mid-10m, 
Bottom-20m) during different seasons. Samples were collected along the 
20 m depth contour 

Season 
Sampling 

depth 

Location 
Ratnagiri Marmugao Karwar Bhatkal 

OTUs H' OTUs H' OTUs H' OTUs H' 
Surface 13 2.4 11 2.54 22 2.13 20 2.02 

Premonsoon Mid 16 2.56 17 2.43 18 2.57 29 2.64 
Bottom 17 2.53 18 2.47 18 2.53 20 2.68 
Surface 17 2.56 20 2.66 19 2.73 21 2.77 

Monsoon Mid 14 2.81 24 2.99 21 2.96 27 2.93 
Bottom 13 2.77 17 2.65 22 2.65 21 2.90 
Surface 11 2.66 21 2.55 18 2.75 29 2.76 

Postmonsoon Mid 16 2.90 16 2.44 25 2.35 26 2.77 
Bottom 15 2.71 18 2.58 23 2.59 25 2.68 



Table 5.3: Three way ANOVA of Shannon diversity indices (H') from the study area 
along the central west coast of India 

Source of variation DF*  SS**  MS@ F#  P" 
Locations 3 0.0653 0.0218 0.865 0.486 
Seasons 2 0.637 0.318 12.647 <0.001 
Depths 2 0.145 0.0723 2.872 0.096 
Residual 12 0.302 0.0252 
Total 35 1.538 0.0439 

* Degrees of Freedom;, ** Sum of Squares; @Mean Sum of Squares; #F ratio; "P 
Value; Significant value at 0.1% indicated in bold 



Table 5.4: Sequence details of archaeal DGGE bands eluted from the water samples collected from central coastal waters of India (see Plates 5.5 
-5.7 for corresponding band numbers) 

DGGE 
Band 
No. Accession 

No. Taxonomic Position Most closely related sequence Similarity 

GenBank 
Accession 

No. of most 
closely 
related 

sequence 
1 GQ999841 Marine Group I Marine clone NM202_88 16S ribosomal RNA gene 99 FJ560368 
2 GQ999842 Marine Group II Marine clone GA6 16S ribosomal RNA gene 92 GQ372963 
3 GQ999843 Marine Group II Marine clone GOM_WAl2-2 16S ribosomal RNA gene 99 GQ250670 
4 GQ999844 Marine Group II Marine clone NMO2_45 16S ribosomal RNA gene, 100 FJ560171 
5 GQ999845 Marine Group I Marine clone NM202_78 16S ribosomal RNA gene 99 FJ560359 
6 GQ999846 Uncultured archaea Marine clone GoAQA2 16S ribosomal RNA gene 99 EU263041 
7 GQ999847 Marine Group I Marine clone NM202 66 16S ribosomal RNA gene 100 FJ560349 
8 GQ999848 Marine Group I Marine clone NM202_88 16S ribosomal RNA gene 99 FJ560368 
9 GQ999849 Marine Group II Marine clone ZM201 55 16S ribosomal RNA gene 100 FJ559939 
10 GQ999850 Marine Group II Marine clone ZM202_78 16S ribosomal RNA gene 99 FJ560030 
11 GQ999851 Marine Group II Marine clone 20162Y09 16S ribosomal RNA gene 99 EU237232 
12 GQ999852 Uncultured archaeon Marine clone XMO2_27 16S ribosomal RNA gene 99 FJ559501 



5.4 Discussion 

Although DGGE profiling is a faster, less-expensive and less labor-intensive than 

cloning and sequencing of 16S rRNA genes, it has certain limitations such as 

formation of heterodUplexes, detection of only dominant species and overlapping and 

equal length migration of amplified 16S rDNA sequences from different species 

(Eiler et al., 2003; Iwamoto et al., 2000). Notwithstanding such limitations, 

amplification and analysis of archeal 16S rRNA gene by DGGE have been carried out 

extensively to examine and compare the differences between the archaeal 

communities from different environmental samples such as soil (Nakatsu et al., 2000), 

sediment (Webster et al., 2006) marine waters (Herfort et al., 2007). Since identical 

amounts DGGE PCR amplicons were loaded, the banding pattern and overall spatio-

temporal variability is discernible rather adequately from this effort. 

The replicate running of PCR products confirmed the consistency of the 

archaeal community profiles and helped elucidating seasonal variations. This aspect is 

clear from the fact that the same set of amplicons from a single depth from different 

sampling locations, when run again, yielded identical profiles. Thus, the use of 

DGGE is of great relevance for detecting and recognizing the spatio-temporal 

variability of predominant Archaea. 

It is apparent from the DGGE banding pattern that the archaeal community 

composition during a given season, in general, is similar at each sampling depth in the 

study region. In this respect, our results compare well with the previous study of 

Herfort et al. (2007) in the North Sea. In that, the DGGE profiles do not change in 

shallow, near-shore waters during a given season. The study done in solid waste 

landfill in Taiwan through the construction of 16S rDNA libraries also indicated that 

there is no difference in the archaeal community up to 30m depth (Chen et al., 2003). 

In essence, an overall lack of depth wise difference in the distribution of archaeal 

communities in central west coast of India might be suggestive of the fact that 

archaeal community does not change drastically in the coastal water column during 

pre and post monsoon seasons. The seasonal influence on the archaeal community 

structure was implicitly strong during monsoon where a significant difference was 

found between the surface water and bottom water community. The monsoon season 

is characterized by heavy rainfall brings in land and high riverine input of particulate 
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organic matter. This may be one major reason to the difference in the DGGE profiles 

of surface and bottom water ACS during monsoon. 

The presence of 5-6 high peak intensity bands in all the 36 samples is 

indicative of the persistence of a few OTUs dominant in all samples. Further, the 

sequencing of the prominent bands suggests that most OTUs in the study region 

belonged MG I and MG II in the kingdoms Crenoarchaeaota and Euryarchaeota 

respectively. Our observations thus imply the presence of these ubiquitous groups 

(Massana et al., 2000) in the coastal waters of the eastern Arabian Sea. The members 

of MG II observed in the water column along the central west coast of India are 

proven dominating archaeal sequences in the marine waters (Fuhrman and Hagstrom, 

2008). It is thus inferable from our analyses that both MG I and MG II are presumably 

the dominant archaeal clades in the tropical coastal waters. This finding is consistent 

with the observations by Massana et al. (2000), who reported that the diversity studies 

done from small areas are applicable to lager area of the world ocean. 

While the similarities of profiles between sampling depths during a given 

season were clear, it is to be noted that the location-wise differences in the DGGE 

profiles was striking. It is inferable from the NMDS analysis, differences in the ACS 

at different locations could possibly be due to the prevalence of different proportions 

of Archaea in total microbial populations at different locations. Thus, it is possible to 

suggest that Archaea exhibit compositional differences geographically even within 

smaller stretches of coastal regions as the archaeal populations are shown to be 

affected by latitudinal gradient in large geographic locations (Fuhrman et al., 2008). 

The presence of some intense bands such as band 2 which is present in 

samples collected during pre- and post monsoon and, bands 7 and 8 which are intense 

in samples during monsoon, at three locations is suggestive that MG I and II are 

involved in ACS succession during different seasons as do phytoplankton and 

zooplankton in the coastal regions (Barlow et al., 1999; Pieper et al., 2001). It is also 

reported that some marine bacteria are associated with phytoplankton species (Cole 

1999; Gasol and Vague, 1993). The abundance of Crenoarchaeota following the 

phytoplankton bloom and, their negative correlation with chi a have also had been 

shown previously (Murray et al., 1998). However, the relationship between 

phytoplankton and Archaea has not yet been clearly understood. The negative 
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correlation with chlorophyll a concentrations (except bottom water samples; Fig 5.5c) 

might imply a regulatory effect of phytoplankton on ACS. In all likelihood, Archaea 

being nutritionally fastidious, the phytoplankton exudates appear to bear a strong 

selectional effect on them. 

The elucidation of the roles of Archaea in the biogeochemical cycle is mostly 

from their sequence-data. Crenoarchaeota are shown to be capable of ammonia 

oxidation by both autotrophic and heterotrophic mode by converting NO2 -  to NO3 - 

 (Wuchter et at, 2006). Although such roles by Euryarchaeota are not clear, Frigaard 

et al. (2006) found proteorhodopsin gene in MG II indicating the possibility of light 

energy entrapment by this group. Since our CCA analyses suggest strong positive 

correlation with NO3 -  and NO2-  during all the three seasons, it is inferable that these 

factors are significant for the variability of ACS. Since nitrification is known to link 

the mineralization of organic nitrogen to the loss of fixed nitrogen by denitrification, 

the role of Archaea in the nitrification process may be vital in coastal environments. 

The positive correlation of Crenoarchaeota with NO2 -  is consistent with the previous 

report from the Arabian Sea (Sinninghe Damste et al., 2002). Further, results from 

this study indicate PO4 as an important factor affecting ACS during monsoon. 

In summary, the DGGE profiling from the monsoon influenced region of the 

central west coast of India suggests the existence of MG I and II as the dominating 

members of archaeal communities. There was no depth-wise difference in the ACS 

during pre- and post-monsoon unlike during monsoon. These first time analyses of 

DGGE profiles of archaeal community are useful for highlighting their preponderant 

diversity and ecological importance in this tropical coastal region subjected to 

seasonal dynamics in terms of intense monsoon that alters nutrient chemistry. 
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Chapter 6 



6. Phylogentics of Archaeal Communities 

6.1 Introduction 

Uncultured and un-described microorganisms are present, and probably dominant, in 

a variety of habitats (Ferrari and Hollibaugh, 1999; Fuhrman et al., 1993; Landry and 

Kirchman, 2002; Perreault et al., 2007; Reysenbach et al., 1994). The 16S rRNA gene 

sequence analyses are useful to demonstrate that most marine prokaryotes are un-

described species that have not been cultivated 'yet' (Clementino et al., 2008; 

DeLong, 1992; Fuhrman et al., 1993). Of the different un-cultivated organisms 

detected in marine plankton by molecular techniques, new types of Archaea were 

perhaps the most unexpected. DeLong (1992) reported for the first time, the 

occurrence of unusual Archaea in oxygenated coastal surface waters of North 

America. Several studies that followed have advanced our knowledge of widespread, 

`Inesophilic' existence of Archaea. Many non-thermophilic crenarchaeotal and 

euryarchaeotal sequences have been retrieved from different ecosystems (Friedrich et 

al., 2001; Grosskopf et al., 1998; Karr et al., 2006; Oline et al., 2006; Walsh et al., 

2005; Zeng et al., 2007). As highlighted in Chapter 5, Archaea are now recognized as 

major components of life on Earth and, may play an important role in cycling both the 

carbon and nitrogen among other biologically relevant elements. Among Archaea, the 

marine group I (MG I) seems to be chemolithotrophic in nature and participate 

actively in carbon and nitrogen cycling in the ocean (Ingalls et al., 2006; Treusch et 

al., 2005) while the function of MGII and MG III is still a mystery. 

Phylogenetic diversity of planktonic Archaea has been reported from different 

marine habitats (Fuhrman et al., 2008; Martin-Cuadrado et al., 2008; Onso-Saez et 

al., 2008). So far, there has not been a single investigation from the coastal waters of 

India. The recent study of Ahmad et al. (2008), the first from the Indian region reports 

on Archaea from Mumbai saltpan ecosystem. For a holistic assessment of the 

prokaryote ecological functions, investigations looking at the genotypic populations 

of many yet uncultured/unculturable prokaryotes would prove useful. This is 

particularly essential for a region like the west coast of India that experiences severe 

monsoons, hot and humid summers and low/no winters. In view of the lack of 

previous investigations in this coastal stretch, this study was carried out to assess the 
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o Phylogenetic structure of achaeal phylotypes 

• Seasonal differences in abundance and distribution of their genotypes through 

sequencing of statistically valid numbers of randomly chosen PCR amplified 16s 

rRNA gene clones and, 

o Archaeal community structural difference between surface and bottom waters 

6.2 Materials and Methods 

6.2.1 Sampling and Extraction of DNA 

For archaeal diversity analyses, the DNA extracts from water samples collected from 

Mormugao during all three seasons were used. As was also true with bacterial 

analyses, the DGGE analysis (please see Chapter 5) of the water samples from all four 

sampling locations and three depths indicated very less or no difference in the 

archaeal community structure in surface and mid-depth water samples, only surface 

and bottom water samples were selected for 16S rRNA gene library constructions. 

6.2.2 Amplification of 16S rRNA gene 

PCR amplification was performed on all the six samples of DNA extracts using 

universal archaeon specific primers 21F (5'-TTCCGGTTGATCCYGCCGGA- 3') and 

958R (5'-YCCGGCGTTGAMTCCAATT-3'). Each 25u1 PCR reaction contained 

0.8mM of each dNTP, 25pM of each primer, 1X PCR buffer (Taq buffer A; 

Bangalore Genei) and 1U of Taq polymerase (Bangalore Genei; Bangalore, India). An 

initial denaturation step of 3min at 95°C was followed by 25 cycles of 94°C for 30 

sec, 55°C for 30 sec and 72°C for 2 min. The final extension step was for 10 min at 

72°C. Amplification was done only for 25 cycles to minimize the bias in PCR 

amplification of the most numerous copies in the template DNA. Environmental DNA 

from each sample was amplified in four replicates and electrophoresed through 1.5% 

agarose gel for confirming the amplification (Plate 6.1). All four replicates of 

amplified PCR products from each sample were pooled and purified with QlAquick 

PCR purification kit (Qiagen, USA) as per manufacturer's instructions. 

Pooled and purified PCR products were cloned into pGEM-T-Easy cloning 

vector (Promega, USA.) according to manufacturer's instructions. Transformation 
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M XMO XM20 ZMO ZM20 NMO NM20 N M 

1000bp 

Plate 6.1: PCR amplification of 16S rRNA gene from the environmental DNA 
samples using universal archaeal primers (21F and 915R), N, negative 
control; M, 100-3Kb DNA ladder 



was done in electro-competent Escherichia coli JM109 cells (Sambrook et aL, 1989). 

Approximately, 192 positive clones from each library were picked up randomly and 

grown in LB medium (Hi-Media, India) for plasmid extractions using Montage 

plasmid extraction kit (Millipore, USA). Plasmid DNA was sequenced in both 

directions using universal M13 forward and M13 reverse sequencing primers with on 

ABI 3730 DNA analyzer system (Applied BioSystems, USA). Vector sequences were 

trimmed off and bidirectional sequence pair was assembled to get complete sequence 

of approximately 950 by of cloned product as detailed in Chapter 4. 

In all, six archaeal libraries were constructed. The designations of libraries and 

corresponding clones are the following. 

Pre-monsoon surface water: XMO (clones -x-x), bottom water XM20 (clones -x-x); 

Post-monsoon surface water: ZMO (clones -x-x), bottom water ZM20 (clones -x-x); 

Monsoon surface water NMO (clones -x-x,) and bottom water NM20 (clones -x-x ). 

6.2.3 Phylogenetic Analysis of Libraries: 

Mallarad programme (Ashelford et al., 2006) was applied to check for the presence of 

chimeric sequences. There were 21 putative chimerae in the total of 987 archaeal 

sequences. These chimera were not included for further analyses. The software 

programme DOTUR (Schloss and Handelsman, 2005) was used for grouping the 966 

good quality sequences as operational taxonomic units (OTUs). The distance matrix 

required for this program was calculated by aligning the 16S rRNA gene sequences 

using DNADIST program available with PHYLIP 3.62 package (Felsenstein, 1989). 

Juke-Cantor parameter was used for distance correction. All the 16S rRNA gene 

sequences were grouped collectively as well as library-wise for different comparative 

analyses. Those sequences 97% or 98% (for ZMO and ZM20) similarities were 

considered as belonging to the same OTU phylotype). All the representative 

phylotypes, from each library, were checked for their similarity with sequences in 

GenBank (www.ncbi.nlm.nih.gov) using the BLAST analysis. Sequences from this 

study were aligned with their matching ones retrieved from GenBank Database using 

ClustalX 1.83 (Thompson et al., 1994). Aligned sequences were edited manually to 

remove the gaps as well as the ambiguity in aligned sequences. The phylip package 

3.62 was used to construct the phylogenetic tree. The bootstrap analysis was 
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performed by SEQBOOT with 1000 times. The distance matrix for these multiple 

data sets was calculated using DNADIST (Juke-Cantor parameter). Phylogenetic tree 

was drawn by neighborhood-joining method. The consensus tree was obtained using 

CONSENSUS program majority rule and, E. coli was used as the out-group species. 

6.2.4 Comparison of 16S rDNA Libraries and Calculation of Diversity: 

The DOTUR program was used to carry out rarefaction analysis, abundance, Shannon 

richness diversity index and, non-parametric diversity index (Chao 1 and ACE). For 

this, each of the 16S rRNA gene libraries were aligned separately and the distance 

matrix calculated by DNADIST. Percentage of Good's coverage(C) was calculated 

using equation C=1-n/N X 100 (where n is the number of phylotypes occurring only 

once and N, the total no. of populations). 

In order to obtain an estimation of similarity levels between the 16S rRNA 

gene libraries, they were compared with each other using SONS (Shared OTUs and 

Similarities; Schloss and Handelsman, 2006). For this program all 966 good quality 

sequences were aligned together and the cut-off distance of 0.03 was used to define 

the OTU. 

6.2.5 Nucleotide Sequence Accession Numbers 

All the sequences are deposited at the NCBI database with accession numbers 

FJ559409 to FJ560374. 

6.3 Results 

From all DNA samples extracted from water samples using Archaea biased primers 

the environmental samples of DNA, the archaeon 16S rRNA gene fragments were 

successfully amplified (Plate 6.1). Further, the employing of archaeon specific 

primers designed by DeLong (1992) proved very effective in this endeavor. From all 

the six DNA samples, PCR amplicons of 950 by were obtained. 

Cloning efficiency was evaluated from checking out the insertion of PCR 

amplified 16S rRNA gene insertion by random pick outs of 48 colonies from each 

library. It can be discerned from the Plate 6.2, which is to provide an idea on random 
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picking of white colonies for examining the transformation efficiency, that over 98% 

of the colonies picked out were positive for PCR amplified 16S rRNA gene insertion. 

After this confirmation, 192 clones were randomly picked out for sequencing, after 

plasmid extraction and other routine, standard procedures. 

From the combined grouping of the all sequences, 49 OTUs were obtained at 

97% similarity level. All these OTUs along with the number of clones therein, and 

their nearest neighbor in the GenBank Data Base are presented in Table 6.1. 

6.3.1 Archaeal lineages 

Phylogenetic analysis of clones aligning into different lineages of Archaea is 

presented in the phylogenetic tree (Fig 6.1) drawn by neighborhood joining method. 

All the sequences grouped broadly into two clusters under Euryarchaeota and 

Crenarchaeaota. Overall, 54% of 966 clones, (535 clones) represented the kingdom 

Euryarchaeota, and 46% the Crenarchaoeta. For each library the details of OTUs and 

percentage of clones/good quality sequences related to Euryarchaeota and 

Crenarchaeota are depicted in Fig 6.2. 

6.3.1.1 Euryarchaeota 

Most clones of thel6S rRNA gene libraries from XMO, XM20, ZMO and ZM20 

belonged to Euryarchaeota. They grouped into five different lineages within this 

kingdom. These lineages are, Marine group II (MG-II), Marine group III (MG-III), 

uncultured euryarchaeotal group I (UEG-I), UEG-II and, UEG-III. None of the good 

quality sequences obtained during this study matched up with any known cultured 

representative of Euryarchaeota. Brief descriptions of these are as follows. 

6.3.1.1.1 Marine Group-II 

Covering 97% of the clones aligning into Euryarchaeota, MG-II was the predominant 

group in the sampling area. In the XMO clone library, MG-II was represented by 11 

OTUs encompassing 82.6% of the sequenced clones and, in XM20 library, by 12 

OTUs covering 77.7% of the good quality sequences. While in libraries from ZMO 

and ZM20 it was only represented by 7 OTUs each (87.9% and 65.5% respectively). 
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Fig 6.1: Phylogenetic tree of Archaeal 16S rDNA sequences from a coastal site off 
Mormugao. This tree was constructed using neighbor-joining algorithm. 
Escherichia coli was used as an outlier. Clones designated as XM0-x, ZM0-
x and NM0-x are from surface water samples collected respectively during 
pre-monsoon, post-monsoon and monsoon. Similarly, XM20-x, ZM20-x and 
NM20-x are from water samples at 20m collected during the above, 
corresponding seasons. Different marine archaeal groups are indicated by 
the vertical bars to the right of the tree. Solid circles denote boot strap value 
(1000 replicates) between 75% and 100 % and open circles, the boot strap 
value between 50% and 75% respectively. 
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Table 6.1: Operational taxonomic units (OTUs) of archaeal clones from water samples 
collected off Goa and their taxonomic affinity to the genotypes reported in 
GenBank. These OTUs were decided by grouping individual clones with >97% 
sequence similarity level. Clones designated as XMO-x-x; ZMO-x-x and NMO-
x-x are from surface water samples collected respectively during premonsoon; 
postmonsoon and monsoon. Similarly; XM20-x-x; ZM20-x-x and NM20-x-x 
are from water samples at 20m collected during the above; corresponding 
seasons. Clones name in bold letter are sequences taken for phylogenetic tree 
construction 

OTUs 
Designated clone identification code Total 

No. of 
clones 

Nearest 
Neighbor in 

GenBank 
Similarity; 

E value 

Taxonomic  
position of 

nearest 
neighbor 

OTU- 1 

XMO-1-1; 1-3; 1-4; 1-6; 1-13; 1-14; 1-15; 1-16; 1- 
22; 1-25; 1-28; 1-38; 1-39; -1-43; 1-41; -1-44; 1-45; 
-1-52; 1-56; 1-59; 1-60; 1-68; 1-70; 1-71; 1-72; 	1- 
79; 1-81; 1-82; 1-85; 1-88; 1-90; -1-91; -1-92; 1-93; 
-1-94; 1-96; 2-3; 2-4; 2-5; 2-6; 2-7; 2-10; 2-12; 2- 
13; -2-15; -2-18;-2-20; 2-29; 2-33; 2-35; 2-36; 2-40; 
2-44; 2-47; -2-48; 2-50; -2-51; 2-53; 2-70; -2-77; - 
2-90; -2-93; 2-96; 
XM20-1-16; 1-5; 1-8;-1-9; 1-27; 1-28; 1-39; 1-42; 1- 
48; 1-51; 1-58; 1-65; 1-70; 1-71; -1-82; 1-86; -1-91; 
2-4; 2-5; 2-7; 2-14; 2-15; 2-16; 2-17; 2-20; 2-28; 2-
32; 2-35; 2-41; -2-42; 2-47; 2-50; 2-52; 2-54; 2-58; 
2-63; 2-68; 2-72; 2-73; 2-78;-2-84; 2-87; 2-90; 2-93; 
2-95; ZMO-1-23; 1-71; 1-31; 2-1; 2-15; 2-30; 2-47; 
2-62; 2-93; 2-95; ZM20-2-26; 2-53; 2-66; 2-88; 2-
91; NMO-1-84; 2-45; 

125 DQ299282.1 100%; 0.0 

Uncultured 
Marine 
Archaea Group 
II 
Euryarchaeaot 
e clone 

OTU-2 XMO-1-10; 1-80; 2-74; 2-76 
XM20-1-76; 2-45; 6 AY225430.1 99%; 0.0 

Uncultured 
Marine 
Archaea Group 
II 
Euryarchaeaot 
e clone 

OTU-3 XMO-1-11 1 DQ156447.1 97%; 0.0 

Uncultured 
Marine 
Archaea Group  II 
Euryarchaeaot 
e clone 

OTU-4 
XMO-1-12 
XM20-1-80; 2-64 
ZMO-2-94 II  

4 

Marine  
AB301904.1 98%; 0.0 

Uncultured 

Archaea Group  

Euryarchaeaot 
e clone 

OTU-5 
XMO-1-17; 1-84; 2-17; 2-22 
XM20-1-74; 1-93 
ZM20-2-8 

7 DQ156348.1 99%; 0.0 

Uncultured 
Marine 
Archaea Group 
II 
Euryarchaeaot 



e clone 

OTU-6 

XMO-1-18; 1-7;-1-27; 1-37; 1-40; 1-46; 1-66; 1-69; 
2-9; 2-30; 2-39; 2-59; 2-64; 2-66;-2-67; 2-71; 2-91 
XM20-1-10; 1-13; 1-24; 1-25; 1-32; 1-53; 1-61; 1- 
81; 1-90; 1-95; 2-2; 2-12; 2-18; 2-19; 2-22; 2-29; 2- 
38; 2-53; 2-59; 2-60; 2-67; 2-75; 2-76; -2-94; 
ZMO-1-13; 1-33; 1-38; 1-40; 1-41; 1-58; 1-59; 1-61; 
1-96; 2-6; 2-12; 2-13; 2-42; 2-76; 2-80; 
ZM20-1-13; 1-52; 1-82; 1-83; 2-1; 2-10; 2-43; 2-44; 
2-47; 2-48 
NMO-1-6; 1-7; 1-9; 1-13; 1-10; 1-11; 1-12;-1-16; 1- 
17; 1-19; 1-20; 1-21; 1-23; 1-27; 1-28; 1-29;-1-31; 1- 
35; 1-37; 1-41; 1-42; 1-43; 1-44; 1-45; 1-49;-1-50; - 
1-51; 1-81; 1-83; 1-86; ; 1-47; 1-48; 1-54; 1-56; 1- 
57; 1-61 -1-60; 1-62; 1-64;-1-66; 1-70; 1-72; 1-74; 1-
75; 1-76; 1-79; 1-85; 1-87; 1-90; 1-91; 1-93; -1-94; 
1-96; 2-3; 2-4; 2-5; 2-6; 2-7; 2-9; -2-10; 2-11; 2-12; 
2-13; 2-14; 2-17; 2-18; 2-21; 2-22; 2-23; 2-27; 2-28; 
2-29; 2-33; 2-34; 2-37; 2-39; -2-40; 2-42; 2-43; 2- 
46; 2-48; 2-49; 2-50; -2-51; 2-52; 2-53; 2-58; 2-59; 
2-60; 2-61; 2-64; 2-67; 2-69; 2-71; 2-72; 2-76; 2-77; 
2-78; 2-80; 2-82; -2-84; 2-85; 2-87; 2-88; 2-90; 2-
92; 2-94; 2-95; 
NM20-1-3; 1-6;- 1-13; 1-14; 1-15; 1-19; 1-20; 1-23; 
1-26; 1-30; 1-31; 1-34; 1-35; 1-36; 1-37; 1-42; 1-47; 
1-56; 1-58; 1-59; 1-60; 1-62; -1-64; 1-66; -1-67; 1-
75; 1-80; 1-81; 1-82; 1-85; 1-87; 1-88; 1-90; 1-94; 2-
1;-2-2; 2-5; 2-9; 2-14; 2-17; 2-19; 2-21; 2-23; -2-25; 
2-37; 2-38; 2-43; 2-44; 2-45; 2-46; 2-53; 2-56; 2-60; 
-2-61; 2-62; 2-63; 2-66; 2-67; 2-78; 2-81; 2-82; 2-86; 
2-88; 2-91 
ZM20-1-1; 1-14; 1-20; 1-26; 1-30; 1-39; 1-43; 1-44; 
1-46; 1-66; 1-70; 1-75; 1-76; 1-80; 1-88; 2-5; 2-11; 
2-13; 2-16; 2-19; 2-61; 2-67; 2-72; 2-86; 2-87; 2-95; 
2-96 

265 EF645852.1 98.9%; 0.0 

Uncultured 
Marine 
Archaea Group 
I 
Crenoarchaeot 
e clone 

OTU-7 

XMO-1-2; 1-5; 1-20; 1-21; 1-23; 1-48; 1-50; 1-53; 1- 
54; 1-55; 1-62; -1-63; 1-67; 1-75; 1-76; 1-77; 2-8; 2- 
11; 2-14; -2-19; 2-21; 2-25; 2-37; 2-38; 2-41; 2-45; 
2-46; 2-49; 2-54;-2-57; 2-58; 2-61; 2-62; 2-63; 2-68; 
2-69; 2-79; 2-75; 2-82; 2-84; 2-85; 2-86; 2-89; 2-94; 
XM20-1-2; 1-6; XM20-1-11; 1-12; 1-18; 1-19; -1- 
20; 1-21; 1-29; 1-23; 1-33; 1-35; 1-40; 1-43; 1-44; 1- 
45; 1-50; -1-52; 1-54; 1-60; 1-68; 1-73; 1-75; 1-77; 
1-79; 1-84; 1-85; 1-87; 1-94; 2-21; 2-26; 2-43; 2-69; 

77 DQ156447.1 99%; 0.0 

Uncultured 
Marine 
Archaea Group 
II 
Euryarchaeaot 
e clone 

OTU-8 

XMO-1-26; 2-27; 
XM20-1-41; 2-88; 
XM20-1-26; 
NM0-1-63 

6 AB194001.1 99%; 0.0 Uncultured 
archaeon clone 

OTU-9 

XMO-1-29; 1-30; 1-35; 2-26; 2-28;-2-92; 
XM20-1-46; 2-1; 2-51; 2-62; 2-81; 2-82;-2-86 
ZMO-1-22; 1-47; 1-66; 1-69; 2-46 
ZMO-1-1; 1-2; 1-3; 1-4; 1-5; 1-7; -1-10; 1-11; 1-19; 
1-21; ; 1-26; 1-28; 1-15; 1-35; 1-36; 1-42; 1-44; 1- 
45; 1-60 -1-63; 1-70; 1-81; 1-82; 1-87; 1-88; 1-90; 1- 
92; 1-93; 2-2; 2-3; 2-5; 2-11;-2-22; 2-26; 2-28; 2-31; 

98 DQ156392.1 99%; 0.0 

Uncultured 
Marine 
Archaea Group 

-`' Euryarchaeaot 
e don 



2-37; 2-40; 2-45; 2-50; 2-51; 2-63; 2-68; 2-69; 2-78; 
2-81; 2-83; 2-88; 2-90; 2-92; 
ZM20-1-5; 1-9; ZM20-1-10; 1-23; 1-48; 1-50; 1-55; 
1-56; 1-59; 1-61; 1-64; 1-69; 1-94; 1-96; 2-6; 2-23; -
2-28; 2-29; 2-30; 2-31; 2-36; 2-52; 2-54; 2-58; 2-63; 
2-68; 2-70; 2-71; 2-78; 2-79 

OTU- 10 

XMO-1-31; 1-58; 2-52; 2-56; 2-78 
XlVI20-1-22; 2-3; 2-8; 2-30; 2-34; 2-39; 2-80 
ZMO-1-12; 1-9; 1-18; 1-20; 1-27; 1-30; 1-37; 1-48; 
1-49; 1-51; 1-55; 1-56; 1-62; 1-68; 1-75; -1-76; 1- 
78; 1-79; 1-84; 1-86; 1-89; 1-95; 2-4; 2-7; 2-8; 2-14; 
-2-17; 2-19; 2-23; 2-27; 2-36; 2-39; 2-48; 2-53; 2-55; 
2-56; 2-61; 2-67; 2-70; 2-72; 2-85; 2-86; 
ZM20-1-8; ZM20-1-21; 1-37; 1-40; 1-45; 1-47; 1- 
72; ; 1-74; 1-60; 1-84; 1-85; 2-14; 2-17; 2-22; 2-27; 
2-45; 2-56; 2-62; 2-64; 2-75; 2-80; 2-90; 
NMO-1-52; -1-55 

78 AF121990.1 99%; 0.0 Uncultured 
archaeon clone 

OTU- 11 
XMO-1-36; 1-64; 1-78 
XM20-1-59; 1-78; 2-33 
NM20-2-15; 2-48 

8 TS235C306  
AF052948.1 98%; 0.0 

Uncultured 
marine 
archaeon  

16S ribosomal 
RNA gene 

OTU-12 
XMO-1-74 
ZM20-1-28 

NMO-2-66 
3 31A' 16S  

AJ133625.1 98%; 0.0 

Uncultured 
archaeon 'KTK 
3 
rRNA gene 

OTU-13 XMO-2-16 1 AY856358.1 93%; 0.0 Uncultured 
archaeon clone 

OTU-14 

XMO-2-2 
XM20-1-4; XM20-1-14; 1-30; 1-31; 1-34; 1-37; 1- 
47; 1-55; 1-57; 1-66; 1-89; 1-96; 2-9; 2-24; 2-27; 2- 
37; 2-40; 2-44; 2-48; 2-66; 2-70; 2-79; 2-85 
ZMO-1-6; 1-8; ZMO-1-14; 1-29; 1-50; 1-72; 1-77; 1- 
80; 1-91; 1-94; 2-9; 2-10; 2-20; 2-33; 2-34; 2-43; 2- 
44; 2-52; 2-59; 2-71; 2-75; 2-84; 2-91; 2-96 
ZM20-1-3; ZM20-1-15; 1-18; 1-22; 1-25; 1-29; 1- 
53; 1-54 -1-62; 1-68; 1-71; 1-77; 1-79; 1-91; 1-92; 2- 
9; 2-39; 2-60; -2-69; 2-92; 

68 M88074.1 99%; 0.0 

AGIRRNAA 
Archaeal sp. 
(clone 
SBAR1A) 
ribosomal 
RNA gene 

OTU-15 XMO-2-31; 2-55 2 DQ156401.1 99%; 0.0 

Uncultured 
marine group  II 
euryarchaeote 

OTU-16 XMO-2-42; NM20-1-54 2 AB301880.1 99%; 0.0 
Uncultured 
crenarchaeote 
gene 

OTU-17 XMO-2-43 1 AY323215.1 96%; 0.0 
Uncultured 
Thermoplasma 
tales archaeon 

OTU-18 XMO-2-60 1 DQ156481.1 99%; 0.0 

Uncultured 
marine group  III 
euryarchaeote 

OTU-19 XMO-2-83 
XM20-2-10; 2-71 9 DQ156479 99%; 0.0 Uncultured 

marine group 



ZMO-1-46; 1-64 	 • 
ZM20-1-11; 2-37 
NMO-1-80; 2-56 

III 
euryarchaeote 

OTU-20 
XMO-2-88 
NM20-1-11; 2-54 3 AB177262.1 97.9%; 0.0 

Uncultured 
marine 
archaeon 

OTU-21 

XM0-2-95 
XM20-1-15; 1-36; 1-62; 
ZMO -1-43; 1-83; 2-21; 
ZM20-1-6; ZM2O-1-31; 1-38; 1-90; 2-21; 2-25 -2-
35; 2-59; 2-84; 2-94 
NMO-1-1; 1-2; 1-3; 1-8; 1-14; 1-15; 1-18; 1-22; 1-
25; 1-26; 1-30; 1-33; 1-36; 1-40; 1-46; 1-53; 1-58; 1-
59; 1-68; 1-69; ; 1-71; 1-82; 1-89 -1-92; 1-95; 2-1; 2-
2; 2-8; 2-15; 2-19; 2-20; -2-25; 2-26; 2-31; 2-36; 2- 
38; 2-41; 2-44; 2-47; 2-55; 2-57; 2-62; 2-63; 2-68; 2- 
74; 2-83; 2-89; 2-93; 
NM20-1-1; 1-2; 1-4; 1-7; 1-8; 1-9; 1-10; 1-16; 1-18; 
1-21; 1-27; 1-28; 1-29; 1-33; 1-38; 1-39; 1-41; 1-44; 
1-45; 1-46; 1-48; 1-49; 1-50; 1-51; 1-53; 1-57; 1-70; 
1-71; 1-72; 1-74; 1-76; -1-79; 1-93; 1-96; 2-83; 2-
28; 2-10; 2-75; 2-96; ; 1-61; 1-63; 1-68; 1-69; 1-84; 
1-89; 1-95; 2-6; 2-7 -2-8; 2-13; 2-16; 2-20; 2-22; 2-
27; 2-35; -2-40; 2-47; 2-52; 2-55; 2-68; 2-69; 2-70; 
2-71; 2-72; 2-77; 2-80; 2-84; 2-87; 2-90; 2-92; 

135 CP000866.1 99.2%; 0.0 
Nitrosopumilus 
maritimus 
SCM1 

OTU-22 XM20-1-38 1 EF367458.1 93%; 0.0 Uncultured  archaeon clone 

OTU-23 XM20-1-69; 2-46; ZM20-2-77 3 DQ156393.1 99%; 0.0 

Uncultured 
marine group  II 
euryarchaeote 

OTU-24 XM20-1-83 1 AB301899.1 95%; 0.0 

Uncultured 
marine group I  crenarchaeote 
gene 

OTU-25 

XM20-1-92; 2-36; 2-65; 
ZMO-1-17; 1-25; 1-34; 1-52; 1-57; 1-74; 1-85; 2-29; 
2-49; 2-54; 2-82; 
ZM20-1-2; ZM20-1-19; 1-27; 1-35; 1-36; 1-78; 1- 
63; 1-87; 2-2; 2-20; 2-38; -2-40; 2-46; 2-55; 2-83 

29 M88078.1 99% ; 0.0 

AG2RRNAE 
Archaeal sp. 
(clone 
WHARN) 
ribosomal 
RNA gene 

OTU-26 XM20-2-13 1 DQ156395.1 95%; 0.0 

Uncultured 
marine group  II 
euryarchaeote 

OTU-27 XM20-2-55 
NMO-2-30; 2-81 3 AB301900.1 98%; 0.0 

Uncultured 
marine group 
II 
euryarchaeote 
gene 

OTU-28 XM20-2-56 
NMO-1-34; 2-35 3 AB329815.1 90%; 0.0 

Uncultured 
archaeon gene 
for 16S rRNA 

OTU-29 ZMO-2-25 
NMO-2-91 2 AB301902.1 99%; 0.0 Uncultured 

marine group 



II 
euryarchaeote 
gene 

OTU-30 ZMO-2-57 1 MB88078.1 95%; 0.0 Archaeal sp.  clone 

OTU-31 
ZM20-1-86 
NM20-1-40 2 EF680209.1 96%; 0.0 Uncultured 

archaeon clone 

OTU-32 NMO-1-39 1 AB301903.1 85%; 0.0 

Uncultured 
marine group 

 
euryarchaeote 

OTU-33 NMO-1-5 1 DQ156396.1 95%; 0.0 

Uncultured 
marine group  II 
euryarchaeote 

OTU-34 NMO-1-67 	. 1 EU237386.1 98%; 0.0 Uncultured 
archaeon clone 

OTU-35 NMO-1-78 1 AF121990.1 97%; 0.0 
Uncultured 
marine 
archaeon 

OTU-36 NMO-1-88; 2-79; 2-75 3 DQ156400.1 99%; 0.0 

Uncultured 
marine group  II 
euryarchaeote 

OTU-37 NMO-2-86 1 EU237369.1 100%; 0.0 Uncultured  archaeon clone 

OTU-38 NM20-1-22 1 AB301870.1 93%; 0.0 Uncultured 
archaeon gene 

OTU-39 NM20-1-43 1 AY345173.1 98%; 0.0 Uncultured 
archaeon clone 

OTU-40 NM20-1-55  1 EF125488.1 98%; 0.0 Uncultured  archaeon clone 

OTU-41 NM20-1-77 1 DQ363798.1 99%; 0.0 Uncultured  archaeon clone 

OTU-42 NM20-1-83 1 EU385849.1 89%; 0.0 
Uncultured 
archaeon clone 
MD2902-A61 

OTU-43 NM20-1-86 1 DQ363793.1 98%; 0.0 Uncultured 
archaeon clone 

OTU-44 NM20-2-11 1 AB301870.1 93%; 0.0 
Uncultured 
crenarchaeote 
gene 

OTU-45 NM20-2-26 1 DQ363797.1 97%; 0.0 Uncultured 
archaeon clone 

OTU-46 NM20-2-29 1 DQ363755.1 99%; 0.0 Uncultured 
archaeon clone 

OTU-47 NM20-2-31 1 EF591438.1 92%; 0.0 Uncultured 
archaeon clone 

OTU-48 NM20-2-64 1 EU681930.1 89%; 0.0 Uncultured 
archaeon clone 

OTU-49 NM20-2-95 1 EU713917.1 98%; 0.0 Uncultured 
archaeon clone 



6.3.1.1.2 Marine Group-III 

MG-III was represented by 2 clones in each library except in NM20. There were just 

2 OTUs (1.24% of total clones) in XMO library. Many good quality sequences from 

3CM20, ZMO, ZM20 and NMO libraries aligned into just one OTU. Sequences related 

to MG II and/or MG III were not found in NM20 library. 

6.3.1.1.3 Uncultured Euryarchaeotal Groups 

Only a few sequences matching with UEG were present in XMO (1 sequence: XMO-2- 

43) and NM20 (4 sequences: NM20-1-83, -1-43, 2-95, and, -2-64) libraries. With 

strong bootstrap of >75%, these phylotypes clustered in to UEG I, UEG II and UEG 

III, the three sub-branching lineages within Euryarchaeota. 

6.3.1.2 Crenarchaeota 

There were 26 OTUs aligning into four lineages of Crenarchaeota. These were marine 

group I (MG I), miscellaneous crenarchaeotal group (MCG), marine benthic group A 

(MBG A) and marine benthic group B (MBG B). 

6.3.1.2.1 Marine Group I 

As many as 11 phylotypes covering 42% of the crenarchaeal sequences from different 

libraries were monophyletic in origin with MG I. Percentages of sequences relating to 

MG I in XM20 (18%) and ZM20 (32%) libraries were higher compared to those from 

respective libraries from surface samples (i.e., 13% in 3CM0 and 10% in ZMO). As 

much as 88% and 89% of good/non-chimeric sequences from NMO and NM20 

libraries aligned into MG I, indicating MG I as the dominating community during 

monsoon. In XMO and XM20 libraries, there were 5 phylotypes related to MG I vis a 

vis only three (NMO-1-1, NM20-1-1 and NM20-2-15) in NMO and NM20 libraries. 

6.3.1.2.2 Miscellaneous Crenarchaeotal Group 

Members of this group were also found in all libraries except ZMO and NMO. In the 

phylogenetic tree this group was represented by 13 phylotypes (Fig 6.1). 
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6.3.1.2.3 Marine Benthic Groups 

The MBG-A was represented by one phylotype each in XMO, XM20 and NMO 

libraries. In the planktonic archaeal libraries from Mormugao water samples, the 

MBG B was represented by 3 clones: XMO-2-88, NM20-1-11 and NM20-2-54. 

6.3.2 Seasonal Variations in the Distribution of Archaea 

Seasonal distribution of Archaea was analyzed by taking into account the percentage 

occurrence of different archaeal lineages during different seasons. To quantify this, 

results from SONS program were utilized. Nonparametric estimates obtained by 

SONS analysis are listed in Table 6.2. MG II (Euryarchaeaota) and MG I 

(Crenarchaeota) were the most predominating groups in the archaeal 16S rRNA gene 

libraries from water samples off Mormugao. Ribosomal gene sequences indicated a 

clear difference in the seasonal variation of Archaea in both surface and bottom 

waters off Mormugao. During pre - and post- monsoon seasons, MG II was the most 

dominating Glade in the surface waters. During monsoon, the MG I dominated. In 

XMO and ZMO libraries, the sequences matching with MG II were represented by 

1 1(82.6%) and 12 (83.79%) phylotypes implying no/low difference between the 

seasons. In the NMO library, there were 12 phylotypes, from only 10.2% of total 

sequences, aligning with MG II. 

On comparing the surface water communities with each other using SONS 

program, the difference between them was evident. The Jclass value between XMO and 

ZMO was 0.33, suggesting differences in communities between seasons. This was 

further supported by low 9y (measure of community structure) value (0.14). The Jdass 

value for ZMO and NMO was 0.07, also indicating seasonal difference in the 

community structure. Oyc value for this comparison was also low (0.08). The Jdass 

value of 0.46 for XMO and NMO also brought out the difference in the communities 

between seasons. In general, there were higher similarities between XMO and NMO 

(O c=0.82) compared when both of these are compared with ZMO. 

Bottom waters also showed prominent seasonal variations. was by Twelve 

OTUs, covering 77.7% of total sequences from XM20 library and 7 OTUs (65.5%) 

in ZM20 represented the MG II. Sequences relating to MG II were absent in the 
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Table 6.2: Nonparametric estimates of Archaeal library comparisons using SONS at a 
distance of 0.03 between two OTUs 

Libraries from 
different water 
samples* 

Estimated Values" 

A B U est V est S A B Chao Jclass A shared B shared 0YC 

XMO XM20 0.57 (0.24) 1 (0.17) 13 0.23 0.33 0.48 0.15 (0.03) 

XMO ZMO 0.6 (0.24) 1 (0.06) 18 0.33 0.38 0.73 0.14 (0.03) 

XMO NMO 0.94 (0.06) 1 (0.04) 21 0.46 0.62 0.65 0.82 (0.07) 

XM20 NM20 0.92 (0.19) 0.44 (0.23) 7 0.29 0.38 0.55 0.11 (0.03) 

ZMO ZM20 0.92 (0.18) 0.53 (0.21) 7 0.27 0.38 0.5 0.4 (0.06) 

ZMO NM20 0.89 (0.29) 0.88 (0.28) 2 0.06 0.13 0.11 0.84 (0.07) 

ZM20 XM20 0.99 (0.03) 0.97 (0.03) 8 0.53 0.73 0.67 0.73 (0.08) 

ZM20 NM20 0.99 (0.02) 0.71 (0.17) 10 0.41 0.82 0.45 0.26 (0.05) 

NMO ZMO 0.11 (0.12) 0.88 (0.3) 2 0.07 0.18 0.11 0.08 (0.02) 

NMO NM20 0.18 (0.14) 0.89 (0.27) 3 0.09 0.15 0.17 0.15 (0.03) 

# Derived by following Schloss and Handelsman (2006). The numbers in parentheses under 
Uest are standard errors. The numbers in parentheses under Vest are the ranges at the 95% 
confidence interval. 
Uest  and Vest; the fractions of sequences from libraries A and B; respectively; that belong to 

a shared OTU; S A B chao ; estimated no. of shared OTUs; Jams; the classic Jaccard similarity 
index; Ashared; the ratio of shared OTUs to the total number of OTUs in library A; Bshared; the 
ratio of shared OTUs to the total number of OTUs in library B. 
*Libraries designated as XMO; ZMO and NMO; are from surface water samples collected 
respectively during premonsoon; postmonsoon and monsoon Similarly; XM20; ZM20 and 
NM2Oare from water samples at 20m collected during the above; corresponding seasons. 



NM20 library. Also, there was a decrease in the OTU numbers representing MG II 

from pre-monsoon (12 OTUs) to post-monsoon (7 OTUs). This is indicative of the 

reduction in species diversity within MG II. On comparing different communities, the 

Jews  value between XM20 and ZM20 was 0.53, suggesting a high, 47% difference in 

the OTUs. The .Tel ass  value between XM20 and NM20 was 0.29 indicating higher 

difference between the non-chimeric sequences within these two libraries than 

between either of them and/or sequences from ZM20 library. This was further 

supported by low Oyc value (0.11). 

Overall, most sequences of clones from samples collected during pre-

monsoon and post- monsoon were related to MG II. During monsoon, MG I of 

Crenarchaeaota dominated. Since all Jews values between any two individual 

communities were <1.0, the communities must be different from each other. This is 

also substantiated by the low Oyc values. 

6.3.4 Vertical Distribution Patterns of Archaeal Genotypes 

A difference in 16S rRNA gene sequences between surface and bottom water libraries 

during all seasons was also evident (Table 6.2). The Venn-diagrams (Fig 6.3) explain 

the estimated number of OTUs (S ew) and shared OTUs (SAB chao 1 between surface and , 

bottom water libraries during each season. In both of the pre-monsoon (XMO and 

XM20) libraries, MG II was the most dominating group (Fig 6.3a). The J ci ass  value for 

this comparison was 0.23. This is suggestive that even when the dominating 

communities are same, there can be a difference in the community structure. Further, 

the Oyc value for this comparison was a low 0.15. The estimated number of shared 

OTUs (SABchao) was 13 betiveen XMO and XM20 (Fig 6.3a). With MG II related 

sequences being dominant, the J el ass  value was 0.27 and 8y was 0.4 for the 

postmonsoon (ZMO and ZM20) libraries (Fig 6.3b). Also, the SABchao value was 7 

indicating much higher difference in the OTUs between surface and 20m samples 

during postmonsoon. In the monsoon (NMO and NM20) libraries, MG I was the most 

dominant group. The Jdass and the . Ow values were 0.09 and 0.15 respectively. The 

SABchao value for this comparison was 3 (Fig 6.3c). This is suggestive of the maximum 

difference of community structure in water column compared to pre- and post-

monsoon. 
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B- Postmonsoon 

NMO 
20 (16-38) 

NM20 
47 (25-129) 

C- Monsoon 

A- Premonsoon 

ZMO 
11 (9-24) 

ZM20 
14 (11-33) 

34 (22-83) 
XMO 

Fig 6.3: Venn diagram showing the estimated number of OTUs in 16S rDNA 
archaeal libraries and estimated shared OTUs between surface water and 
bottom water during different seasons. The numbers in parentheses are 
95% lowest and highest confidence intervals. 



In terms of their percent contributions, clones resembling MG I also varied in 

surface and bottom waters. In most libraries, percent of clones/sequences aligning 

with MG I was higher in bottom waters compared to their respective surface waters. 

6.3.5 Statistical analyses 

Results of statistical analyses using DOTUR for the nonparametric analysis of the 

libraries are furnished in Table 6.3.The nonparametric estimators of diversity, Schao 

and ACE estimated the number of species in terms of OTUs to be 43 and 73 

respectively in NM20 library. Goods's coverage estimate suggests that the clone 

coverage was maximum (98%) in ZMO and minimum (89%) in NM20. In the other 

libraries, the coverage was at least 94% or above. Good's coverage of >94% is 

indicative that six additional phylotypes would be expectable for every 100 additional 

clones sequenced. This level of coverage indicates that the 165 rRNA gene sequences 

identified in these samples represented majority of Archaeal sequences present in the 

libraries. The high coverage obtained in this study is useful to highlight that most of 

the possible species of Archaea in the water column off Mormugao have been 

detected except in the case of NM20 where 11 new phylotypes can be expected for 

every 100 additional clones sequenced. 

Rarefaction analysis was used to compare the sampling effort and phylotypes 

observed. From this analysis (Fig 6.4) it noticeable that all the libraries were reaching 

near to asymptotic plateau indicating that further sequencing of the clones from any of 

these samples will not add too many species and/or no extra information to these 

libraries. 

Species richness measure relates to the total number of species present in the 

sample. Samples containing more species will be more diverse. Shannon-Wiener 

diversity (H') index incorporates both species richness and equitability components. 

The highest H' was found in XM20 library while the lowest in NM20 library. In 

XM20 library, species were more evenly distributed than in other libraries. The 

minimum evenness was observed in the NMO library. 
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Table 6.3: Derived estimates of Archaeal sequence diversity in the water samples off Goa. 
DOTUR program was used for these analyses on archaeal libraries from 
different depths and, different seasons 

Archaeal# 
Library 

No. of 
clones 

Determined by DOTUR a  
% Good's 
Coverage 
(C) 

sequenced 
OTUs H' Schao CAce 

XMO 161 	19 1.75 34 (22-83) 34 (23 - 76) 94 
XM20 166 	18 2.03 19 (18- 29) 22 (18-38) 97 
ZMO* 165 	9 1.56 11(9-24) 15 (9- 60) 98 
ZM20* 145 	11 1.87 14 (11-33) 24 (13-74) 97 

NMO 177 	15* 0.67* 20* (16-38) 24* (21-28) 95 

NM20 152 	17* 0.69* 47* (25-129) 73* (23-53) 89 

# Libraries designated as XMO; ZMO and NMO; are from surface water samples collected 
respectively during premonsoon; postmonsoon and monsoon. Similarly; XM20; ZM20 and 
NM20 are from water samples at 20m collected during the above; corresponding seasons. 
a - The OTUs and coverage are defined at a DNA distance of 0.03. The numbers in 
parentheses are the ranges at the 95% confidence interval. 
* OTUs are defined at DNA distance of 0.02 
b- The values were determined with SONS output file 
H' - Shannon-Wiener diversity index; Schao— Chao richness estimate OTUs; CA ce- Ace 
richness estimate of OTUs; 
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6.4 Discussion 

Archaeal prevalence in cold, aerobic marine environments was originally 

unrecognized, as cultivated members of this domain consisted only of methanogens, 

extreme halophiles, and sulfur-metabolizing thermophiles (Woese, 1987a). However, 

recent molecular phylogenetic surveys indicated that new types of and yet 

uncultivated Archaea are common and widely distributed in non thermophilic marine 

habitats (Cheng et al., 2008; Cunliffe et al., 2008; DeLong, 1992; Fuhrman et al., 

1992; Garcia-Martinez and Rodriguez-Valera, 2000; Massana et al., 1997; Moissl et 

al., 2008; Steger et al., 2008; Stein and Simon, 1996; van der Maarel et al., 1998). 

The distribution and phylogenetic position of two newly recognized planktonic 

archaeal groups indicate that they may have phenotypic properties different from 

those of cultivated Archaea. Unfortunately, very few organisms have been recovered 

in pure cultures and thus, their specific physiological and metabolic traits remain 

difficult to be deduced. 

Phylogenetic analysis of Archaea from the coastal waters of the Arabian Sea is 

crucial for understanding the diversity of these uncultured/yet-unculturable 

microorganisms from tropical marine ecosystems. As noted previously, crenarchaeal 

membrane lipids and archaeal diversity from Mumbai saltpans are reported recently 

(Ahmad et al., 2008; Sinninghe Damste et al., 2002). However, there are no studies 

on archaeal communities in the open waters or, on their variability season-wise or, 

depth-wise. This study undertaken for examining the hitherto unexplored ecosystems 

along the west coast of India has added severally to the information on Archaea from 

this tropical region representing truly non-extreme coastal marine ecosystems. 

Marine Archaea obtained from different oceanic regions of the world were 

compared by analyzing genetic libraries of 16S rRNA genes. This approach has been 

widely used to describe the microbial diversity in different habitats (Bintrim et al., 

1997; Britschgi and Giovannoni, 1991; Bomberg and Timonen, 2007; Hansel et al., 

2008) and allows workers to study uncultivated prokaryotes, such as the marine 

Archaea (DeLong, 1992; Massana et al., 2000). However, it is known that clonal 

representation in genetic libraries can be semantic, particularly due to the PCR bias 

(Suzuki and Giovannoni, 1996; von Wintzingerode et al., 1997), and may not reflect 

the realistic levels of organisms in a sample. The use of universal primers that match 
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only a part of archaeal populations will directly affect the results (Teske and 

Sorensen, 2008). The 16S rRNA gene libraries obtained with universal primers 

revealed that OTUs in MG II (only 6 in 33 total OTUs) were less prevalent in archaeal 

libraries from Atlantic and Pacific deep-water samples (Fuhrman and Davis, 1997). 

For this study, a large set of clones from as many as six different libraries were 

sequenced. While it is the most labor-intensive of techniques, it is believed that the 

most useful data for determining the relationship of the clones from the Indian coastal 

waters between each other and, between those sequences in public databases is now 

possible. From the combined grouping of the proper, non-chimeric sequences, a total 

49 unambiguous OTUs were obtained in this study. These OTUs were used in the 

phylogenetic analyses of this investigation. 

Several different groups of archaeal are commonly found in marine plankton. 

In this study members aligning with MG II were the most dominant during 

premonsoon (April/May; Summer) and postmonsoon (Dec /Jan; Winter) seasons. This 

observation is consistent with previous observations where MG II euryarchaeotes 

were reported to dominate in the ocean surface waters. For instance, 73-75% of the 

total clones from the Mediterranean Sea and North Atlantic Ocean 16S rRNA gene 

libraries were of MG II (Massana et al., 2000). 

In the Arabian Sea off Mormugao, the OTUs aligning with MG II were highly 

comparable to their observations. In the XMO library, the two most dominating 

phylotypes XMO-1-1(69 clones) and XMO-1-2 (44 clones) are monophyletic in origin 

with the 16S rRNA gene sequences obtained from marine sponges and North Pacific 

Subtropical fosmid clones respectively (Frigaard et al., 2006; Holmes & Blanch, 

2007). Similarly, in the XM20 library also, the two most dominating phylotypes 

XM20-1-16 (52 clones) and XM20-1-11 (33 clones) bear 100% similarity with 

planktonic Archaea from Santa Barbara Channel (Massana et al., 1997) and North 

Pacific Subtropical fosmid clones. Two dominating OTUs in ZMO library, ZMO-1-1 

(65 clones) and ZMO-1-12 (33 clones) are quite similar to previously isolated 

environmental clones from hydrothermal vents off Japan and North Pacific 

Subtropical clones. The two predominant phylotypes from ZM20 library: ZM20-1-10 

(35 clones), ZM20-1 -15 (20 clones) are highly similar (>99%) to Archaeal clones 

from hydrothermal vents off Japan and North Pacific coastal waters (DeLong, 1992). 
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Sequences from NM0 are closer to environmental clones retrieved from deep-sea 

sediment (NCBI Accession No.AB329815.1) and, from sediments off-Peru (Inagaki 

et al., 2006). 

Most MG-III assignees found in the libraries constructed during this study had 

96% to 99% similarities with environmental sequences obtained from Mariana 

Trough, Eastern Mediterranean Sea and North Pacific Subtropical clones (Frigaard et 

al., 2006; Moeseneder et al., 2001). Though small in numbers, sequences aligning 

into different UEG are very similar to the environments clones from a methanotrophic 

reactor, off-Peru sediments and, deep-sea sediment from Japan Trench (Girguis et al., 

2003; Inagaki et al., 2006). 

It can thus be concluded from this study that MG II are the dominating 

community in the tropical surface waters both in "summer" and "winter" are akin to 

those reported from temperate waters (Massana et al., 2000). However, the variations 

in archaeal communities between our summer and winter seasons were not evidenced 

as reported from the North Sea (Herfort et al., 2007). This might be ascribed to minor 

differences of temperature changes in our tropical region which may not drastically 

affect the variations of MG II. 

In this study, the kingdom Crenorchaeota was found to be represented by 

clones of marine group I (MG I), miscellaneous crenarchaeotal group (MCG), marine 

benthic group A (MBG A) and marine menthic group B (MBG B). It is well 

established that members of MG I account for the major portions of all picoplankton 

in the seawater. DeLong et al. (1994) and Kamer et al. (2001) suggested that the 

relative component of MG I in arcahea is higher in deeper and darker waters. All the 

phylotypes clustering into MGI from this study are monophyletic with the cultured 

species Nitosopumilus maritimus (Konneke et al., 2005) with varying similarity of 

97% to 100%. In XMO and XM20 libraries, there were 5 phylotypes related to MG I. 

Further, phylotypes XMO-1-18 and XM20-1-10 bear >99% similarities to uncultured 

archaeal 16S rRNA gene clones from marine sponges and Namibian upwelling waters 

(Lee et al., 2003;Woebken et al., 2007). The ecological functions of MG I 

particularly as aerobic autotrophic ammonia oxidizers and the significance of such 

functions are provided in Chapter 7. 
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The archaeal libraries constructed and analyzed in this study confirm the 

presence of MG I in tropical waters. Further from their low or negligible depth-wise 

differences it is inferred that members of MG I may be uniformly distributed in the 

shallow, coastal margins. 

In general, the crenoarchaeal abundance was quite high during all three 

seasons sampled. Their abundance was also quite invariant between seasons. The 

sampling location off Mormugao is under the direct influence of the Mandovi and 

Zuari rivers. Apparently, a high particle-load favors the presence for marine Archaea 

as reported by Wells et al. (2006). As expected, nutrient concentrations were 

significantly higher during monsoon. Large quantities of freshwater introduced by the 

rivers enrich nutrients and particulate matter which might be favoring the abundance 

of MG I. Further, the mixing of subsurface sediments with bottom water is also likely 

to enhance their level than surface waters, during monsoon, in particular. 

Members of MCG though low in frequency were also found in most libraries. 

Their sequences bear greater similarities with the 16S rRNA gene sequences obtained 

from hydrothermal vent (AB301880.1), mangrove soil (DQ366797.1 and 

DQ363772.1), tropical, estuarine sediment (D Q641840.1), deep-sea (AB177279.1). 

The presence of these Archaea in planktonic water indicates that MCG are 

ubiquitously present in the environments though low in abundance. The MBG-A 

OTUs obtained in this study are monophyletic with environmental archaeal clones 

from hydrothermal vent (Accession No. AB194001.1). The MBG-B was represented 

by 3 clones that are monophyletic with the 16S rRNA gene sequences from 

hydrothermal vent off Japan and off-Peru deep-sea sediments (Inagaki et al., 2006; 

Nunoura et al., 2005). In essence, presence of a few clones (1 to 4%) related to MCG, 

MBG-A, MBG-B, and MG III is a strong support to the hypothesis that microbial 

communities can be widely distributed and, they can also be affected by lithological 

and geochemical factors as proposed by Inagaki et al. (2003). 

In conclusion, results of this study demonstrate that MG II is the dominating 

Archaea in the coastal waters of the Arabian Sea. Further, despite the imminent 

biogeographical and, physical differences as well as temperature and chlorophyll a 

concentrations, the Archaea in the coastal waters in the study area are largely similar 

to those so far reported from other parts of the world-oceans and, some other habitats. 
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Further the archaeal abundance and, to some extent, their phylotypes appear to 

experience seasonal influences mostly due to monsoon induced changes in the 

physicochemical characteristics of this coastal region. Statistical analyses and, derived 

estimates from 966 good quality 16S rRNA gene sequence-information for this study 

are useful to suggest that the coverage of predominant archaeal species is achieved. 

Rarefaction analysis also substantiates that all the libraries were near to asymptotic 

plateau and, additional sequencing efforts will not add much information on archaeal 

community composition, commensurate to efforts, from any of these samples. This 

study also brings out that the local features and dynamic changes in hydrography do 

play an important role in governing the archaeal diversity and functioning. 
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Chapter 7 



7. Detection of Ammonia Mono-oxygenase Gene 

7. 1 Introduction 

Nitrogenous molecules, compounds and short-lived intermediaries in the metabolic 

pathway are essential for a variety of structural and physiological purposes of living 

beings. In its elemental form, nitrogen is biologically inert. This triple bonded element 

is the largest (78%) component of the atmosphere. Through complicated mechanisms 

and physiological specialization, certain microorganisms fix the gaseous nitrogen and 

oxidize it to nitrate, by the process called nitrification. The first steps of nitrification 

involve conversion of ammonia to nitrate via nitrite. Conversion of ammonium to 

nitrite is a key step in nitrogen cycle. 

In nature, nitrification is carried out primarily by autotrophic ammonium, 

ammonia and nitrite oxidizers. Heterotrophic bacteria and fungi also oxidize inorganic 

and organic nitrogen (Bothe et al., 2000). In both autotrophic and heterotrophic 

nitrification, the first step is conversion of ammonium to nitrite by ammonia oxidizers 

and in the second step, nitrite is converted to nitrate by nitrite oxidizers. The 

ammonium monooxygenase (AMO) and hydroxylamine oxidoreductase (HAO) are 

the key enzymes involved in ammonia oxidation, which is a rate limiting step in the 

nitrification process. In the marine environment ammonia oxidation is important for 

the mineralization of organic compounds and removal of nitrogen. Furthermore, in 

coastal waters, it is perhaps playing a crucial role in the conversion/removal of 

anthropogenic inorganic nitrogen inputs. 

The ammonia oxidizing bacteria (AOB) are the distinct group in Gamma- and 

Beta-proteobacteria (Prosser, 1989; Woese et al., 1984; 1985). The 

Gammaproteobacteria contain strains of Nitrosococcus oceanus and Nitrosococcus 

halophilus, while the Betaproteobacteria contain members of the genera 

Nitrosomonas (including Nitrosococcus mobilis) and Nitrosospira (including 

Nitrosolobus and Nitrosovibrio) (Head et a/. ,1993; Teske et al., 1994; Utaler et al., 

1995). 

For more than 100 years, ammonia oxidation process was considered to be 

performed by autotrophic - both aerobic and anaerobic - ammonia-oxidizing bacteria 
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(AOB). With the recent detection of ammonium monooxygenase gene in archaeal 

metagenome sequence from Sargasso Sea (Venter et al., 2004) and fosmid library 

clone of calcareous grass land soil (Treusch et al., 2005), this view has changed. The 

ammonia-oxidizing archaea (AOA) Nitrosopumilus maritimus has also been isolated 

from a marine aquarium tank (Konneke et al., 2005). This first culture of mesotrophic 

archaea revealed the aerobic ammonia oxidation by archaea. 

The ammonia monooxygenase enzyme has three different subunits, AMO-A, 

AMO-B and AMO-C which are coded respectively by three genes amoA, amoB and 

amoC of the AMO operon in bacteria (Alzerreca et aL, 1999; Sayavedra-Soto et aL, 

1998). PCR primers have been used to study the diversity of bacterial ammonia 

monooxygenase gene (amoA) and archaeal ammonia m000xygenase gene (AamoA) in 

different environments (Bergmann and Hooper 1994; Francis et al., 2005; Klotz et al., 

1997; McTavish et al., 1993a; 1993b; Rotthauwe et al., 1995). The nitrifying bacteria 

(ammonia and nitrite oxidizers) have only one operon for 16S rRNA gene (Aakra et 

al., 1999; Navarro et al., 1992). Many studies indicate that ammonia oxidizing 

archaea (AOA) are ubiquitous. The presence of AamoA gene in the coastal and 

marine waters was demonstrated quite recently (Beman et al., 2008; Francis et al., 

2005; Mincer et al., 2007). It is also reported that some times, the abundance AamoA 

is many times higher than bacterial amoA (Leininger et al., 2006; Santoro et al., 

2008). 

Molecular screening for functional gene-fragments in metagenomic DNA has 

greatly advanced our understanding of ecological functions of both culturable and 

not-culturable microbial communities. While quantification of a given gene-function 

is yet inaccurate, the expression and, as a consequence, translational functionality of 

the gene(s) are easily possible through molecular approaches. As is evident from the 

burgeoning literature, many studies have ascertained the detection of functional genes 

in environmental DNA extracts. In this first—time study from our waters, it was 

planned to assess the phylogenetic diversity of bacterial ammonia monooxygenase 

(amoA) archaeal ammonia monooxygenase (AamoA) genes. 
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7.2 Materials and Methods 

The DNA samples extracted from surface and bottom water samples off Mormugao 

were examined for the screening of bacterial ammonium monooxygenase (amoA) and 

archaeal ammonium monooxygenase (AamoA) genes. Details of DNA extractions are 

provided already in Chapter 3. 

7.2.1 PCR Amplification and Library Construction and Sequencing of the Clones 

The screening for bacterial amoA genes from all six extracts of DNA from the water 

samples off Mormugao was done using PCR primer AmoA-1F- 5' 

GGGGTTTCTACTGGTGGT and AmoA-2R- 5'-CCCCTCKGSAAAGCCTTCTTC 

(Rotthauwe el al., 1997). There was no amplification under the prescribed PCR 

conditions by Rotthauwe et al., (1997). Also, there was no amplification under several 

combinations of either lower/higher annealing temperature, increased template DNA, 

etc. 

Archaeal amoA specific gene was amplified using the Arch-amoAF: 5'- 

STAATGGTCTGGCTTAGACG and Arch-amoAR: 5'- 

GCGGCCATCCATCTGTATGT (Francis et al., 2005). The PCR reaction was carried 

out as follows- 95°C. for 5 min, 30 cycles of , 94°C for 45 sec, 53°C for 60S and 72°C 

for 60 sec, and 72°C for 10 min. All the DNA samples were amplified with archaea 

specific amoA gene primers in replicates. These replicate PCR products were pooled, 

purified and cloned into p-GEMT-Easy vector. The transformation was done by 

electroporation in E.coli JM109 cells, as described earlier. Total six libraries were 

constructed, also as described earlier in Chapter 4. The AamoA clones were named as 

following: 

Premonsoon surface water- XMO-clones; bottom water - XM20-clones 

Postmonsoon surface water -ZMO-clones; bottom water-ZM20-clones 

Monsoon surface water- NMO-clones; bottom water - NM20-clones 

The positive clones were picked up, screened for insertions and the plasmids 

were purified essentially as already described in chapters 4 and 6. The plasmids were 
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sequenced in one direction using Sp6 Promoter or T7 promoter primers. 

Approximately 20 to 30 positive clones were sequenced from each library (Table 7.1). 

7.2.2 Nucleotide Sequences Accession Numbers: All the AamoA sequences 

obtained in this study are deposited in GenBank data base under accession numbers 

HMO22890 to HMO23048. 

7.2.3 Phylogenetic Analysis of the Sequences: 

The DOTUR (Schloss and Handelsman, 2005) program was used for grouping the 

sequences as operational taxonomic units (OTUs) or phylotypes. All the AamoA gene 

sequences were aligned and grouped at 95% cut-off level and only group 

representative sequences were used for building the phylogenetic tree. The nucleic 

acid sequences were used, rather than predicted amino-acid sequences for analysis to 

highlight the genetic level heterogeneity among archaeal communities. The matching 

sequences from GenBank were included for construction of the tree. Bootstrap 

analysis was used to estimate the reliability of phylogenetic reconstructions (1000 

replicates). Neighbor-Joining method (Saitou and Nei, 1987) was followed to 

construct the rooted-tree using the software, MEGA4 (Tamura et al., 2007) and, 

maximum likelihood method was adopted for calculating the evolutionary distance 

(Tamura et al., 2004). 

7.2.4 Statistical Analyses 

From all libraries, the rarefaction analysis and non-parametric diversity index (Chao I) 

were carried out using DOTUR program (Schloss and Handelsman, 2005). Percentage 

of Good's coverage (C) was calculated using equation C=1-n/N X 100 (where n is the 

number of phylotypes occurring only once and N, the total no. of populations). For 

statistical analyses, the OTUs were defined at 95% nucleotide similarity level for 

AamoA. 

7.3 Results 

The AamoA gene fragment was amplified from all six water samples (Plate 7.1). This 

was evident from the single band of 585bp amplified from six environmental samples. 

These amplicons were purified and used for constructing the AamoA gene libraries as 
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M N 	XMO XM20 ZMO ZM20 NMO N M20 

750bp 

Plate 7.1: Agarose gel electrophoresis of purified PCR products (-635bp) of archaeal 
amoA gene (AmoaA) from different samples (lanes 3-8) using Archa-
amoaF and Arch-amoaR (Francis et al., 2005) primers. M-1Kb ladder and 
N- negative control 



Table 7.1 - Derived estimates of archaeal amoA gene sequence-diversity in the water 
samples from off Mormugao. DOTUR was used for these analyses on 
archaeal amoA gene libraries during different seasons and depth. 

AmoA# 
gene 
Library 

No. of 
clones 
sequenced 

Maximum 
Distance 
between 
clones 

Cut off 
for 
DOTUR 

DOTUR 
Good's 
Coverage 

OTUs H' Sena° 
XMO 29 0.06 97% 2 0.15 2 97% 
XM20 32 0.1 97% 3 0.51 3 97% 
ZMO 20 0.09 97% 2 0.20 2 95% 
ZM20 25 0.02 98% 1 0.00 1 100% 
NMO 29 0.07 97% 3 0.30 4 93% 
NM20 24 0.1 97% 3 0.46 3 96% 

# Libraries designated as XMO, ZMO and NMO, are from surface water samples 
collected respectively during premonsoon, postmonsoon and monsoon. Similarly, 
XM20, ZM20 and NM2Oare from water samples at 20m collected during the above, 
corresponding seasons. H' - Shannon-Wiener diversity index; S ew - Chao richness 
estimate 



described previously. In all, 159 AamoA clones were sequenced from six libraries 

(Table 7.1). The combined grouping of the sequences at 95% cutoff level brings to 

fore that the clones were represented by only four phylotypes (Table 7.2). Of these, 

phylotype XM0-B 10 was the most dominating with 148 of the 159 good quality 

sequences available after removing the short sequences. This observation suffices to 

indicate that the diversity of AamoA is quite low in the waters off Mormugao. 

The phylogenetic tree of the representative phylotypes (Fig 7.1) suggests their 

close matching with the sequences obtained from marine water and, tropical estuarine 

environments. In all, there were three distinct clusters were evident with strong 

support of bootstrap values. 

Cluster I was represented by the phylotype XMO-B 10. This phylotype is 100% 

similar to the phylotypes obtained from Zuari estuary sediment from central west 

coast of India (Singh et al., 2010). It was also showing >99% similarity with the 

AamoA gene obtained from coral associated archaea ( EU490364,EU490366) which is 

indicative of the fact that this phylotype is abundant in marine waters with varying 

geographical and ecological niches. 

Cluster II consisted only one sequence. Phylotype XM20-G9 owes close 

similarity with the sequences obtained from Preruvian oxygen minimum zone (Lamp 

et al., 2009) and from seawater of Gulf of Mexico (Fig 7.1). 

The phylotypes XM20-E11 and XM20-D9 are monophyletic in origin with 

high bootstrap values form a separate cluster (cluster III in Fig 7.1). Phylotype XM20- 

E 11 represented by 8 clones (4 clones from premonsoon 20m sample, 2 clones from 

monsoon 20m sample and one each from monsoon and postmonsoon surface water 

samples), is >99% similar to the AamoA gene sequences from the waters off Gulf of 

Mexico (GU002174). Phylotype XMO-D9 (consisting of two clones) is monophyletic 

in origin to the AamoA sequences obtained from South China Sea (EU886068). 

The statistical analysis signifies very less diversity of the AamoA gene in the 

coastal marine waters at the sampling site (Table 7.1). There were a maximum of 

three phylotypes in all the libraries. At 95% similarity level, the difference between 

the sequences was very less. Consequently, the predicted Schao  values are very low and 
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Fig 7.1: Phylogenetic tree of Archaeal amoA gene sequences from a coastal site off 
Mormugao. This evolutionary history inferred using Neighbor-Joining 
method. Percentage of replicate trees with associated taxa clustered together 
in the bootstrap test (1000 replicates) shown next to the branches The 
evolutionary distances were computed using the Maximum Composite 
Likelihood method and are in units of the number of base substitutions per 
site. There were a total of 382 positions in the final dataset. All positions 
containing gaps and missing data were eliminated from the dataset 
(Complete deletion option). Nitrosomonas europaea and Nitrospira briensis 
used as outgroups. Clones designated as XMO-x, from premonson Surface 
water samples and XM20-x, premonsoon bottom water. Only 
Representative phylotypes (See table 7.2) after 95% sequences similarity 
cut-off were chosen for tree construction. Figures in parentheses are the 
numbers of similar clones from all libraries at 95% similarity level. 
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Table7.2: Operational taxonomic units (OTUs) of archaeal amoA gene clones from 
water samples collected off Mormugao and their taxonomic affinity to the 
genotypes reported in GenBank. These OTUs were decided by grouping 
individual clones with _95% sequence similarity level. Clones designated 
as XMO-x, ZMO-x and NMO-x are from surface water samples collected 
respectively during premonsoon, postmonsoon and monsoon. Similarly, 
XM20-x, ZM20-x and NM20-x are from water samples at 20m collected 
during the corresponding seasons above. The OTUs in bold are taken for 
the construction of phylogenetic tree. 

OTUs 	Designated clone identification code 

Nearest 
Total No. Neighbor in 
of clones GenBank 

XMO- B4, B5, B6, B7, B8, B9, XMO- B10, B11, 
B12, Cl, C2, C3, C4, C6, C7, C8, C9, C10, C11, 
C12, D3, D4, D5, D6, D8, D1 1, D10, D12, XM20- 
El, E3, E5, E6, E7, E8, E9, El 0, Fl, F2, F3, F4, 
F5, F6, F7, F8, F9, F10, Fll, F12, Gl, G2, G3, 
G5, G6, G7, G8, ZMO-A5, Bl, B2, D1, 10F, 41F, 
42F, 44F, 49F, 50F, 57F, 58F, 60F, 66F, 74F, 81F, 

OTU- 1 83F, 91F, 92F, ZM20-5F, 6F, 14F, 22F, 23F, 24F, 	148 	FJ601597 
29F, 30F, 31F, 32F, 38F, 39F, 40F, 46F, 47F, 48F, 
53F, 54F, 55F, 56F, 61F, 62F, 63F, 64F, 69F, 
NMO- Al, A2, A3, A4, A7, A6, A8, A9, A10, All, 
Al2, Bl, B2, B3, G11, 1F, 2F, 3F, 4F, 12F, 19F, 
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predicted only 3 different phylotypes. As is evident from the clustering effort, it is 

clear that all three predicted phylotypes are recovered in the sequencing effort. 

Further, the rarefaction analysis (Fig 7.2) also indicated that most of the prevalent 

phylotypes of AamoA genes have been covered through the cloning and sequencing 

efforts undertaken to evaluate the extent of this functional gene in the coastal waters 

off Mormugao. 

7.4 Discussion 

The main finding from the screening for amoA gene from the waters off Mormugao 

can be highlighted by pointing out that crenarchaea play a major role in ammonia 

oxidation in coastal waters even though their representation in all the clone libraries 

was rather low when compared to euryarchaea. 

Recent studies suggest greater abundance of archaea than bacteria possessing 

amoA in both marine (Beman et al., 2008; Francis et al., 2007) and terrestrial 

(Leininger et al., 2006; Prosser and Nicol, 2008; Schleper et al., 2005) ecosystems. 

Further, the archaeal clades with amoA from estuaries are shown to be both from soil 

and marine sediments (Francis et al., 2005). The role of crenarchaea in ammonia 

oxidation has been discussed widely (Erguder et al., 2009; Francis et al., 2007). Many 

studies (Kamer et al., 2001; Schleper et al., 2005; Stein and Simon, 1996) during the 

past decade have suggested that, the abundance of crenarchaea is low in the surface 

water column compared to that of euryarchaea. In the present study too, the archaea 

possessing amoA genes in coastal waters appear to be widely distributed. This study 

also corroborates the views of (Francis et al., (2005) who had emphasized the 

importance of archaeal amoA gene in transformation of ammonium to nitrite. 

Interestingly enough, the diversity of AamoA genes in the coastal waters off 

Mormugao is far too low compared to that in Monterey Bay where 15 phylotypes of 

AamoA at 98% sequence similarity level have been reported by Francis et al., (2005). 

Most studies of ammonia-oxidizing bacteria (AOB) have focused on bioreactors, 

soils, freshwater, estuaries, and coastal sediments. Two groups of chemolithotrophic 

bacteria (Nitrosomonas and Nitrosospira spp.) with phylogenetic affinity to the beta 

subclass of the class Proteobacteria are the organisms primarily responsible for 

ammonia oxidation in these environments (Nold et al., 2000; Teske et al., 1994; 
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Ward, 1996; Watson et al., 1989). Relatively little is known about the distribution of 

AOB in the coastal waters. Previous non-quantitative cloning studies based on the 

functional gene, amoA, have shown that ammonia oxidizers belonging to 

betaproteobacteria could be detected in the coastal marine sediments (Nold et al., 

2000; O'Mullan and Ward, 2005). 

As mentioned already, betaproteobacterial amoA genes were not detectable in this 

study. Further, in all six 16S rRNA libraries (see chapter 4), betaproteobacteria well 

known for ammonium oxidizer were not recovered. However, consistent with the 

present observations, Mincer et al., (2007) too reported that they did not find any 

obligate ammonia oxidixer using amoA primers derived from the obligate ammonia 

oxidizers Nitrosomonas, Nitrosospira, and Nitrosococcus in fosmid libraries clones. 

Wuchter et al., (2006) have also reported minimum 10 fold lower signal of 

betaproteobacterial amoA compared to crenarchaeal amoA in the North Atlantic and 

North Sea. The presence and distribution of Nitrospina-related clones in cultivation-

independent picoplankton surveys from the Arabian Sea (Fuchs et al., 2005) suggest 

the distribution of this group in subeuphotic zone. Therefore, the fact that 

crenarchaea, recognized as the leading phylogenetic assemblages in the oxidation of 

ammonium were quite abundant in the study area (chapter 6) is also a strong support 

for very low abundance/absence and/or importance of bacterial ammonia oxidizers in 

these waters. 

As also ascribed earlier, it is possible that the expression of this gene in the 

species of this preponderant order was considerably low perhaps as a consequence of 

their non-involvement in the biotransformation of ammonium to nitrite. While this 

reasoning may be construable as quite unlikely, the PCR primer set employed for 

screening for this gene during this study might not have been apt enough to amplify 

the amo from bacteria. This calls for newer sets of PCR primers to be designed for 

screening the bacterial amo from the coastal waters of India in the future efforts. In 

any case, this study brings out the importance of crenarchaea as having major role in 

ammonia oxidation in the coastal waters off Mormugao even when they are- or they 

might be- low in numbers compared to euryarchaea. Since the oxidation of 

ammonium to nitrite is of fundamental relevance in the nitrification processes in the 
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marine regimes, the roles of apparently minor components of microbial assemblages 

seems to be quite significant. 
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8. Summary 

The Arabian Sea is a crucible for scientists of all types to chum and gain. In that, this 

region, known amongst the most productive marine zones, is of great interest to us for 

exploring the hitherto uninvestigated aspects. Molecular marine microbiology is one 

such aspect. Collection of information on the variability in bacterial communities is 

vital for realizing as to what they are constituted of and, as a consequence, what is 

their functional role in their habitats. Modem approaches of employing culture-

independent and easy to adapt molecular techniques have proven effective elsewhere 

in understanding the communities extant in all the surveyed ecosystems. 

For pursuing this very first study of bacterial community profiling from the 

central west-coast of India, it was hypothesized that bacteria might exhibit spatial 

variation with in small geographic locations in coastal waters. Besides, seasonal 

variations in chemical and/or biological might also affect the bacterial community 

composition. I have evaluated the significance of seasonally changing physical, 

chemical and biological parameters on the diversity and have compared the spatio-

temporal variations off four ecologically diverse locations in the central west-coast of 

India. Sampling for this study was carried out during premonsoon (Pr; Apr-May 

2005), post monsoon (Po; Dec 2005-Jan 2006) and monsoon (Mo; Sept —Oct 2006) 

off Ratnagiri (Lat 73°.20'E 18°.25 N), Mormugao (73°70'E, 15° 41' ), Karwar (74° 

03'E; 15° 02 'N) and Bhatkal (74°28'E 13° 88'N). Water samples were collected from 

ca 1 m, mid-depth (-10 m) and close to bottom on the 20 m depth contour. 

In addition to analyzing relevant physicochemical parameters, I studied in 

detail the spatial and temporal variations in bacterial and archaeal communities. For 

this I extracted the DNA from as many as 36 waters samples, ensured the quality of 

DNA extract and used them for 16S rRNA gene amplification, and denaturing 

gradient gel electrophoresis (DGGE) of both bacterial and archaeal 16S rRNA gene 

amplified using appropriate PCR protocols. Further, from the Mormugao samples, the 

16S rRNA gene libraries of bacteria and archaea were constructed for studying their 

phylogentic diversity. To gain information on a functional gene, I examined the 

prevalence of ammonium monooxygenase in the bacterial and archaeal community 

off Mormugao accessed through direct, environmental DNA-based analysis. . 
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Salient observations of this study are the following. 

8.1 Bacterial Cominunitv Structure 

o DGGE analyses of bacterial community composition (BCC) brought to light 

that the seasonal variations in the number of bacterial species are pronounced. 

The number of. "species"/operational taxonomic units varied widely between 

different seasons and locations. With as many as 45 different OTUs in one 

single sample and, over 70 OTUs in all, the neretic waters of the central west 

coast of India appear to harbor complex and diverse bacterial communities. 

Samples collected during monsoon had high number of species at all depth 

that those collected the premonsoon and postmonsoon. 

o On the annual scale, Shannon diversity index (H') is higher during monsoon 

and, more off Ratnagiri. 

o The differences in BCC are quite low between locations and/or between 

sampling depths. During premonsoon, however, there appear to be clear 

spatial differences in the BCC than during monsoon or postmonsoon. The 

temporal variation in the BCC is larger during monsoon. 

o The sequencing of prominent/most common DGGE bands highlights the 

preponderance of members aligning into Gammaproteobacteria, Bacteroidetes 

and cyanobateria in these coastal regions. 

o The canonical correspondence analysis (CCA) analysis is useful to suggest 

that the chl a and NO3, among the five independent explanatory variables 

chosen (NO3, NO2, PO4, SiO4 and chl a) , were responsible for spatial variation 

in BCC during premonsoon and monsoon. During postmonsoon, BCC was 

affected largely due to increased NO3. The significant negative correlation 

observed during this study between chl a and bacterial species could be taken 

to indicate that the bacterial diversity is regulated by productivity. 

o The correlation of BCC with chl a and nitrate could be an indication of both 

top-down and bottom-up control on BCC with monsoon facilitating the 

bottom-up control. 

o The sequencing of 726 clones, from six 16S rRNA gene libraries, off 

Mormugao samples, from different seasons, revealed the presence of 217 

bacterial species at 	97% sequence similarity. Among these 
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Alphaproteobacteria and Gammaproteobacterial sequences are the most 

dominating groups. 

o Among Alphaproteobacteria the clones related to Reoseobacter cluster were 

more abundant during monsoon season while those of SARI 1 cluster, during 

premonsoon. 

o The abundance of SAR86 cluster was high during premonsoon, intermediate 

during postmonsoon and very low during monsoon. 

o With 100% similarity of some ribogroups with the cultured members of 

Gammaproteobacteria such as Alteromonas sp., Pseudoalteromonas sp., 

Idiomarina sp., Marinobacter sp., Halomonos sp., Aclanivorax sp., and 

Ferrimonas sp., it is apparent that cultivable Gammaproteobacterial members 

are abundant in these coastal waters. 

o Among Gammaproteobacteria, Alteromonas sp. and Pseudoalteromonas sp. 

were more in number during postmonsoon while Vibrios sp., during 

premosoon and postmonsoon. 

o Most ribogroups of Phylum Bacteroidetes from the coastal waters off 

Mormugao appear to be related to Flavobacteria and, abundant during 

premonsoon. 

o Proch/orococcus sp is absent in these eutrophic coastal waters while the 

Synechococcus sp. being common during all the seasons. 

o Two groups of 0M60 cluster found to oscillate in their occurrence between 

premonsoon and monsoon seasons. 

8.2 Archaeal Community Structure (ACS) 

o The DGGE analysis of archaea also highlights their sizable diversity in the 

samples close to bottom than those from the other two depths. On the annual 

scale, their diversity higher during monsoon and, more off Bhatkal. 

o Location-wise variations in archaeal communities during different seasons 

suggest that irrespective of the sampling depths, the profiles differ rather 

widely during pre-monsoon and monsoon. During post-monsoon however, 

location wise differences were prominent than the ones depth-wise. 
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• It is apparent from the DGGE banding pattern that the archaeal community 

composition during a given season, in general, is similar at each sampling 

depth in the study region. 

• The presence of 5-6 high peak intensity bands in all the 36 samples is 

indicative of the persistence of a few archaeal OTUs dominant in all samples. 

Further, the sequencing of the prominent bands suggests that most OTUs in 

the study region belonged MG I and MG II in the kingdoms Crenoarchaeaota 

and Euryarchaeota respectively. 

• The sequencing of selected, common bands from DNA extracts of water 

samples collected during pre- and post monsoon and monsoon, at three 

locations is useful to suggest that MG I and II are involved in archaeal 

community succession during different seasons as do phytoplankton and 

zooplankton in this region 

• The CCA analysis implied negative correlation of archaeal OTUs with 

chlorophyll a concentrations probably implying a regulatory effect of 

phytoplankton on the ACS. 

• The sequencing of >980 clones of 16S rRNA gene-inserts from six archaeal 

libraries, revealed the presence of both Euryarchaeota and Crenarchaeaota. 

Overall, out of 966 good quality sequences, 54% (535 clones) of them were 

found to belong to Euryarchaeota and, 46% (431 clones) to Crenarchaoeta. 

• Most 16S rRNA archaeal gene sequences from premonsoon and postmonsoon 

libraries were found to align into Euryarchaeota. They grouped into five 

different lineages within this kingdom. These lineages are Marine group II, III 

and uncultured euryarchaeal groups I, II and III. None of the clones obtained 

during this study matched up with any known culture representative member 

of Euryarchaeota. 

• In terms of euryarchaeal and crenarchaeal percent contributions, clones akin to 

MG I also varied in surface and bottom waters. In all libraries from different 

seasons, the MG I was higher in bottom water samples compared to surface 

ones during a particular season. 
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8.3 Ammonium Monooxygenase Gene 

o The PCR amplification of environmental water samples with bacterial and 

archaeal specific ammonium monooxygenase gene indicated very low 

diversity. I found a total absence of bacterial ammonium monooxygenase gene 

in these water samples. 

o There were only four phylotypes related to archaeal ammonium 

monooxygenase gene were present in the water samples. The ammonia 

oxidation in these coastal waters appears to be predominantly carried out by 

archaea. 

8.4 Future Prospects 

As is well known, most available biological investigations in the Arabian Sea have 

focused on phytoplankton productivity, zooplankton biomass and taxonomy. 

Bacteriological studies on productivity and abundance are useful to note their 

pronounced seasonal variations. As detailed in this thesis, application of molecular 

tools does help circumvent many difficulties faced with labor intensive culture-

dependent plating techniques that bring out information only on a few types of 

culturable bacteria. I believe that my study is the first approach from the Indian shore 

and, I hope that this is a good introduction to the long voyage ahead into the realm of 

molecular microbial oceanography of the seas around India. Detailed, extensive, year-

round molecular analyses of microbial communities are necessary for describing their 

structures and functions; spatial and temporal variations as well as the dynamic 

changes the Indian monsoon brings-in on them. Both near-shore, mangrove, estuarine, 

and offshore regions with special emphasis on oxygen minimum zones need to be 

investigated. The repertoire of molecular tools is on the verge of attaining an all-

encompassing dimension in the Systems Biology. In this regard, it is hoped that we 

will adapt to fast-track and highly reliable data generation approaches through the use 

of species specific-functional probes and real-time PCR for metabolic function 

analyses. Also we got to think of bacterial artificial chromosome (BAC), multilocus 

sequence typing (MLST), pyrosequencing and transcriptomics for describing the 

hitherto unexplored microbial diversity in our seas. 
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