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Chapter 1 

General Introduction 



1.1 Introduction 

Oceans cover about 70.8% of the Earth’s total surface area which is a unique 

feature that distinguishes the "Blue Planet" from other planets in the Solar system. The 

hydrosphere of Earth mainly consists of the oceans, but theoretically includes water 

surfaces such as inland seas, lakes, rivers, and underground waters up to a depth of 

2,000 m. The oceans have a major effect on the biosphere as it provides habitat for 

enormous adoptable biota which includes particularly bacteria, archaea, fungi, algae, 

plants, animals etc. The world oceans comprise of the Pacific, Atlantic, Arctic, Indian 

and Southern Ocean. 

Marine ecosystem is the largest aquatic system in the world. It is also the most 

diverse, finely balanced and highly complex ecosystem. Marine ecosystems comprise 

of the habitats which completes the largest system from shores, estuaries, oceans, 

lagoons, mangroves, coral reefs, deep sea to the dark sea floor. It also supports a great 

diversity of life with a multiplicity of different habitats which can be categorized into 

groups based on where they live (benthic, oceanic, neritic, intertidal), as well as by 

shared characteristics (vertebrates, invertebrates, plankton). Some of the specific 

examples of marine habitat species include sea urchins, clams, jellyfish, corals, 

anemones, segmented and non-segmented worms, fish, pelicans, dolphins, 

phytoplankton, zooplankton, microorganisms. 

The term “marine microbe” covers a diversity of microorganisms, including 

microalgae, bacteria and archaea, protozoa, fungi, and viruses. More than a billion 

microorganisms reside in each liter of seawater, thus governing the abundance, 

diversity and metabolic activity of the ocean. We know that microbes are the Earth’s 

processing factories of biological, geological, and chemical (biogeochemical) 

interactions. Microbes cover about 98 per cent of the biomass of the world’s oceans, 

they supply almost more than half of the world’s oxygen and are the crucial processors 

of the world’s greenhouse gases, which mean they have the potential to ease the effects 

of climate change (Dutta and Dutta, 2016) 

Molecular oxygen is a highly oxidizing agent and therefore is an excellent 

electron acceptor, so the competition for molecular oxygen among respiratory 

microorganisms is intense and this leads to the formation of microoxic environments. 

Loss of dissolved oxygen also occurs due to stratification impacts, warming effects and 

circulation changes. While most life avoids such low oxygen conditions, in these 

suboxic waters, bacteria that can use alternate electron acceptors for respiration 

1 



flourish, forming special communities distinct from those living in oxic waters. In the 

electrochemical sequence of reductants, nitrate (NO3
-) is the next favored electron 

acceptor for respiration after oxygen and can produce equivalent quantities of free 

energy as that from oxic respiration of organic matter (Froelich et al. 1979). Low 

oxygen areas are already present in several parts of the world and are increasing in 

number, volume, and intensity. These are known as oxygen minimum zones (OMZs). 

It has been well studied that in OMZ waters, high nitrate concentrations (NO3
-) play a 

better role in respiration processes compared to other compounds that usually occur 

only at nano molar concentrations (Lam and Kuypers, 2011). Thus, the reduction of 

nitrate is also important in suboxic respiration in seawater. 

In the Indian ocean, OMZs are found in both Arabian sea (AS) and Bay of 

Bengal (BoB). The northwestern part of Indian ocean is defined as the Arabian sea. The 

AS contains diverse biogeochemical features such as upwelling, oligotrophic, and low- 

oxygen environment. Among the world oceans AS is the most productive region due to 

intense seasonal upwelling, as well as open water upwelling, deeper mixed layer and 

seasonal reversal of surface circulation (Wyrtiki, 1971; Madhupratap et al. 1996; 

Shetye and Gouveia, 1998; Prasanna Kumar et al. 2002; Naqvi et al. 2006). This latter 

lies between 150 and 1000 m depth and represent the thickest OMZ found in the world's 

oceans today. The AS-OMZ is the site of intense denitrification processes (Mantoura 

et al. 1993; Naqvi, 1994). The AS accounts for about 20% of global denitrification, thus 

playing a major role in the global oceanic nitrogen (N) cycle (Gruber and Sarmiento, 

1997; Howell et al. 1997). Here the oxygen concentration drops to 0.1 ml L-1 (4 µM) or 

lower, compared to the average ocean dissolved oxygen concentration that ranges 

between 6-8 ml L-1 (260–350 µM). These OMZ regions are of microbiological 

importance since major biogeochemical processes are catalyzed by the microbial 

communities which inhabit them (Lam and Kuypers, 2011; Gorgues et al. 2005). 

Microorganisms play an important role in both oxidative (nitrification) and 

reductive (denitrification, nitrate ammonification and nitrogen fixation) processes in 

the global nitrogen cycle (Herbert, 1999). Through precipitation, runoff, or as N2 from 

the atmosphere, nitrogen enters the water and it undergoes N2 fixation as phytoplankton 

cannot utilize nitrogen directly. Ammonia is released into the water by excretion from 

planktons and nitrogen sources are introduced below the euphotic zone by the 

downward movement of the organic matter. Organic nitrogen is converted to ammonia 

through ammonification or mineralization process. Through nitrification ammonia gets 
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oxidized to nitrite and nitrate. Nitrate can return back to the euphotic zone either by 

upwelling or as N2 to the atmosphere through denitrification. Denitrification is the 

conversion of nitrate to dinitrogen gas, via nitrite and nitric oxide to nitrous oxide 

through a respiratory process in oxygen-limited conditions (Zumft, 1997). Since nitrate 

is converted to gaseous forms (some of which are greenhouse gases) and escapes into 

the atmosphere, this process results in a net loss of nitrogen from the environment (van 

de Graff et al. 1995). (Fig. 1.1). 

 

Figure 1.1. Nitrogen cycle in OMZ marine ecosystem. Adopted from Francis et al. 

(2007). 

 
1.2 The process of denitrification 

Denitrification is the important component of nitrogen cycling in the AS-OMZ. 

As discussed earlier, denitrification involves the reduction of nitrate, via nitrite and 

nitric oxide, to nitrous oxide or dinitrogen gas by a respiratory process under oxygen- 

limiting conditions (Zumft, 1997). This reaction is mediated by following enzymes 

(genes encoding them are mentioned in italics) such as nitrate reductases (narG, napA), 

nitrite reductases (nirS, nirK), nitric oxide reductase (norB) and nitrous oxide 

reductases (nosZ). Denitrification is considered a group process, since many 

denitrifying species do not have the entire set of enzymes to complete the reaction and 

may thus work together to complete the process (Zumft, 1997). The enzymes and genes 

encoding them, their functions are discussed in detail. 
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(Modified from Raes et al. 2016) 

 

 

1.2 a. Nitrate reductase (narG) 

The potential of faculatative anaerobes in nitrate reduction is been attributed to 

the activity of a membrane-bound nitrate reductase (Nar) which is expressed in low 

oxygen stress. With the concomitant production of a proton motive force, the enzyme 

utilizes reduction equivalents from the quinol pool to convert nitrate to nitrite (Berks et 

al. 1995). Taxonomically complex bacterial communities are able to convert nitrate to 

nitrite by two types of enzymes, membrane-bound and periplasmic-bound nitrate 

reductases encoded by nar and nap genes, respectively. narG is primarily expressed in 

anaerobic denitrifying conditions, and napA under aerobic conditions (Bell et al. 1990). 

Out of the two, membrane-associated enzyme is usually active in nitrate respiration 

under anoxic conditions and is likely to play a greater role in the environmental nitrogen 

cycle (Richardson et al. 2001). This research has therefore focused on membrane- 

associated nitrate reductase and uses previously advanced PCR primer systems that 

successfully amplify fragments of the narG gene encoding the enzyme subunit catalytic 

molybdenum-cofactor-containing subunit (Gregory et al. 2000). 

 
1.2 b. Nitrite reductase (nirS) 

Nitrite removal (nitrite reduction) is carried out by two forms of nitrite 

reductases (nir), namely a nirK gene-encoded copper-containing enzyme or a nirS 

gene-encoded cytochrome cd1 (Hochstein and Tomlinson, 1988; Glockner et al. 

1993; Zumft, 1997). Although in the denitrification pathway the two enzymes serve the 

same function, they are non-homologous and were assumed to be mutually exclusive 

in the denitrifying organism genomes (Jones et al. 2008). Several studies have shown 

that nirK denitrifier populations respond to environmental gradients differently than 
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those with nirS (Santoro et al. 2006, Yuan et al. 2012), which supports the theory that 

the two populations inhabit distinct ecological niches (Jones and Hallin, 2010). 

Previous studies have shown however, that denitrifying bacteria have only nirS or nirK, 

and no strain is alleged to possess both genes and enzymes to date (Yoshida et al. 2009). 

From the studies by Jayakumar et al. (2009a), it has very well been assumed that the 

gene nirS is almost exclusively found in Proteobacteria, but reports by Strous et al. 

(2006) state that this gene is also found in Planctomycetes, while many different taxa 

have reported the nirK gene (Zumft, 1997). In comparison to nirK, which is maintained 

over a wide phylogenetic spectrum, the nirS gene displays less sequence homology over 

a small phylogenetic range. It is assumed to be distributed more broadly in PCR- 

dependent studies; environmental nirK type denitrifiers are currently underestimated 

due to primer coverage constraints that can be attributed to their extensive taxonomic 

diversity and broad divergence of nirK sequences. 

1.2 c. Nitric oxide reductase (norB) 

Nitric oxide (NO) is a true denitrification intermediate from the nitrite in 

prokaryotes and is generated by the nitric oxide reductases gene cNor or qNor, encoded 

by two variants of the same gene (norB). In electron donor specificity, the 2 proteins 

vary because qNor receives electrons from a quinol pool, whereas cNor is aligned with 

cytochrome c or blue copper proteins (Zumft, 2005). In non-denitrifying prokaryotes, 

the former is also found where it plays a detoxifying role. Not many experiments have 

centered on the use of norB as a gene target of nitric oxide reductase (nor) except for 

few in denitrification studies (Braker and Tiedje, 2003). This gene has been widely 

studied in individual bacterial isolates for studying the accumulation of toxic NO. While 

the distribution of NO in the atmosphere has not been well studied, it is normally 

undetectable in aerobic water columns, but in oxygen-deficient waters it has been 

observed at low levels (≤ 0.5 nM) (Ward and Zafario, 1988). Nitric oxide, on the other 

hand, is a free radical since the molecule contains single unpaired electrons. Hence it is 

reactive, and has a half-life of only a few seconds (Palmer et al. 1987) and it is also 

highly toxic to most bacteria including denitrifiers (Zumft, 1997), nitrite reductase and 

nitric oxide reductase are controlled interdependently at both the transcriptional and 

enzyme activity levels in order to minimize the accumulation of NO (Ferguson, 1994; 

Zumft, 1997). 
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1.2 d. Nitrous oxide reducatse (nosZ) 

The N2O reductase is a homodimeric multicopper enzyme. The nosZ functional 

gene encodes nitrous oxide reductase, an enzyme that catalyzes the final denitrification 

step (Scala and Kerkhof, 1999). The nosZ gene, encoding for nitrous oxide reductase, 

regulates the consumption of N2O. The reduction of N2O to N2 by this enzyme is the 

only known mechanism to remove N2O from the atmosphere, other than photolysis and 

oxidative reactions in the stratosphere (Montzka et al. 2011). Graf et al. (2014) observed 

in a comparative analysis that, relative to other denitrification genes, bacteria with only 

nosZ genes were more common in the genomes of marine bacteria. While a few non- 

denitrifier species capable of reducing nitrous oxide have been described, the nosZ gene 

is primarily specific to denitrifying bacteria (Zumft et al. 1992). The nosZ gene has 

been commonly used to classify denitrifier populations since this enzyme converts a 

heavy N2O greenhouse gas to N2, which is relatively inert in the atmosphere. 

 
1.3 Role of microorganisms in ecosystem 

With the advent of molecular methods in microbial ecology, it is easier to study 

the composition of the bacterial population and obtain important information on the 

importance of particular bacteria species/genus/groups. One of the most significant 

developments in science is the discovery that these tiny microbes are present in large 

numbers and are primarily responsible for the biogeochemical processes that form our 

world. Rastogi et al. (2011) has very well stated that ecosystem ecology concept is to 

understand how ecosystems maintain functional stability and to predict its response to 

changes in the climate. In any ecosystem that interacts with its physical environment, 

three fundamental questions that occur when any ecosystem is discovered and defined 

are: (1) what kinds of microorganisms are there? (2) What are these microorganisms 

doing there? (3) How do the behaviors of these microorganisms contribute to the roles 

of the ecosystem? (e.g., the flow of energy, biogeochemical cycling, and 

environmental resilience). Marine microbial ecology aims to answer these questions 

and deals with the study of microorganisms, their interactions with each other and 

within their marine environment. It is an emerging field of science as the abundance and 

diversity of marine microbes are now appreciated as essential in mediating various 

biochemical cycles and other processes that influence the Earth’s climate. One of the 

main research challenge is understanding how microbes respond easily to changes in 

their external environment with continued high growth rates. In this regard a recent 
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example of changing oceans is the deoxygenation of marine environments. As a 

consequence, deoxygenation leads to hypoxia (O2 ≤ 1.4 mlL-1), suboxia (O2 ≤ 0.1 ml L- 

1) and anoxia (O2 = 0 ml L-1). The microbial communities existing in the low oxic 

marine zones are of critical biogeochemical and ecological value due to their ability to 

survive. The exploration of the processes by examining the microbial diversity and their 

role in the functioning of the ecosystem will continue to be important 

 
1.4 Research Gaps 

Among all natural N2O emissions which exist in the ocean, one third fraction of 

it comes from OMZs through microbial nitrate (NO3
-) and nitrite (NO2

-) respiration 

(Naqvi et al. 2010; Wright et al. 2012). Since nitrogen cycling is closely related to 

carbon and phosphorus cycling, any slight changes in the nitrogen cycle are likely to 

change dramatically the other biogeochemical processes. With climate change, these 

disruptions are becoming more and more evident. Increased stratification and decreased 

thermocline ventilation will reduce the oxygen content of the interior of the ocean 

(Matear and Hirst, 2003), resulting in OMZ expansion as currently observed, which 

would also contribute to increased denitrification and N2O output (Gruber, 2008). There 

is a need to study the bacterial population, their role in the OMZ water column and its 

impact on pelagic biogeochemistry in view of the recent global warming that induced 

OMZs to intensify, extend and make them more acidic (Keeling et al. 2010; Doney et 

al. 2011). While 59 percent of the overall global OMZ region is dominated by the 

northern Indian Ocean, the field of microbiology has been less explored. The OMZ of 

the Arabian sea has been geochemically demonstrated, but microbial ecology 

experiments have been intermittent, and microbes responsible for the characteristic 

chemical distributions found remain unknown (Jayakumar et al. 2009a). Therefore, 

studies of microbial diversity are helpful in understanding the roles and environmental 

importance of these species in biogeochemical processes. 

It is difficult to generalize the behavior and physiology of cultured isolates and 

can be misleading since it seems that many in situ micro-organisms have yet to be 

acquired in culture. (Zehr and Ward, 2002). Many of the energy metabolism responses 

involved in the nitrogen cycle are considered to be catalysed by particular enzymes 

(Cabello et al. 2004). For the study of microbial processes, these enzymes and genes 

offer valuable tools. The genetic basis of denitrification has been explored through 

some reviews (Hochstein and Tomlinson, 1988; Knowles, 1996; Zumft, 1997). 
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Knowledge of genes and molecular biology has increased our understanding about the 

ecological role of the different organisms involved such as a widespread capability of 

nitrate assimilation among heterotrophic bacteria. Molecular investigation of bacterial 

denitrification in natural environments has been the subject of a number of recent 

studies. Since denitrifying bacteria belong to different phylogenetic classes, researchers 

have focused their efforts on amplification of functional genes from denitrification- 

related environmental samples. Analysis of mRNAs as a marker of gene expression, in 

addition to PCR-based gene detection, could improve our understanding of active 

functional groups in the environment significantly. The detection of mRNAs, which 

have a short half-life (Robinson et al. 1998), gives a clear indication of particular gene 

expression at the time of sampling, which can be associated with physicochemical 

conditions. 

1.5 Significance of the study 

Comparative spatio-temporal depth wise distribution of prokaryotic groups is 

not reported in the Indian Ocean OMZ, also, little is understood about the diversity of 

cultured bacteria involved in essential OMZ processes, such as nitrate reduction (except 

for recent pelagic studies by Mulla et al. 2018; Fernandes, 2020) in the AS and BoB 

(Fernandes et al. 2019). A US Joint Global Ocean Flux Study (JGOFS) conducted in 

the AS reported that oxygen concentrations strongly affect the distribution of 

organisms, particularly in regions where OMZ is prominent. It is important to study the 

overall microbial ecology of the system and its role in biogeochemical cycles. Microbial 

ecologists have been using more efficient and alternative approaches to describe 

microbial populations in recent years. Therefore, a combination of techniques (culture 

diversity and RT-QPCR) is employed to investigate diversity and functional genes 

governing the denitrification process from an environmental sample. 

To investigate the denitrification process within the AS, we have examined 

diversity, culture based studies to study denitrification potential and gene expression of 

genes involved in nitrogen cycle by using RT-QPCR-based approach. It is also to 

understand how microbes adapt rapidly to changes in low oxygen environment with 

continued to grow in low oxygen environments. For this, five locations were chosen 

from the OMZ waters of AS. Out of these five locations, one location was from coastal 

transect and one location away from the core OMZ. Core OMZ locations are 

characterized by low oxygen environment at 100- 1000m depths throughout the year 
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leading to anoxia. Therefore, it was hypothesized that the bacterial diversity and gene 

expression with respect to denitrification in these locations ought to respond to changes 

with respect to time and space. The current study discusses the bacterial populations of 

the OMZ ecosystem in response to environmental change. The proposed study will help 

us to understand denitrification process in OMZ region at molecular level which is not 

attempted so far. 

The following objectives were outlined for this study 

 
 

 To assess the molecular diversity of culturable fractions of bacteria in the 

OMZ region of Arabian sea. 

The motive of this objective was to observe prevalence and abundance of the 

various types of culture amenable population of bacterial communities found in this 

marine environment and to understand its impact on seasonal variations in them. 

Reporting the bacterial community structure was taken into account with the idea 

to realize the community structure-differences/similarities within the AS-OMZ 

which experience spatio-temporal variability and also cultural studies provide 

information on the physiological characteristics of species and their role in the 

ecosystem's functioning. Therefore, to obtain a complete idea of the existing 

bacterial community, the study focused on having an idea of culture amenable 

bacteria. 

 
 To perform culture-based analyses to understand variations of denitrifying 

bacterial populations in the OMZ 

This objective focuses on the selected set of culturable fractions involved in the 

utilization and transformation of nitrogen species. The species composition of the 

cultivable fractions involved in nitrate reduction needs to be understood as the 

existence of each bacterial community in the OMZ is an indicator of the ongoing 

process. 

 
 To study gene expression of denitrification genes from certain culturable 

strains and metagenomes using RT-QPCR 

To understand the denitrification process within the Arabian sea. This objective was 

proposed to examine expression of genes involved in nitrogen cycle by using RT- 
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QPCR-based approach within OMZ water column. The detection and quantification 

of key genes involved in denitrification processes is hypothesized to provide useful 

information about the role of these processes. The detection of mRNAs, which have 

a short half-life (Robinson et al. 1998), gives a clear indication of particular gene 

expression at the time of sampling, which can be associated with physicochemical 

conditions. Therefore, it was thought to gain a sense of the likely dominant 

processes, particularly from the AS-OMZ. 
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Chapter 2 

Review of Literature 



 

2.1. Introduction 

The Murray expedition in the year 1933-34 contributed to the discovery of OMZ 

in the Arabian Sea (AS). The word "Oxygen Minimum Zones" was coined by Cline 

and Richards, (1972) for the regions of the world ocean where the water column's 

oxygen saturation is at its lowest point. OMZs are areas with dissolved oxygen 

concentrations <20 μM within the 10-1300 m depth range i.e., from the shelf to the 

upper bathyal zones (Helly and Levin, 2004). This unique characteristic develops in 

response to (i) reduced ventilation, (ii) sluggish movement of oxygen-rich polar waters 

and (iii) high demand of microbial respiration, as a consequence to elevated subsurface 

primary productivity. Cold, dense and nutrient-rich deep waters from the poles is 

transported towards the ocean surface, replacing the warm and usually nutrient- 

depleted surface water due to upwelling which results in a stratification of levels of 

dissolved oxygen (DO) within the oceans with zones of low oxygen (Helly and Levin, 

2004; Wyrtki, 1962; Kamykowski and Zentara, 1991). Friederich and Codispoti, (1987) 

reported that the upwelling of nutrient-rich waters necessitates high primary production 

in OMZ surface waters. At intermediate depths, a large proportion of biomass/organic 

material sinks out of the surface layer and is remineralized through microbial 

respiration (between 150-1000 m). This leads to severe oxygen depletion and 

permanent OMZs (Wyrtki, 1962; Dugdale et al. 1977). Sarmiento et al. (1988) 

suggested that sluggish water movement is among the other causes leading to 

persistence of the OMZs. A study by Stramma et al. (2008) predicts that oxygen- 

depleted waters are supposed to increase in both frequency and size. Improved nitrogen 

input due to anthropogenic activity (e.g. the use of chemical fertilizers in agriculture) 

is a significant reason, resulting in eutrophication of coastal waters and thereby 

increasing the productivity of surface waters (Naqvi et al. 2000). Secondly, there will 

be decrease in solubility of oxygen due to ocean warming in the course of global climate 

change. In addition to this effect, the expected rise in surface water temperatures would 

also strengthen ocean stratification, leading to decreased surface gas exchange with 

subsurface waters, ultimately decreasing oxygen transfer to deeper waters (Sarmiento 

et al. 1998; Grantham et al. 2004). 

The OMZs exhibit a distinctive vertical profile which forms gradients of DO 

concentrations in the water column (Fig. 2.1). It starts with an initial sudden drop in 
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oxygen concentration from the surface to the sub-surface, generally referred to as the 

upper OMZ/interphase. Further extends into a zone of extended oxygen depletion, 

referred to as the core OMZ. Finally follows a steady increase in oxygen as the depth 

increases known as lower OMZ/interphase. This oxygen profile is a familiar trend in 

all OMZs; however, the thickness and the depth of such an incidence differ regionally. 

The thickness of the zone depends on the circulation patterns and region-wise dissolved 

oxygen content in the ocean (Wyrtki, 1966, Wyrtki, 1973). 
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Figure 2.1. Vertical profile of O2 concentration in the OMZs (Modified from Zehr, 

2009) 

Kamykowski and Zentara, (1991) documented that the OMZs may be 

permanent (open ocean), seasonal or episodic (coastal). Due to its role in regulating 

carbon and nitrogen cycles in the oceans, the OMZs are found to be compelling. The 
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Indian Ocean, the Eastern Pacific Ocean and the South East Atlantic Ocean account 

respectively for 59%, 31% and 10% of the total OMZ region. 

2.2 Permanent OMZs of the World oceans 

Paulmier and Ruiz-Pino, (2009) estimated that the permanent OMZs are being 

extended and currently cover 8% or 30.4 million km2 of the world ocean. In the 

intermediate depths, the five major permanent OMZs are found in, Eastern Tropical 

South Pacific (ETSP) (Wyrtki, 1966), Eastern Tropical North Pacific (ETNP) (Wyrtki, 

1966), Eastern Tropical South Atlantic (ETSA) (Karstensen et al. 2008) Arabian Sea 

(AS) and Bay of Bengal (BoB) (Wyrtki, 1973; Madhupartap et al. 1996; Naqvi and 

Jayakumar, 2000) (Fig. 2.2). 

There are two large OMZ regions in the Pacific Ocean; one off Central America 

in the North Pacific, the ETNP-OMZ, and another off Peru and Chile in the South 

Pacific, the ETSP-OMZ with minimum oxygen levels below 4.5 μmol kg−1 (0.1 ml 

L−1), both OMZs extend deep into the central Pacific. One of the most studied OMZs 

in the ocean is the ETNP-OMZ. Since the 1960s, this region has been surveyed several 

times, with oxygen concentration measurements taken as far as 1500 m down 

(Richards, 1965). A study by Cline and Richards, (1972) of oxygen concentration 

measurements in the ETNP established a 600 m thick layer of water with almost no 

observable oxygen concentration. As one of the main OMZs (Kamykowski and 

Zentara, 1991; Helly and Levin, 2004), the ETSP-OMZ is now a permanent feature 

covering the offshore areas of Peru and Chile. Morales et al. (1999) researched the 

OMZ of northern Chile with a focus on the heterogeneity of the 40 μM oxygen 

isoclines. 

OMZs are found in poorly ventilated mid-depth layers in the tropics. The OMZ 

is primarily in the northern hemisphere in the Indian Ocean, where the ventilation age 

is 30 years or longer due to the closed northern borders (Fine et al. 2008). The AS and 

BoB (northern Indian Ocean) OMZ have an average core thickness of 240-1000 m and 

180-490 m respectively. The AS-OMZ has the thickest core (> 750 m) associated with 

intense oxygen depletion. Kamykowski and Zentara, (1991) reported the AS-OMZ to 

be the second-most intense OMZ of the tropical regions. With oxygen levels above the 

denitrification threshold, the BoB-OMZ is weaker than the AS-OMZ (Naqvi et al. 

2006). The main reason for this is that BoB is impacted by an enormous freshwater 

inflow of more than 1.6 × 1012 m3 each year which intensifies during SWM 
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(Subramanian, 1993; Unger et al. 2003). The main source of low sea surface salinity of 

3 to 7 U is river runoff into the BoB relative to the AS. The freshwater transit period to 

enter the inner BoB takes several months and peaks from October to December 

(NWM). The rivers are a rich source of nutrients (inorganic nitrogen, phosphate and 

silicate); however, within the estuaries they maintain ~91 per cent. Therefore, as it 

passes from the coastal ocean to the inner BoB, the nutrient discharge from the river 

into the BoB dilutes, resulting in oligotrophic waters (Sarin et al. 1989; Krishna et al. 

2015; Sarma et al. 2016). The BoB faces less residence time and higher settling rate of 

suspended organic river-borne particles in the water column, resulting in less bacterial 

decay (Naqvi et al. 1994; Naqvi et al. 1996). Low oxygen values, as stated by Tomczak 

and Godfrey, (1994), indicate a slow rate of thermocline water renewal in the Northern 

Indian Ocean. Howell et al. (1997) found suboxic conditions in the AS with oxygen 

levels below 4.5 μmol kg-1 as in the Pacific. 

Extended horizontal OMZs occur in the depth range of 200 to 800 m in the 

Eastern Tropical South Atlantic. The Eastern Atlantic OMZ is not-suboxic and has 

relatively high oxygen minimum values in the South Atlantic of about 17 μmol kg−1 

and in the North Atlantic of more than 40 μmol kg−1. The spatial distribution in the 

Atlantic is comparable to that in the Pacific with the OMZ on the eastern side to the 

north and south of the equator, but more oxygenated with minimum values in the order 

of 20-40 μmol kg-1. OMZs in the water column are rising because of increasing 

temperatures, according to a hypothesis suggested by Cannariato and Kennett, (1999). 
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(Adopted from WOA 2009) 

Figure 2.2. Major permanent OMZs of the world oceans. Arabian sea (AS), Bay of 

Bengal (BoB), Eastern Tropical South Pacific (ETSP), Eastern Tropical North Pacific 

(ETNP) and Eastern Tropical South Atlantic (ETSA). 

 
2.3 The Oxygen Minimum Zone of Arabian sea 

The AS-OMZ was discovered in 1933-34 during Murray Expedition (Gage et 

al. 2000). The AS-OMZ is about 750 m thick extending up to an area of 2.5 million 

km2. The Persian Gulf's oxygen deficient water forms the core of the OMZ. One of the 

largest suboxic region in the world’s oceans is AS, a biologically active tropical basin. 

The oxygen-deficient water in the intermediate depths (~150-1000 m column) is a 

permanent characteristic in its northeastern portion. Characteristically, high organic 

carbon production (Hansell and Peltzer, 1998) and biological productivity 

(Madhupratap et al. 1996) are fuelled by seasonally reversing northeast (NEM: 

December-February) and southwest (SWM: June-September) monsoons, winter 

cooling and offshore upwelling and advection of nitrate-rich upwelled water mass from 

the western AS margins (Naqvi et al. 2006). The AS is one of the first ever OMZs to 

report the presence in oxygen-depleted waters of a secondary nitrite maximum zone 

(SNM: induced by biological nitrate reduction) and occupies 3% of the AS by volume. 

(Gilson, 1937; Naqvi, 2006). The presence of SNM and its depth are classic indicators 

of denitrification (biological conversion of fixed nitrogen into dissolved gaseous N2) 

areas. Denitrification was reported by Naqvi, (1999) as the primary cause of fixed N2 
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loss in AS-OMZ, particularly during SWM and NEM and is responsible for the loss of 

up to 60 Tg of nitrogen per year, contributing to about 40% of the global pelagic N loss 

(Codispoti, 2007). 

Some salient characteristics of AS-OMZ are as it one of the major suboxic 

regions with concentrations of dissolved oxygen (DO) below 0.1 ml L-1(∼4 µM) in a 

vertical depth of 150 to 1000 m (Fig. 2.3) significant contribution to oceanic 

denitrification thereby accounting for 40 percent of the production of global pelagic 

dinitrogen (N2) (Naqvi et al. 2008). So far, heterotrophic denitrification and autotrophic 

anaerobic ammonia oxidation (anammox) have been recognized as two major 

biological processes (Naqvi et al. 2006; Ward et al. 2009; Jayakumar et al.2009a). 
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Figure 2.3. Vertical profiles of oxygen and nitrate concentration in the AS-OMZ. 

(Modified from Naqvi et al. 2006). 

 
2.4 Factors governing denitrification process 

During biological processing, concentrations of nitrate (NO3
-), phosphate and 

silicate are commonly recorded to be low in surface water as they are absorbed during 

the process. Their concentrations rise below the surface layer as the decomposition of 

organic material occurs and the released materials accumulate over time in subsurface 
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waters. The second favoured terminal electron-acceptors after oxygen are NO3
- and 

associated oxidized nitrogen species such as nitrite (NO2
-), nitric oxide (NO) and 

nitrous oxide (N2O). In mid layers of ocean where the bacterial decomposition and its 

non-utility are high, anaerobic processes such as denitrification are thus facilitated by 

these electron acceptors. In the respiration process, high concentrations of nitrate 

(NO3
-) in seawater play a higher role than iodate (IO3), manganese dioxide (MnO2) and 

ferric oxide (Fe2O3), which usually only occur at nanomolar concentrations and are 

considered to be restrictive (Lam and Kuypers, 2011). 

Substantially, depletion of oxygen obliges bacteria to utilize nitrate via the 

denitrification process. According to the studies reported by Lam and Kuypers, (2011) 

suggests that high concentrations of nitrate (NO3
-) in OMZ waters, contributes playing 

a major role in respiration processes. It is this conflict that results in huge losses of fixed 

nitrogen effluxing nitrous oxide to the atmosphere (Bange et al. 2001; Babbin et al. 

2015) which is known to be a potent greenhouse gas which is involved in the eradication 

of the ozone layer. In the contempt of deoxygenation which induces denitrification, the 

hypoxic ecosystems would harbor exclusive, diverse communities of heterotrophic 

bacteria by which their metabolism controls vital steps in marine biogeochemical 

cycling in the low oxygen, high nitrate and entirely heterotrophy driven environment 

(Zehr and Ward, 2002; Jain et al. 2014). Thus, such ecosystems are hotspots for oxygen- 

sensitive nitrogen transformations, where nitrate serves as the major terminal electron 

acceptor in the process of organic matter oxidation. In such cases, denitrification adds 

to the removal of fixed nitrogen as N2, with resulting impacts that governs the global 

nutrient cycles (Bange et al. 2005, Ward et al. 2007) specifically, the climate system. 

Heterotrophic denitrification is a stepwise process (NO3→NO2→NO→N2O 

→N2) of reduction of oxidized nitrogen during respiration of organic matter which 

results in the formation of dinitrogen gas (N2). This reaction is mediated by enzymes 

such as nitrate reductases (narG, napA), nitrite reductases (nirS, nirK) and nitrous oxide 

reductases (nosZ). Ultimately, the ocean losses fixed nitrogen to the atmosphere by 

heterotrophic denitrification processes (Emery et al. 1955; Codispoti et al. 2001). 

Denitrification has been reported by Naqvi et al. (1990) in the intermediate depths of 

the AS (150-1200 m). It has been documented by Ward et al. (2009), Bulow et al. (2010) 
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and Dalsgaard et al. (2012) as a significant process for the AS-OMZ loss of fixed 

nitrogen. 

 
2.5 Contribution of bacterial diversity studies in OMZs 

It is important to recognise the microbial diversity to understand an ecosystem's 

microbial ecology (Atlas, 1984). It is necessary to understand the full extent of bacterial 

diversity and the function of the most abundant organisms, given the importance of 

bacteria in the marine environment. In microbial ecology, understanding bacterial 

species physiology and ecology, their isolation in pure culture remains a significant 

step. It is possible to describe the microbial diversity and culture characteristics of 

isolated microorganisms in different environments using both 16S rDNA phylogenetic 

analysis and culture techniques, enabling a complete depiction. 

In context to marine ecotypes, heterotrophic bacteria are key components which 

play major roles in the cycling of mainly biologically essential elements (Cole et 

al.1988). They also play a key role in the structuring of marine trophic web networks 

and remineralization of organic matter (Azam et al. 1983; Azam and Long, 2001; 

Ducklow et al. 2002). The phylogenetic groups of bacterial species dominating in the 

marine environment must therefore be examined, as the abundant groups can have 

different roles in biogeochemical processes (Cottrell and Kirchman, 2000). While most 

lives which cannot withstand low oxygen conditions, form distinctive microbial 

communities separate from those living in oxic waters by means of an alternative 

electron acceptor to facilitate respiration. 

Organic and inorganic nutrients, mainly carbon, nitrogen and sulphur, are 

recycled by microorganisms along the oxygen gradients in the OMZs via aerobic and 

anaerobic processes. These microorganisms lead to specific characteristic such as SNM 

(Secondary nitrite maxima) in the OMZ core that forms extreme chemical gradients 

that fuel biological processes (Morrison et al. 1999; Stevens and Ulloa, 2008). Within 

the OMZs, biological experiments have seen a striking contrast in the diversity and 

abundance between the pelagic macrofauna and microbial populations, with the former 

revealing that the oxic-anoxic gradients of the OMZ waters are less diverse and 

abundant (Stewart et al. 2012; Ekau et al. 2010). By denitrification and anammox 

processes, the OMZ-associated microbes mediate fixed nitrogen depletion from the 

ocean. Over the years, OMZ microbial population-related studies have mostly been 
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focused on distinct pathways (such as denitrification, anammox) or metagenomic 

community studies related to 16S rRNA genes and abundance of functional genes (such 

as nirS, amoA etc.) In particular, it is important to study the bacterial diversity in marine 

ecosystems to understand their distribution, population composition, and thus the 

functioning of the ecosystem (Divya et al. 2011). 

The OMZ's composite prokaryotic population includes phyla such as 

Proteobacteria, Bacteroidetes, Marine Group A, Firmicutes, Verrucomicrobia, 

Gemmatimonadetes, Lentisphaerae, and Chloroflexi were reported (Wright et al. 2012). 

The use of Fluorescence In-situ Hybridisation (FISH) and Catalyzed Reporter 

Deposition (CARD)-FISH techniques to classify unique bacterial and archaeal groups 

from OMZ waters, respectively, was elucidated in molecular cytogenic tests (Podlaska 

et al. 2012). Podlaska et al. (2012) hypothesised based on metagenomic data that the 

dominance of nitrite-reducing chemoorganotrophs and anammox related bacteria in the 

suboxic water column was attributed to the specific drawdown of nitrate and nitrite 

respectively, which was further confirmed by supportive data introduced by Stewart et 

al. (2012), who combined population genomics with transcriptomics. Based on this 

analysis, it was apparent that species with genes involved in nitrification, anammox and 

denitrification processes were harbouring oxycline and core OMZ waters, matching 

transcripts to bacterial (e.g., Candidatus Kueneniastuttgartiensis, SUP05 clade) and 

archaeal (e.g., Nitrosopumilus maritimus) classes. Picoeukaryotes were also discovered 

in combination with bacterial and archaeal diversity after size fractionation (0.22-1.6M) 

experiments on SSU rRNA from isolated genomic DNA (Bryant et al. 2012). 

While macrobiota diversity is limited, the abundance and diversity of bacteria 

within the OMZs is apparently greater than in the adjacent upper and lower layers 

(Stevens and Ulloa, 2008; Podlaska et al. 2012). Podlaska et al. (2012) indicated that, 

relative to where oxygen is the primary electron acceptor in surface oxic or deep 

oxycline, the core of the OMZ dispenses separate terminal electron acceptors, which 

was the cause for high diversity in the ETSP-OMZ (Stevens and Ulloa, 2008). OMZ 

waters facilitate the enrichment of particular classes of bacteria, such as anammox 

bacteria, Chromatiales (purple sulphur bacteria) and sulphur oxidising symbionts, 

which are otherwise found as rare taxonomic groups in the depths of oxic water Beman 

and Carolan, 2013). Most of the initial biological data produced from the AS-OMZ 
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contributed to the Joint Global Ocean Flux Analysis (Riemann et al. 1999). During two 

successive northeast monsoons in the AS, it looked at the horizontal and vertical 

distribution of bacterial population composition studies. 

Using Denaturing Gradient Gel Electrophoresis (DGGE), sequences associated 

with cyanobacteria, Alpha, Deltaproteobacteria, Gram-positive and Green non-sulphur 

bacteria have been defined. Much later, by flow cytometry, Fuchs et al. (2005) sorted 

bacterial cells and exposed them to 16S rRNA gene cloning and FISH to assess 

heterotrophic picoplankton in the waters of oligotrophic, mesotrophic and OMZ. They 

discovered that distinct heterotrophic picoplankton populations occurred in these 

contrasting waters in the AS. The clone libraries in the OMZ were dominated by SAR11 

and SAR406 clade sequences. Bacterial types, including sulphate-reducing bacteria 

(Desulfosarcina, Desulfofrigus) and sulphide-oxidizing bacteria (Riftiaand Calyptogen 

endosymbionts), have been described exclusively within the OMZ. In addition, archaea 

sequences such as Crenarchaeota and Euryarchaeota were found. 

A few research papers have focused on the distribution and behaviour of 

particular classes such as filamentous sulfur-oxidizing bacteria (Schmaljohann et al. 

2001), anammox bacteria (Woebken et al. 2008; Pitcher et al. 2011; Villanueva et al. 

2014; Bandekar et al. 2018a) and ammonia-oxidizing archaea, in addition to the entire 

population studies in the AS-OMZ (Newell et al. 2011; Bouskill et al. 2012). In the 

upper and core OMZ of the AS, Luke et al. (2016) explained the nitrogen cycle and 

observed the bacterial population involved in ammonium oxidation, anammox, nitrite 

oxidation, denitrification and DNRA processes. 

Stevens and Ulloa, (2008) outlined the ETSP bacterial population by 

sequencing 16S rRNA. Gammaproteobacteria, SAR11, Chloroflexi, 

Deltaproteobacteria, Acidobacteria and Planctomycetes have been shown to 

predominate in OMZ waters. Beman and Carolan, (2013) reported how deoxygenation 

affects bacterial diversity and population composition in the ETNP which indicated 

conflicting results of higher phylogenetic diversity in oxic-depths and further declining 

in the OMZ which means that microbial diversity is greatest in the ETNP either at the 

base of euphotic zone, where sinking organic material provides chemical energy to fuel 

microbial metabolism, or on the edge of OMZs, where availability of oxidants and 
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reductants may generate functional and taxonomic diversity. Allers et al. (2013) 

elucidated the diversity and population structure of Marine Group A bacteria in the 

OMZ of Northeast subarctic Pacific Ocean by relating nutrients and O2 concentrations 

using a combination fluorescence in situ hybridization (CARD-FISH) and 16S small 

subunit ribosomal RNA (16S rRNA) gene sequencing (clone libraries and 454- 

pyrotagsand displayed strong correlations of bacterial sequences with decreasing 

O2 concentration with regards to complementary techniques) Studies by Ye et al. (2016) 

depicted bacterial diversity reporting Proteobacteria associated sequences which were 

related to both sulfate reducing and sulfur oxidizing bacteria in hypoxic zone surface 

sediments in the East China Sea, suggesting an active sulphur cycle in this 

region. Stewart et al. (2012) conducted a microbial population metatranscriptomic 

survey using high-through-placed sequencing in the ETSP-OMZ. The microbial 

population, phylogenetic diversity and protein-coding gene diversity analyzed from the 

ETSP OMZ decreased with depth (Bryant et al. 2012). 

 

Jain et al. (2014) documented bacterial diversity in open ocean AS-OMZ 

revealing Alphaproteobacteria, Gammaproteobacteria and Cyanobacteria as the 

dominant bacterial groups and how DO and TOC are responsible for vertical separation 

of the bacterial community between the surface and the OMZ. In addition to this, 

Bandekar et al. (2018a) reported similar trends with respect to bacterial diversity but 

also identified archaeal sequences affiliated to Marine Group II and Euryarchaeota. 

Seasonal variation was also visible among surface bacterial communities, but only 

minor variations were seen among OMZ bacterial and archaeal communities. These 

results were similar to those observed in the ETSP (Bryant et al. 2012) and ETNP 

(Beman and Carolan, 2013). Fernandes et al. (2020) deduced bacterial community 

structure which were affiliated to Proteobacteria, Bacteroidetes, Marinimicrobia, 

Chloroflexi, Planctomycetes and Cyanobacteria from AS and BOB OMZs by Illumina 

sequencing and showed how the prokaryotic community varied between sampled 

locations under various physicochemical conditions, implying that abundant microbes 

are likely involved in sulphur and nitrogen metabolism pathways. A similar study was 

previously reported by Fernandes et al. (2019) in BoB-OMZ by using both culture 

dependent and independent approaches and showed the dominance of 

Gammaproteobacteria in oxygen depleted waters. 
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Culture-dependent approaches give us the ability to analyse the isolates of 

diverse physiological and metabolic potentials that are critical in elucidating the 

microorganism (Cardenas and Tiedje, 2008). Because of (i) particular growth criteria, 

(ii) fast-growing species outnumber slow-growers and (iii) insufficient or stressful 

conditions carried out during cultivation, most microbes (90-99.9 percent) in the 

atmosphere resist cultivation (Vartoukian et al. 2010). Nevertheless, experts have found 

out that if the conditions of cultures are complemented by chemical elements of the 

natural environment, there could be better chances of regeneration (Mu et al. 2018). 

Culture-dependent experiments in the OMZs are unusual and require attention; 

however, it makes isolation techniques more complicated due to the dynamic redox 

processes that exist in these waters. Nonetheless, a few attempts to culture bacteria from 

OMZs have been made, such as amending culture media with required nutrients or 

using differential media to target the growth of marine bacteria for bacterial diversity 

studies. Two novel sulphate-reducing bacteria (SRB) of the genus Desulfovibrio were 

isolated from the Peruvian Coast OMZ in the ETSP using modified culture media 

(Finster and Kjeldsen, 2009). Mulla et al. (2018) reported diversity of nitrate reducing 

bacteria from the AS-OMZ water column and reported three bacterial phyla, i.e., 

Actinobacteria, Firmicutes and Proteobacteria, and demonstrated that a few species 

possessed nitrate utilising activity. Fernandes et al. (2019) also reported presence of 

nitrate reducing cultures where Bacillus, Idiomarina, Halomonas Alcanivorax, 

Marinobacter and Erythrobacter sp. were the most common bacteria found in BoB- 

OMZ and AS-OMZ (Fernandes, 2020). Menezes et al. (2018) cultured sulphur 

oxidizing bacteria from AS and BoB-OMZs revealing Proteobacteria, which accounted 

for the majority of isolates followed by Actinobacteria, Firmicutes and Bacteroidetes. 

Further examination of the thiosulphate oxidation capacity of isolates showed that 

Citreicella thiooxidans, an alphaproteobacterial species, and Achromobacter 

xylosoxydans, a Betaproteobacterial species, oxidised thiosulphate to sulphate within 

48 hours, suggesting role of microbes in the sulphur cycle of the Indian Ocean OMZs. 

Sanz-Sáez et al. (2019) published a report that identified diversity trends of marine 

heterotrophic culturable bacteria at a single depth in the Pacific (3 stations) and Indian 

Ocean OMZ (single station sampled from the AS). A total of 362 isolates were isolated 

after cultivation on Zobell Marine Agar (ZMA) and Marine agar. The bacteria identified 

belonged to the phyla Proteobacteria and Bacteroidetes, with the genera Alteromonas 

and Erythrobacter being the most common. 
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During the southwest monsoon, the west coast of India experiences a seasonal 

OMZ with extreme hypoxia, which extends along the eastern AS (Naqvi et al. 2000). 

To explore bacterial populations along the eastern AS-OMZ, researchers used a number 

of metagenomic methods, including DGGE, 16S rRNA gene cloning, and modern high- 

throughput sequencing (Singh and Ramaiah, 2011; Gomes et al. 2019; Paingankar et 

al. 2019). The bacterial population experiences spatial variability across the year, but 

temporal differences are only found throughout the southwest monsoons (Singh and 

Ramaiah, 2011; Gomes et al. 2019). Acidobacteria, Actinobacteria, Proteobacteria, 

Bacteroidetes, Chloroflexi, Cyanobacteria, Firmicutes, Omnitrophica, Planctomycetes 

and Verrucomicrobia were among the bacterial phylums identified. These bacterial 

communities are remarkably similar to those present in open-water OMZs. In the 

eastern AS-OMZ, the anaerobic bacterial population predominated over the aerobic 

bacterial community. In the continental slope (high-hypoxia) waters, the anaerobic 

bacteria are higher than the off-shore waters (less-hypoxia) (Gonsalves et al. 2011). 

Paingankar et al. (2020) differentiated bacterial diversity by comparing OMZs and non- 

OMZ regions of AS-OMZ by high throughput sequencing. From the OMZ samples, 

this data produced 1328 specific OTUs, identifying families such as Anoxybacillus, 

Clamydiales, Gemella, Hyphomonas, Legionella, Methylophaga, Nitratireductor, 

Oleiobacter, Pararhodobacter, Phenylobaterium, Ruthia, SAR324, Sphingopyaix, 

Rhodospirallacae, Xanthomonade and further the projected functional analysis of the 

OMZ waters identified genes involved in nitrate-reducer, sulphate-reducer and sulphur- 

oxidiser processes. Furthermore, Rajpathak et al. (2018) detailed the dominant bacterial 

families such as Pelagibacteraceae and Caulobacteraceae affiliated to sulphur and 

nitrogen metabolism by high throughput sequencing along the OMZ and non-OMZ 

coastal waters of BOB and the abundance of taxa involved in dissimilatory reduction 

of sulphate was illustrated in predictive analysis. 

To date, only a few studies have focused on recording the diversity of bacteria 

from the AS-OMZ sediments (Divya et al. 2011, 2017; Vipindas et al. 2020, 

Bhattacharya et al. 2020). Divya et al. (2011) first reported the phylogenetic groups in 

the OMZ sediments of eastern AS deciphering Deltaproteobacteria as the dominant 

class in phylum Proteobacteria. A few minor phylogenetic groups were also reported 

corresponding to Spirochetes, Firmicutes,Acidobacteria and Verrucomicrobia. Further 

Divya et al. (2017) through DGGE analyses documented bacterial community profiling 

 
 

23 



of AS-OMZ sediments. Proteobacteria dominated all sites along the depth gradient, 

according to PCR-DGGE analysis. Majority of the bands were attributed to the 

Proteobacteria. Bhattacharya et al. (2020) deciphered aerobic microbial communities 

in the sediments of a marine AS-OMZ. While Lincy et al. (2020) has recorded bacterial 

diversity in both AS and BoB OMZ sediments documenting functional profiling of 

specific bacterial OTUs which harbours genes/enzymes relevant to biogeochemical 

cycling of carbon, nitrogen, and sulfur compounds. 

 
2.6 Investigating bacterial diversity studies pertaining to functional genes 

(denitrification process) 

The OMZs witnesses a significant depletion of fixed N2 in the world's oceans 

(Codispoti, 2007), with about half of it being contributed by the AS (Ward et al. 2009) 

and about ~2.5% by the BoB (Bristow et al. 2017). During the IIOE, a large amount of 

data on the chemical characteristics of AS-OMZ was obtained (McGill, 1973). The 

quantitative relations between nutrients and oxygen were investigated by Sengupta et 

al. (1976). Studies by Naqvi, (1987) found that, during denitrification, much of the 

nitrate is lost. Since then, a variety of studies have been performed to quantitatively test 

denitrification rates. Over the entire 1995 monsoon season, the US JGOFS (Joint Global 

Ocean Flux Analysis) Arabian sea process study developed a high-quality dataset to 

understand the conditions of the AS-OMZ. Other researchers' findings were in 

accordance with the US JGOFS data sets. AS-OMZ is mainly responsible for the 

processing of nitrous oxide, which contributes to anoxia and eventually to 

denitrification. 

In recent decades, primer pairs and PCR protocols have been developed to 

characterize denitrifier populations for the amplification of narG, nirS, and nosZ genes. 

(Braker et al. 1998; Gregory et al. 2000; Bru et al. 2007; Lee and Park, 2009; Zhang et 

al. 2016). In nitrite and nitrous oxide reductase genes, amplifications directly from 

environmental DNA appear to show a larger degree of sequence variation than is 

evident in the same genes from cultured isolates (Braker et al. 2000; Scala and Kerkhof, 

1998). 

The majority of OMZ prokaryotic studies are confined to biogeochemical 

processes. The oxygen concentrations in the OMZ are low enough to induce anaerobic 

metabolism. In fact, denitrification is a facultative anaerobic microbial process 
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(Wallenstein et al. 2006). The denitrifiers are known to belong to more than 50 genera 

of phylogenetic bacteria, including members of the Proteobacteria, Firmicutes, 

Actinobacteria, Bacteroides, and Planctomyces (Zumft, 1997). Denitrifying and 

anammox bacteria turn nitrate into gaseous nitrogen inside the OMZ, disrupting the 

budget for nitrogen (Naqvi et al. 1998). As detailed by Stewart et al. (2012) and Ulloa 

et al. (2012) the function of microbial communities in the AS-OMZ is vital for 

elucidating the global biogeochemical and climate processes mediated by microbes. 

Previous AS-OMZ studies concentrate on anammox and denitrification bacteria 

(Jayakumar et al. 2009a; Ward et al. 2009; Bulow et al. 2010; Pitcher et al. 2011) and 

overall heterotrophic bacterial development characterization (Ramaiah et al. 1996, 

2000). 

Through construction of nirS clone libraries, Castro-Gonzalez et al. (2005) 

documented the denitrifying bacterial populations of ETSP-OMZ. nirS sequences with 

high similarity to the sequences of Paracoccus, Roseobacter, Pseudomonas, 

Marinobacter and Halomonas were found in this study by the authors. In the oxygen- 

deficient zone off Mexico, 16S rDNA clone library review of denitrifying genes by Liu 

et al. (2003) suggested that nirS sequences were associated with Alcaligenes faecalis 

and Pseudomonas stutzeri, while nirK clones were associated with Pseudomonas sp. 

and Alcaligenes xylosoxidans. 

The discovery of high nirS gene diversity compared to regions with 

undetectable nitrite concentrations by Jayakumar et al. (2009a) was in line with the 

results of Ward et al. (2009) and Bulow et al (2010). Jayakumar et al. (2009a) found 

that denitrifying bacteria are widely distributed in association with the development of 

denitrification, showing striking changes in diversity. Clones of nirS and nirK gene 

obtained by Jayakumar et al. (2009a) from the AS- OMZ were closely related to the 

sequences of cultivated denitrifier Pseudomonas aeruginosa. The bacterial community 

data from the US JGOFS in the AS-OMZ reported the dominance of SAR11 of 

Alphaproteobacteria and Cyanobacteria. Majority of the sequences from Riemann et 

al. (1999) study in the AS-OMZ were affiliated to Gammaproteobacteria, 

Alphaproteobacteria and Bacteriodetes. Magnetotactic bacteria were first reported in 

AS-OMZ also by Riemann et al. (1999). Jayakumar et al. (2004) detailed about the 

diversity of nitrite reductase genes (nirS) in the denitrifying water column of the coastal 

Arabian sea. Recent studies by Bandekar et al. (2018b) reported 
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phylogenetic analyses of. nirS gene belonging to Gammaproteobacteria, Alphaproteob 

acteria and Deltaproteobacteria in the AS-OMZ. Reports by Gomes et al. (2018b) 

detailed about functional gene analyses of bacterial communities possessing (narG, 

nirS    and    nosZ)  and     were     diverse     and     dominated     by     members of 

Alpha, Beta and Gammaproteobacteria in coastal hypoxic waters of AS-OMZ. 

 
2.7 Quantification studies with respect to biogeochemical processes 

The potential (genetic) for a specific microbial role within a given environment 

can be assessed by targeting functional genes that encode enzymes in key metabolic or 

catabolic pathways. To understand how microbes function in the environment at a 

molecular level, it's essential to know not only what genes are present and how diverse 

they are, but also how abundant and widely they are distributed. To this end, Q-PCR 

assays have been developed to target biogeochemical processes in the environment that 

are mediated by microbes. Molecular investigation of bacterial denitrification in natural 

environments has been the subject of a number of recent studies. Since denitrifying 

bacteria belong to different phylogenetic classes, researchers have focused their efforts 

on amplification of functional genes from denitrification-related environmental 

samples. Analysis of mRNAs as a marker of gene expression, in addition to PCR-based 

gene detection, could improve our understanding of active functional groups in the 

environment significantly. The detection of mRNAs, which have a short half-life 

(Robinson et al. 1998), gives a clear indication of particular gene expression at the time 

of sampling, which can be associated with physicochemical conditions. Researchers 

have used reverse transcription RT-PCR approaches in a number of studies to examine 

gene expression in a variety of settings, including nahA expression. (Wilson et al. 1999) 

and pmoA (Cho et al. 2002) in groundwater, nifH expression in lake water and termite 

guts (Noda et al. 1999; Zani et al. 2000), rbcL expression in lake water (Xu et al. 1996), 

merR expression in lake water sediment (Michotey et al. 2000), and expression of the 

Desulfovibrio (NiFe) hydrogenase gene in an anaerobic bioreactor (Wawer et al. 1997). 

Quantification of functional genes involved in denitrification and nitrate 

reduction (Lopez-Guti´errez et al. 2004; Smith et al. 2007; Henry et al. 2006), ammonia 

oxidation (Hermansson and Lindgren, 2001; Treusch et al. 2005; Leininger et al. 2006; 

Okano et al. 2004; Mincer et al. 2007), methanogenesis (Denman et al. 2007), sulphate 

reduction (Leloup et al. 2007) and methane oxidation (Kolb et al. 2003) have been 

investigated. Studies by Dalsgaard et al. (2014) documented that how in the OMZ off 
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northern Chile, oxygen at nanomolar levels affects gene expression in anammox and 

denitrification through metatranscriptomic analyses. Studies by Wyman et al. (2013) have 

reported expression of nosZ gene from denitrifying Alphaproteobacteria from the oxic 

and suboxic waters of AS. Yu et al. (2014) investigated bacterial denitrifier community 

expressing narG, nirS, nirK, norB and nosZ through quantitative PCR, quantitative RT- 

PCR, in a subtropical deep reservoir during the strongly stratified period. Jayakumar et 

al. (2012) first reported the expression of nifH in subsurface low oxygen waters of AS- 

OMZ. Recent studies by Bandekar et al. (2018b) detailed the abundance of nirS and 

hzo gene in AS-OMZ. Gomes et al. (2018b) reported the abundance of narG, nirS and 

nosZ from the coastal AS-OMZ. Many researchers have reported higher abundance and 

diverse assemblages of denitrifying and anammox bacteria in these suboxic layers 

(Castro-González et al., 2005; Jayakumar and Francis, 2004; Schmid   et   al. 

2007, Woebken et al. 2008; Jayakumar et al. 2013; Spinrad et al. 1989 and Ward et al. 

1998). 

Previous studies have studied the composition of denitrifrying assemblages in 

the OMZ using 16S rRNA sequences and the study of gene markers involved in the 

denitrification and anammox process (Jayakumar et al. 2009a and b). However, most 

of these studies were carried out on bacterial communities mostly by metagenomic 

studies or high throughput sequencing. Given that most marine bacteria are 

unculturable; these studies only captured a partial picture of microbial community 

composition of the AS-OMZ and also the qualititative study of the genes involved in 

denitrification process. The cultivable approach was aimed to understand the link 

between communities in OMZ ecosystems and also to utilize the cultured isolates in 

understanding how microbial communities, function, interact within these niches and 

their overall role in the biogeochemical processes including their response to 

seasonality. 

From the foregoing, it can be summarized that considerable gaps exist in our 

knowledge of AS-OMZ microbial community. Thus OMZ, in the Indian Ocean are 

important frontiers for discovery of new clades of bacteria and the processes they are 

involved in. Pelagic studies in the AS-OMZ are limited due to the limited access of 

samples. The (genetic) potential for a specific microbial role within a particular 

environment can be assessed by targeting functional genes that encode enzymes in key 

metabolic or catabolic pathways. To understand how microbes function in the 

environment at a molecular level, it's essential to know not only what genes are present 
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and how diverse they are, but also to understand its distribution and abundance in the 

environment. In complex environmental samples, RT-QPCR can be used to detect and 

quantify mRNA transcripts of interest in a sensitive and precise manner. However, in 

this research, the RT-QPCR method was used to examine gene expression (rRNA or 

mRNA) in environmental samples, which is much less commonly used than Q-PCR- 

based gene number assessment (i.e. from DNA) in the environment. 
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Chapter 3 

Phylogenetic analyses of culturable 

bacteria along the OMZ of Arabian 

sea 



 

3.1 Introduction 

Oxygen is an essential molecule for most life forms. Dissolved oxygen in seawater 

sustains life in the oceans through aerobic respiration of biota. Variation of dissolved 

oxygen occurs in seawater, fluctuating between 4-7 ml L−1 i.e. 250-450 μmol kg−1 at 

ambient seawater temperature. However, in about 3-4% of total ocean volume, dissolved 

oxygen drops below 90 μmol kg−1, a level lethal to many macro-organisms; in addition in 

less than 0.05% of global ocean volume, only 4.5 μmol kg−1 of oxygen remains in seawater, 

such that oxic respiration can hardly be sustained (Karstensen et al. 2008, Keeling et al. 

2010) and such zones are termed as Oxygen Depleted Environments (ODEs) or Oxygen 

Minimum Zones (OMZs). Oxygen depletion is commonly observed in regions of the ocean 

where there is demand-supply imbalance. The OMZs are important because denitrification 

is a common respiratory process that transforms nitrate in extremely low oxygen 

environments which is an alternative electron acceptor, into free nitrogen gas, resulting in 

loss of fixed nitrogen from the oceans (Lam and Kuypers, 2011). 

The AS consists of the northwestern part of the Indian Ocean containing diverse 

biogeochemical features such as upwelling, oligotrophic, and low-oxygen environment. 

This latter lies between 150 and 1000 m depth and represent the thickest OMZ found in the 

world's oceans today. Due to such reasons such as semi-annual reversal of monsoonal 

winds (Madhupratap et al. 1996), upwelling and winter cooling (Prasanna Kumar et al. 

2001), the dynamics and seasonality in biology, physics and chemistry of the AS are 

modulated seasonally. The OMZ of the AS is the site of intense denitrification processes 

(Mantoura et al. 1993; Naqvi, 1994). The AS is responsible for 20% of global 

denitrification and plays a key role in the oceanic nitrogen (N) cycle, while covering only 

2% of the global ocean region (Gruber and Sarmiento, 1997; Howell et al. 1997). 

Bacteria occupy a critical role in the biogeochemical cycles as they are considered 

as the chief components of marine ecosystems (Cole et al. 1988). The functioning of 

trophic web networks and remineralizing the organic matter is governed by them (Azam et 

al. 1983; Azam and Long, 2001). OMZs harbor unique diverse communities of bacteria 

whose metabolism controls key steps in marine biogeochemical cycling. It has been also 

well studied by Ducklow et al. (2002); Ramaiah et al. (2005); Singh and Ramaiah, (2001); 
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Divya et al. (2017); Bandekar et al. (2018a). The seasonal changes occurring in turn affect 

the abundance and distribution of microbial communities. Due to the significance of this 

environment and the reported denitrification in the AS (Jayakumar et al. 2004; Naqvi et al. 

2000, 2006) it is important to study the bacterial microflora harboring in this region. 

Because of the well-defined AS-OMZ which undergoes physio-chemical changes 

with respect to seasons, understanding of bacterial community structure could possibly 

assist to understand how bacterial community differs with the changing environmental 

conditions and also their essential functional role in nitrogen cycling. Despite the fact that 

cultivation-based methods alone cannot discover the entire microbial community as 

cultivating such bacterial isolates from natural communities is difficult because of their 

specific nutrient requirements. However they tend to offer the source for elaborating the 

possible metabolic activities of microbial communities in biogeochemical cycling. Also 

the techniques of isolation and culture provide a clear source for associating important cell 

functions with diversity studies. This is of vital importance in understanding the effect of 

microbial diversity on the pace and distribution of biogeochemical transformations 

(Jayakumar et al. 2009a). 

Since natural denitrifying assemblages contain many different phylotypes, 

identifying the microbes involved in these transformations is quite difficult. Despite the 

vast diversity of marine microbes, laboratory cultures of those that are most abundant in 

the environment or play major roles in nutrient cycles are lacking. However, isolation and 

culture approaches, on the other hand, offer a firm basis for relating important diversity 

studies to vital cellular functions. 

Very little is known about culturable bacterial communities involved in nitrogen 

cycle with the exception of certain functional gene-based studies from the AS-OMZ. 

Because of the seasonal hydrographic and physicochemical changes along north eastern 

AS, knowledge of bacterial community structure can be useful in understanding how the 

bacterial community changes in response to changing environmental conditions. To 

understand their potential functional role, studies focusing on recording bacterial 

community structure are needed. Therefore the aim of this chapter was to decipher the 

diversity and phylogenetic relatedness of cultivable heterotrophic bacteria through 16S 

rRNA gene sequencing approach from the AS-OMZ which experiences seasonal 
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variations. This was done to gain an overall understanding of the culturable bacterial 

diversity during pre and post monsoon period. 

3.2 Materials and Methods 

3.2.1 Sample collection and physico- environmental parameters 

Water samples from the OMZ water column of AS were collected onboard during 

March 2015 (Pre-monsoon) and September 2016 (Post-monsoon). Four stations were 

sampled along the transect 68°E at varying OMZ depths in the OMZ of the central AS. The 

locations sampled were ASTS (17°N, 68°E), II14 (21°N, 68°E), II6 (12°N, 68°E) and II2 

(8°N, 68°E). One location G12 (15 °N, 72°E) was sampled from coastal AS-OMZ transect 

(Fig. 3.1). In comparison to II2, which is situated southward beyond the border of extreme 

oxygen minima, ASTS, II14 and II6 is located within the permanent oxygen minimum zone 

in the central AS (Naqvi and Shailaja, 1993; Naqvi, 1991; Naqvi et al. 2006). A CTD 

rosette system with 24 Niskin bottle samplers (Seabird Electronics, Washington, USA) and 

an attached oxygen sensor (Seabird 43 DO sensor) was used to collect water samples. At 

each station, water samples were taken within the oxygen minimum range, and sampling 

depths were determined based on the water column's dissolved oxygen profile. 

 
3.2.2 Measurements of physico- environmental parameters and nutrients 

A Conductivity-Temperature-Depth (CTD) rosette device with an oxygen sensor 

was used to measure dissolved oxygen and temperature. Following the standard methods 

(Grasshoff et al. 1983), nutrients such as nitrate and nitrite were measured from the frozen 

samples which were carried to the laboratory by using an autoanalyser system (Skalar 

Analytical, The Netherlands). 

 
3.2.3 Enumeration of total bacterial counts (TBC) 

Volumes of 50 ml samples from each depth were fixed with buffered formaldehyde 

(2% final concentration). Following the method of Portar and Feig, (1980), 2 ml sub 

samples were incubated for 20 min with 40, 6-diamidino-2-phenylindole (DAPI; 20 μl of 

1 mg ml-1 working solution) and filtered onto black 0.22 μm pore-size polycarbonate 

membrane filters (Millipore). To obtain a reliable mean as many as 20 microscopic fields 
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were chosen. Using an Olympus (BX-51 Japan) microscope, epifluorescence microscopic 

counts were taken (Table 3.1). 

 
3.2.4 Isolation of bacteria 

Water samples were plated onto Zobell Marine Agar (ZMA; consisting of 5 g peptic 

digest of animal tissue, 1 g yeast extract, 0.1 g ferric citrate, 19.45 g NaCl, 8.8 g MgCl2, 

3.24 g of Na2SO4, 1.8 g CaCl2, 0.55g KCl, 0.16 g NaHCO3, 0.08 g KBr, 0.034 g SrCl2, 

0.022 g H3BO3, 0.004) plates for enumeration of colony forming units. Briefly, 200 μl of 

the seawater sample was spread plated onto the ZMA plates and incubated at 28°C. 

Morphologically distinct colonies were chosen for purification from each sample plated on 

to ZMA by streaking. Single, well-isolated colonies were picked out using a sterile 

microbiological loop for obtaining single colony based pure cultures. These plates were 

wrapped and stored at 4°C following incubation and bought back to the laboratory for 

further studies such as 16S rRNA based identification analysis and further for nitrate 

reduction studies. 

 
3.2.5 Genomic DNA extraction 

Genomic DNA was extracted and purified from 24-48 h old bacterial cultures 

grown in Zobell Marine broth (HiMedia, India) using the GenElute bacterial genomic DNA 

kit (Sigma). Bacterial cells were taken in a 2 ml centrifuge tube and incubated with 

lysozyme at 37 °C for 1 h followed by addition of proteinase K and lysis solution at 55 °C 

for 2 h. The entire contents of the tube containing lysed cells were transferred onto genelute 

miniprep binding column and centrifuged at 6500 rpm for 1 min. The column was washed 

twice by addition of wash solution provided in kit and then centrifuged. The DNA was 

eluted from the column by adding elution solution provided in the kit. NanoDrop 1000 

spectrophotometer (Thermo Scientific) was used to quantify DNA by measuring 

absorbance at 260 nm. The purity of DNA was checked by measuring the A260/A280 ratio 

and was approximately equal to 1.8 which indicates pure DNA. The integrity of the total 

DNA was checked by agarose (0.8 %) gel electrophoresis. 
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3.2.6 PCR Amplification 

By using universal primers: 27F (5′-GAGTTTGATYHTGGCTCAG-3′) and, 

1492R (5′-ACGGHTACCTTGTTACGACTT-3′), the 16S rRNA gene was amplified 

yielding an amplification product of approximately 1500 bp from all isolates. The PCR 

reaction (50 μl) contained 1 μl of extracted genomic DNA, 1 μl of each 25 nM primer, 25 

μl of ReadyMix Taq PCR mix (Sigma-Aldrich) (1.5 U Taq DNA polymerase; 10 mM Tris- 

HCl, 50 mM KCl, 1.5 mM MgCl2, 0.001% gelatin, 0.2 mM deoxynucleoside triphosphate 

[dNTP], stabilizers) and 22 μl of DNase-free deionised water. The PCR programme was 

as followed as an initial denaturation at 95 °C for 2 min which was then followed by 25 

cycles of denaturation at 95 °C for 1 min, 55 °C for 1 min of annealing, and 72 °C for 1 

min of an extension. The PCR products were analyzed on a 1% agarose gel using 1 kb 

DNA ladder. 

 
3.2.7 Purification of PCR products 

In order to ensure good quality DNA for sequencing, GenElute PCR cleanup kit 

(Sigma-Aldrich) was used for PCR product clean-up. One volume of PCR product was 

added to 5 volumes of binding buffer and the entire components were loaded onto binding 

column and centrifuged at 11,000 rpm for 1 min. The column was first washed with 

washing solution by centrifuging at 12,000 rpm for 1 min followed by dry wash without 

adding any wash solution to remove any remnant ethanol. The column was then transferred 

to fresh collection tube and PCR product was eluted by addition of elution buffer and 

centrifuging at 11,000 rpm for 2 min. The purified product was stored at -20 °C until further 

analysis. 

 
3.2.8 DNA sequencing, phylogenetic tree construction and statistical analysis 

The PCR products were purified and sequenced using ABI 3130XL genetic 

analyzer (Applied Biosystems, USA). The sequences obtained were searched for sequences 

similarity and compared with the NCBI database through BLAST searches 

(http://blast.ncbi.nlm.nih.gov) and included for tree construction. These sequences were 

aligned in Clustal W and phylogenetic trees were constructed using MEGA6 (Tamura et 

al. 2013) by the neighbor-joining algorithm. By using the statistical software primer 6, 
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version 6.1.9 (PRIMER-E) diversity indices and species abundance at each station was 

calculated. To study the influence of environmental parameters on bacterial community 

structure, canonical correspondence analysis (CCA) was done using Past-3 software 

(https://folk.uio.no/ohammer/past/). 

 
3.3 Results 

3.3.1 Environmental features 

Seasonal differences in the distribution pattern of Dissolved oxygen (DO), nitrate 

(NO3
-), nitrite (NO2

-) and temperature during both seasons is listed in Table 3.1. With 

increasing depths at all sampled stations there was decrease in temperature. At the surface 

waters, the maximum temperature reported at all stations was around 27-28 °C, 11-17 °C 

in the mid depths (200-500m) and 8-10 °C in the lower bottom waters (750-1000m). The 

vertical distribution of environmental parameters such as the dissolved oxygen (DO), 

nitrite (NO2
-), and nitrate (NO3

-) at all sampled stations of both seasons are shown in Fig. 

3.2 and 3.3. At all OMZ stations (ASTS, II6, II14), the dissolved oxygen (DO) profile is 

typical of an OMZ, with well-oxygenated surface and near-bottom depths. Although the 

sub-surface depths had low oxygen concentrations, the lowest DO values were found 

between 250 and 500 m among the depths sampled. With the exception of 170 m (1.34 

μM), DO at II2 station was well above the specified OMZ concentration. DO 

concentrations ranged from 1.34-186 μM (pre-monsoon) and 0.89-192 μM (post- 

monsoon). The water column was less oxygenated (anoxic) during post-monsoon 

compared to pre-monsoon. In the AS-OMZ, the results are consistent with previously 

measured DO values. (Fernandes, 2020; Bandekar et al. 2018a; Mulla et al. 2018), where 

core OMZ stations (ASTS, II14, II6) have acute oxygen minima conditions at mid-depths 

whereas, oxygen values above the specified threshold were found at II2. Nitrate 

concentrations were low at the surface layers of the sampled stations, but higher levels 

were found within the OMZ and near bottom depths. The nitrate concentrations ranged 

from 0.03-39.65 μM (pre-monsoon) and 0-36.95 μM (post-monsoon), and were 

significantly lower in the surface waters than the bottom waters. According to studies in 

these areas water mixing, diffusion from the nitrate-rich deep ocean reservoir, and the pace 

of biological production, are the key determinants of nitrate availability in surface waters. 

 

34 



Since AS support relatively high levels of primary productivity, surface nitrate 

concentrations are consumed (Qasim, 1999). Bacterial decomposition replenishes nitrate 

below the euphotic zone, resulting in higher nitrate concentrations at deeper layers (Zehr 

and Ward, 2002). During pre-monsoon nitrite accumulation or secondary nitrite was only 

evident at ASTS 250 m (2.94 μM); while constantly low values were observed which 

ranged from 0-0.73 μM in the entire water column. While during post-monsoon nitrite 

concentrations ranged from 0-2.72 μM and secondary nitrite maxima was seen at OMZ 

depths (200-400m) at II6, ASTS and II14 stations. TBC counts did not vary drastically 

between seasons, but there was a higher count at the surface and a lower count at the near 

bottom depths (Table 3.1). 

3.3.2 Phylogenetic distribution and diversity of cultivable bacteria 

A total of 248 bacterial isolates were obtained on initial isolation from the water 

samples. Phylogenetic analysis revealed that the bacterial isolates belonged to 21 genera 

comprising of class Gammaproteobacteria (79%), Firmicutes (18.15%), Bacteroidetes 

(1.61%) and Alphaproteobacteria (1.2%). Phylogenetic trees were created using the 16S 

rRNA gene sequences using the reference strains from the NCBI database which showed 

diverse community structure. The GenBank accession numbers of the 16S rRNA gene 

sequences of bacterial isolates which were submitted to NCBI are as follows MN712206- 

MN712233, MN714304-MN714357, MN714909-MN714927, MN715788-MN715804, 

MN719075-MN719081, and MN723601-MN723742, KP663369. Seasonal comparisons 

were useful to recognize the variations in culturable bacterial species composition with 

respect to different seasons. 

 
3.3.2.a ASTS 

At ASTS station species of Alteromonas, Halomonas, Bacillus, Pseudomonas, 

Pseudoalteromonas, Stenotrophomonas were found during both the seasons. However, 

Alteromonas was the dominant genus found during both the seasons followed by 

Halomonas sp. It was seen that Marinobacter sp. was found only during post-monsson, 

while Oceanobacillus sp. was found only during pre-monsoon period (Fig.3.4 a, b). Fig. 

3.5 reveals the phylogenetic analyses of culturable isolates obtained during both the 

seasons which grouped into 2 clades viz. Gammaproteobacteria and Firmicutes. 
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3.3.2.b II14 

Similar to ASTS, the major genera found at II14 were Alteromonas and Halomonas 

and both were commonly found in both the seasons. Stenotrophomonas, Exiguobacterium, 

Pseudomonas, Psychrobacter sp. were found exclusively during pre-monsoon. While 

Vibrio, Idiomarina, Bacillus, Ruegeria, Zunongwangia, Thalassospira, Marinobacter sp. 

were observed only during post-monsoon indicating more diversified bacterial population 

during post-monsoon (Fig. 3.6a and b). Fig. 3.7 represents the phylogenetic analyses of 

culturable isolates obtained during both the seasons at II14 which grouped into 4 clades 

viz. Gammaproteobacteria, Alphaproteobacteria, Bacteroidetes and Firmicutes. 

 
3.3.2.c II6 

Unlike II14 and ASTS, major genera found at II6 were Alteromonas and 

Pseudoalteromonas sp. followed by Halomonas. Other species includes Pseudomonas, 

Vibrio and Marinobacter. Bacillus, Exiguobacterium, Stenotrophomonas sp. was 

exclusively found during pre-monsoon. While Sufflavibacter, Photobacterium sp. were 

found only during post-monsoon (Fig.3.8a and b). Fig. 3.9 represents the phylogenetic 

analyses of culturable isolates obtained during both the seasons at II6 which grouped into 

3 clades viz. Gammaproteobacteria, Bacteroidetes and Firmicutes. 

 
3.3.2.d II2 

Unlike previous 3 stations, the genera found during pre-monsoon at II2 were 

Halomonas, Alteromonas, Marinobacter, Pseudomonas, Salinimonas. Whereas, during 

post-monsoon Halomonas sp. were seen dominating followed by Pseudoalteromonas, 

Bacillus and Alteromonas and Acinetobacter (Fig. 3.10a and b). Fig. 3.11 represents the 

phylogenetic analyses of culturable isolates obtained during both the seasons at II2 which 

grouped into 3 clades viz. Gammaproteobacteria, Bacteroidetes and Firmicutes. 

 
3.3.2.e G12 

At G12 during pre-monsoon, Halomonas sp. were found dominating followed by 

Alteromonas, Pseudomonas sp. However, during post-monsoon Bacillus sp. dominated 

followed by Alteromonas. Staphylococcus and Vibrio sp. were found during both the 
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seasons whereas Pseudoalteromonas sp. was found exclusively during pre-monsoon and 

Domibacillus and Photobacterium sp. were seen only during post-monsoon. (Fig. 3.12 a 

and b). Fig. 3.13 represents the phylogenetic analyses of culturable isolates obtained 

during both the seasons at G12 which grouped into 2 clades viz. Gammaproteobacteria 

and Firmicutes. 

 
3.3.3 Statistical analysis 

Species diversity was calculated as per the number of isolates obtained at each 

station. The statistics shows the number of species (S), species richness (d), evenness (J’) 

and species diversity (H’). A highest number of species were recorded at II14 Post- 

monsoon having species value (9) and least at II2 pre & post monsoon, II4 pre-monsoon 

(5). Moreover, II14 Post-monsoon (H’ = 3.18) recorded high diversity value and was 

related with high species richness (d = 1.79) (Table 3.2). 

 
3.3.4. Effect of environmental parameters on Bacterial Community (BC) 

The CCA analysis was performed in PAST3 software with identified bacterial 

genus to determine the association between bacterial diversity and environmental factors. 

Three significant environmental variables: DO, nitrite and nitrate were selected in the CCA 

biplot. CCA analysis, axis 1 accounted for 61.98 % of the explained variance and axis 2 

for 37.97% (Fig. 3.14). CCA reflected a strong negative gradient caused by DO (R = - 

0.8812), while a strong positive gradient by nitrite (R= 0.671236) which seems to 

separate the BC into pre monsoon and post monsoon bacterial communities of OMZ. 
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Table 3.1 Season wise variations in different environmental parameters 
 

Season 
Sampling 

station 

Depths 

(m) 

Temperature 

(°C) 

DO 

(µM) 

NO3
- 

(µM) 

NO2
- 

(µM) 
TBC 
(×105cells/ml) 

  50 28.5 184.04 6.13 0.02 4.2 
  150 21.6 20.5 19.66 0.05 3.6 
 II14 250 14.1 4.46 21.79 0.015 2.8 
  500 11.6 7.14 27.03 0.29 3.2 
  800 9.6 10.72 27.12 0.01 2.5 
  1000 8.15 18.76 20.37 0.005 2.3 

  30 28.2 183 0.165 0.01 3.6 

 
II6 

150 19.1 1.34 9.38 0.73 1.7 

250 14.5 1.78 10.75 0 3.9 
  500 11.7 6.70 8.02 0.01 1.8 

Pre-Monsoon 
 175 17.1 20.10 23.84 0.01 1.3 

II2 270 13.8 7.14 16.58 0.02 1.7 
  750 9.5 16.08 19.23 0.01 1.8 

  0 28.6 180.24 2.1 0.01 5.4 
 G12 200 15.2 2.03 21.77 0.04 3.8 
  350 12.5 3.15 19.03 0.04 2.5 

  0 27.3 186.08 0.07 0 4.1 
  65 27.1 178.56 0.03 0 3.9 
 

ASTS 
250 16.2 1.85 18.47 2.94 3.2 

 500 12.2 2.08 18.80 0.11 2.0 
  800 10.2 2.89 28.06 0.085 1.9 
  1000 8.8 6.46 39.65 0.095 2.4 
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Season 
Sampling 

station 

Depths 

(m) 

Temperature 

(°C) 

DO 

(µM) 

NO3
- 

(µM) 

NO2
- 

(µM) 
TBC 
(×105cells/ml) 

  40 28.03 151.88 5.93 1.06 3.5 

  160 19.2 7.14 21.6 0.17 2.9 

 II14 200 17.3 0.89 19.96 0.9 3.1 

  400 13.5 0.89 21.95 2.13 2.6 

  1000 8.8 2.68 35.42 0.3 2.4 

  30 27.7 187.62 0.07 0 3.8 

 II6 200 15.7 0.89 19.27 2.72 2.2 

  300 13.0 0.89 26.61 0.17 1.9 

  500 11.6 3.57 25 0 2.2 

  110 21.4 8.93 20.13 0.06 2.9 

 II2 170 16.2 1.34 26.46 0.06 2.5 

Post- Monsoon  210 14.6 17.86 21.74 0.08 2.1 

  0 27.8 192.08 3.33 0 4 

 
G12 

55 19.2 7.14 22.03 0.01 3.5 

 120 17.1 4.46 24.14 0.02 3.2 

  200 14.92 4.46 23.32 0 3.1 

  0 27.9 183.15 0 0 4.2 

  56 27.9 184.04 0.95 0.17 3.6 

  150 18.6 4.46 23.79 0 3.2 

 ASTS 250 14.9 0.89 19.76 2.25 2.2 

  350 13.8 0.89 22.34 1.44 1.7 

  500 12.2 0.89 26.78 0 1.8 

  1000 8.5 7.14 36.95 0 2.3 
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Table 3.2. Species diversity indices. 
 

Season Station S (species) d (richness) J' (evenness) H' (diversity) 

 ASTS 7 1.4 0.83 2.59 

 
II14 9 1.79 0.92 3.18 

Post-monsoon II6 7 1.47 0.78 2.51 

 
II2 5 0.89 0.74 2.1 

 
G12 6 1.15 0.75 2.2 

 
ASTS 7 1.3 0.77 2.29 

 
II14 5 0.86 0.86 2.19 

Pre-monsoon II6 8 1.61 0.88 2.9 

 
II2 5 0.96 0.89 2.4 

 
G12 6 1.13 0.87 2.58 



 

 

 
 

 

 

Figure 3.1. Map showing the sampling locations in the Arabian sea OMZ. 



 

 

  
 

 

 

Figure 3.2. Depth profiles of environmental parameters at all sampled stations during pre-monsoon 



 

 

  
 

 

 

Figure 3.3. Depth profiles of environmental parameters at all sampled stations during post-monsoon 



 

 

 

 

 

 

 
 

 
 
 

Figure 3.4. Spatio-temporal variations in culturable bacterial community structure along the 

OMZ region of AS stations at ASTS during (a) pre-monsoon and (b) post-monsoon season. 
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Figure 3.5. Phylogenetic tree of culturable bacterial isolates generated from alignments of 16S 

rRNA gene sequences obtained from the ASTS station of OMZ AS during both the seasons, 

representative references retrieved from GenBank. In the bootstrap test of 1000 replicates, the 

percentage of the replicate trees wherein the associated taxa that clustered together is shown next 

to the branches. Bootstrap values > 50% is shown at each node. Scale bars represent the 

nucleotide substitution percentage. 



 

 

 

 

 

 

 
 

 
 

 
 
 

Figure 3.6. Spatio-temporal variations in culturable bacterial community structure along the 

OMZ region of AS stations at II14 during (a) pre-monsoon and (b) post-monsoon season 
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Figure 3.7. Phylogenetic tree of culturable bacterial isolates generated from alignments of 16S 

rRNA gene sequences obtained from the II14 station of OMZ ASduring both the seasons, 

representative references retrieved from Genbank. In the bootstrap test of 1000 replicates, the 

percentage of the replicate trees wherein the associated taxa that clustered together is shown next 

to the branches. Bootstrap values > 50% is shown at each node. Scale bars represent the 

nucleotide substitution percentage. 



 

 

 

 

 

 

 

 
 

 
 

 
 
 

Figure 3.8. Spatio-temporal variations in culturable bacterial community structure along the 

OMZ region of AS stations at II6 during (a) pre-monsoon and (b) post-monsoon season 
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Figure 3.9. Phylogenetic tree of culturable bacterial isolates generated from alignments of 16S 

rRNA gene sequences obtained from  the II6 station of OMZ AS during both the seasons, 

representative references retrieved from Genbank. In the bootstrap test of 1000 replicates, the 

percentage of the replicate trees wherein the associated taxa that clustered together is shown next 

to the branches. Bootstrap values > 50% is shown at each node. Scale bars represent the 

nucleotide substitution percentage. 



 

 

 

 

 

 

 
 

 

Figure 3.10. Spatio-temporal variations in culturable bacterial community structure along the 

OMZ region of AS stations at II2 during (a) pre-monsoon and (b) post-monsoon season 

(b) 
Acinetobacter 

5% 

Alteromonas 

11% 

Pseudoalteromonas 

17% 

Bacillus  

17% 

Halomonas 

50% 

(a) 
Pseudomonas 

17% 

Salinimonas 

8% 
Alteromonas 

41% 

Marinobacter 

17% 

Halomonas 

17% 



 

 

 
 

Figure 3.11. Phylogenetic tree of culturable bacterial isolates generated from alignments of 16S 

rRNA gene sequences obtained from  the II2 station of OMZ AS during both the seasons, 

representative references retrieved from Genbank. In the bootstrap test of 1000 replicates, the 

percentage of the replicate trees wherein the associated taxa that clustered together is shown next 

to the branches. Bootstrap values > 50% is shown at each node. Scale bars represent the 

nucleotide substitution percentage. 



 

 

 

 

 

 

 
 

 
 

Figure 3.12. Spatio-temporal variations in culturable bacterial community structure along the 

OMZ region of AS stations at G12 during (a) pre-monsoon and (b) post-monsoon season 
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Figure 3.13. Phylogenetic tree of culturable bacterial isolates generated from alignments of 16S 

rRNA gene sequences obtained from the G12 station of OMZ AS during both the seasons, 

representative references retrieved from Genbank. In the bootstrap test of 1000 replicates, the 

percentage of the replicate trees wherein the associated taxa that clustered together is shown next 

to the branches. Bootstrap values > 50% is shown at each node. Scale bars represent the 

nucleotide substitution percentage. 



 

 

 

 

 

 

 

 

 
 

 

Figure 3.14. Canonical correspondence analysis (CCA) ordination diagram of bacterial 

communities associated with environmental parameters. Canonical correspondence analysis 

(CCA) ordination diagram of bacterial communities associated with 3 environmental variables 

(DO, nitrate, nitrite) (arrows). The first and second ordination axes accounted for 61.98 % and 

37.97% of the explained total variance, respectively. The small circle represents the stations from 

post monsoon sampling while big circle represents stations from pre monsoon as well as all 

coastal stations. 



 

 

3.4 Discussion 

The AS-OMZ is the second-most intense OMZ reported in the world tropical 

ocean (Kamykowski and Zentara, 1990). The oxygen concentration reaches near-total 

depletion at depths from 200 to 1000 m (Morrison et al. 1998); it is seen that, suboxic 

levels exist over much of that depth range and denitrification occur in its upper portion 

(Naqvi, 1991). Bacterial denitrification is induced by the presence of either NO3
- or 

NO2
- in the presence of a restricted O2 supply, and it is suppressed by surplus O2 (Zhou 

et al. 2001). Large levels of NO3
- and very low levels of NO2

- could contribute to the 

establishment of a distinct population at the edge of the open ocean denitrification 

region (Codispoti and Packard, 1980). 

DO concentrations in the OMZ regions in all stations varied seasonally with the 

lowest recorded in post monsoon compared to pre monsoon. Secondary nitrite maxima 

were observed in open ocean stations (ASTS, II4 and II6) during post monsoon season, 

where oxygen concentration was ≤ 1 µm. Secondary nitrite maxima values reported in 

these stations are above 2 µM. Naqvi et al. (1991,1994) proposes that the average 

secondary nitrite maximum values are ≥ 1 µM. Such nitrite concentrations in suboxic 

water where dissolved oxygen is ≤ 4.5 µM indicate that denitrifcation is a prominent 

respiratory process. 

OMZs harbor unique microbial communities with important biogeochemical 

roles. To understand how bacterial biodiversity is distributed across OMZs, bacterial 

communities associated with the oxygen minimum zone of the north eastern AS was 

studied through 16S rRNA gene phylogenetic analysis. Considering the importance of 

denitrification process prevailing in this area inhabiting the water column of OMZ, the 

nitrate utilizing activity of the culturable heterotrophic bacteria was also investigated 

which is described in next chapter. 

Bacterial abundance varied seasonally, with the lowest during pre-monsoon and 

the highest recorded in post monsoon. Typically, bacterial abundance is more at the end 

of the southwest monsoon (SWM) in September (FIM) i.e.: post-monsoon season 

which is also reported earlier by Jain et al. (2014) and Bandekar et al. (2018a). It is also 

well studied that during post monsoon season or winter due to high surface productivity 

and poor water circulation, the oxygen deficient waters of the northeastern AS-OMZ 
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gets intensified (Naqvi et al. 1990; Kumar and Prasad, 1996), thus this might be one of 

the reason of high bacterial diversity during post-monsoon season. 

16S rRNA gene sequencing identified the existence of four bacterial lineages in 

culturable bacteria of 21 different genera: Gammaproteobacteria (79%) (Species of 

Vibrio, Alteromonas, Stenotrophomonas, Salinimonas, Pseudoalteromonas, 

Marinobacter, Idiomarina, Photobacterium, Halomonas, Pseudomonas, 

Psychrobacter, and Acinetobacter), Alpha-proteobacteria (1.2%) (Thalassospira and 

Ruegeria sp.), Bacteroidetes (1.61%) (Sufflavibacter and Zunongwangia sp.) and 

Firmicutes (18.15%) (species of Bacillus, Oceanobacillus, Exiguobacterium, 

Domibacillus and Staphylococcus). 

Gammaproteobacteria and Firmicutes contributed largely to the bacterial 

community in all five regions, emphasizing their ubiquity and significance in bacterial 

community structure and functioning in the OMZ of the AS. Most isolates were closely 

related to genera such as Pseudoalteromonas, Alteromonas, Vibrio, Idiomarina, 

Pseudomonas, Photobacterium, Marinobacter, and Halomonas sp. It is well known that 

from the marine environment bacteria from this phylogenetic group are readily 

culturable microorganisms (Fuhrman and Hagström, 2008). Proteobacteria are perhaps 

the most complex group of microbes, making it biologically important (Gupta, 2000). 

Further, it has been also reported from a series of pelagic marine environments (Rappé 

et al. 2000) also from the OMZ of the ETSP (Stewart et al. 2012; Stevens and Ulloa, 

2008; Castro-Gonzalez et al. 2005; Ganesh et al. 2014), AS (Jain et al. 2014; Jayakumar 

et al. 2004; Fuchs et al. 2005; Bandekar et al. 2018a; Mulla et al. 2018; Fernandes, et 

al. 2020) and BoB (Fernandes et al. 2019). In this study, overall, 12 genera of bacteria 

belonging to Gammaproteobacteria from OMZ water column were isolated, identified 

and Alteromonas sp. was found to be the dominant genus. It is observed that 

Alteromonadales contribute extensively to the temporally stable bacterial community 

structure in the AS-OMZ which is evident from the metagenomic studies conducted by 

Bandekar et al. (2018a). Due to the microaerophilic metabolism and capability to 

degrade recalcitrant compounds and furthermore the ablilty to degrade large sinking 

particulate matter may be the reason for the presence of Alteromonadales throughout 

the year in the AS-OMZ (Ramaiah et al. 2005). Halomonas and Alteromonas sp. were 

recovered from the culturable fraction of bacteria from coastal AS sediments, 

suggesting the dominance of Gammaproteobacteria from clone libraries (Divya et al. 
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2010, 2011). Alteromonas, Idiomarina, Vibrio, Marinobacter, Pseudoalteromonas, 

Photobacterium, Halomonas, Pseudomonas, and Bacillus sp. were the common genera 

observed in both culture-dependent and culture-independent analyses from coastal AS- 

OMZ (Gomes et al.2019). 

Sun et al. (2017) analysed the population composition of nitrous oxide- 

consuming bacteria in ETSP sediments and discovered that Marinobacter sp. was 

prevalent. The genera Marinobacter and Pseudoalteromonas, which are relatively 

abundant, serve as indicator taxa for strong OMZ periods (Orsi et al. 2017). 

Pseudoalteromonas and Idiomarina sp. have been detected in the central AS-OMZ 

(Jain et al. 2014; Fernandes, 2020; Mulla et al. 2018). Psychrobacter sp. is present in 

hydrocarbon-contaminated marine habitats (Harwati et al. 2007; Azevedo et al. 2013). 

This genus is also known for its ability to denitrify (Zheng et al. 2011). According to 

reports by Su et al. (2015), Acinetobacter sp. which is capable of both nitrification and 

denitrification was observed in this present study. In this study, Thalassospira and 

Ruegeria sp. belonging Alphaproteobacteria were isolated. Basu et al. (2013) 

previously reported a low frequency of cultured Alphaproteobacteria in the Northern 

AS. Thalassospira sp. could grow facultatively anaerobically using nitrate as the final 

electron acceptor and degraded polycyclic aromatic hydrocarbons (Kodama et al. 

2008). The members belonging to phylum Bacteroidetes are important heterotrophs 

that play a role in the organic carbon cycle in aquatic ecosystems (O'Sullivan et al. 

2006) and are widespread in nutrient rich waters. Flavobacteriaceae species such as 

Sufflavibacter and Zunongwangia were found in this study. These species are also 

reported in culturable diversity studies from AS (Fernandes, 2020) and BoB OMZ 

(Fernandes et al.2019). Within this phylum, the Flavobacteriaceae family is believed 

to have a favourable interaction with organic matter and to play an important role in the 

breakdown of polymeric compounds obtained from algal biomass (Bauer et al. 2006). 

Zunongwangia sp. has been observed in sediments to degrade organic nitrogen (Qin et 

al. 2010). 

Bacillus, Oceanobacillus, Exiguobacterium, Domibacillus and Staphylococcus 

species were among the Firmicutes found in this study. Bacillus sp. was found in greater 

abundance in the AS-OMZ sediments responsible for organic matter mineralization, 
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suggesting that it plays a significant role in in situ biogeochemical processes (Divya et 

al. 2011). Denitrification is said to be popular among Bacillus species (Verbaendert et 

al. 2011; Saïd et al. 2014). 

CCA analyses used in this study indicate that DO, nitrate and nitrite are 

important factors in influencing the bacterial community of pre monsoon and post 

monsoon. There is a clear indication that the pre monsoon bacterial community was 

influenced by oxygen while post monsoon bacterial community was under the influence 

of nitrite and to some extent nitrate. Coastal G12 station bacterial community 

irrespective of season was seen to associate closely with dissolved oxygen. 

This research contributes to our understanding of culturable heterotrophic 

bacteria from the water column along the AS-OMZ in terms of population differences 

on a spatio-temporal scale. The bacterial community structure of OMZ ecosystems is 

found to be phylogenetically diverse and spatio-temporally distinct, according to this 

study. The capability of bacteria to respond to seasonal variations could help them adapt 

to changing environmental conditions more effectively. In marine environments many 

of the identified strains in this study are known to be denitrifiers. In low oxygen 

environments, the high diversity of culturable bacteria reflects their important 

ecological role in biogeochemical cycling in the OMZ ecosystem. Although the 

presence of OMZ, the processes within OMZ and its intensification are widely studied 

but the role of microbes and its contribution behind denitrification process is less 

studied. The culturable approach used in this study will help in understanding the 

processes involved in nitrogen cycle of AS-OMZ more clearly. 

 
Conclusion 

This study aims to shed light on cultured bacteria from OMZ water column and their 

role in the OMZ ecosystem of the AS. In this present study, the diversity of culturable bacterial 

communities inhabiting the water column of the AS-OMZ was investigated seasonally through 

phylogenetic analysis. It was observed that during post monsoon season suboxic conditions 

prevailed, secondary nitrite maxima and high diversity indices were also observed. These 

differences could be correlated to the change in bacterial community structure during both the 

seasons. Physicochemical factors can also play a important role in influencing the distribution 

and diversity of marine microorganisms. Moreover, during post monsoon ie: the southwest 

monsoons, the decomposition of phytoplankton blooms and high rates of exudation leads to 

prolonged bacterial proliferation and poor water circulation causing waters oxygen deficient.  
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During this period northeastern AS-OMZ gets intensified. The study on the phylogenetics of 

culturable bacteria in the north-eastern AS-OMZ experiencing spatio-temporal variations are 

useful, not only to highlight the existence of plentitude of phylogenetic diversity but also its 

dynamic shift during different seasons. 
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Chapter 4 

Denitrification potential of a selected 

set of heterotrophic bacterial cultures 



 

4.1 Introduction 

Arabian sea (AS) exhibits significant differences in physical, chemical and 

biological processes because of the series of environmental conditions that exist in a 

year. Among that the extremely well-developed OMZ, which is associated with high 

nitrite maxima and extensive mid-depth denitrification, is one of the most notable 

features of the northern AS (DeSousa et al. 1996; Naqvi, 1994; Naqvi et al. 1998). 

Biogeochemical dynamics and microbial ecology of AS OMZ water column has been 

widely controlled by bacterial communities involved in nitrate reduction. Heterotrophic 

bacteria are the recognized diverse functional groups. Since they can respire 

anaerobically using nitrate as electron acceptors, both aerobic and facultative anaerobic 

heterotrophic bacteria capable of nitrate reduction are important functional groups in 

the nitrogen cycle. 

Among various biogeochemical transformations occurring within diverse 

microbial communities, the ability to denitrify (removal of fixed nitrogen) occurs 

extensively in many taxonomic groups of bacteria (Braker et al. 2000; Jayakumar et al. 

2004). When oxygen is limiting, fixed nitrogen is used as an alternative electron 

acceptor to support respiration. Most of the denitrifiers are facultative anaerobic 

heterotrophic bacteria which (not necessarily under strict anaerobic conditions) pair the 

oxidation of organic substrates to the reduction of NO3
- to either N2O or N2 (Zumft, 

1997; Yu et al. 2014). Most bacteria have the capability of switching between oxic and 

nitrate reliant modes of respiration. The nitrous oxide generated as a result of the 

process produces nitrogen oxides (NOX), a highly reactive free oxygen radical that 

contributes to stratospheric ozone depletion (Portmann et al. 2012) and global warming. 

In addition to its impact on the nitrogen cycle, a very crucial role of conventional 

denitrification is the degradation of organic carbon when oxygen is limiting. 

While the global biogeochemical processes that occur within the OMZ are well 

understood, less is known about the phylogenetic and metabolic activities of the 

microorganisms that exist there (Fuchs et al. 2005; Riemann et al. 1999; Stevens and 

Ulloa, 2008). As a result, in order to completely understand the mineralization, 

knowledge of the activity of heterotrophic microbes is required (Pomroy and Joint, 

1999). The majority of microbial diversity research carried out in the AS's OMZ is 

focused on culture-independent methods that includes taxonomic classification (Castro- 

Gonzalez et al. 2005; Stewart, 2012; Jayakumar et al. 2004, 2009a; Ward et al. 2009; 

Kuypers et al. 2005). 
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It was previously thought that denitrification would not have occurred in the 

presence of oxygen because there appears to be no energy advantage of using nitrate as 

an oxidant when oxygen is available (Goreau et al. 1980; Zehr and Ward, 2002; 

Jayakumar et al. 2009b). Thus experiments have proved that denitrifiers are often 

facultative anaerobes (Schlesinger and William, 1997). 

Several studies have investigated the response of denitrifiers to environmental 

change as the response and adaptability of microbial communities to climate change 

and other environmental change is chief component of ecosystem response (Fenn et al. 

1998; Erisman and Vries, 2000; Barnard et al. 2005). Due to the acknowledged 

significance of the AS in the fixed nitrogen loss, and the reported intense denitrification 

in the north eastern Arabian sea (Jayakumar et al. 2004, Naqvi et al. 2000, 2006), it is 

important to study the contribution of bacterial communities to denitrification. This 

chapter focused on the selected set of culturable fractions involved in the utilization of 

transformation of nitrogen species in the environment. 

 
4.2 Materials and Methods 

4.2.1 Nitrate reduction test 

To check the capability of isolates in nitrate reduction, all the isolates obtained 

(248) in previous chapter (3) were tested for their ability to reduce nitrate to nitrite and 

further by following the protocol by Clarke and Cowan, (1952). In brief, the cultures 

were grown for 24-48 hours in nitrate broth (5g peptone, 3 g meat extract, 1 g KNO3, 

30 g NaCl per litre, and final pH 7.6), and nitrate reduction was tested by adding a few 

drops of Griess reagents (sulfanilic acid and N-(1-napthyl)-ethylenediamine 

dihydrochloride) (NED). The formation of pink colour in the broth suggested nitrate 

reduction, although no colour change after adding Griess reagents indicated no nitrate 

reduction or reduction beyond nitrite. To determine if nitrate is reduced beyond nitrite 

or not, a pinch of zinc dust was added to those tubes that did not change colour after 

Griess reagents were added. The formation of red colour in broth indicates no reduction 

of nitrate. Out of 248 cultures tested, 166 were found to be nitrate reducers, which were 

then divided into 44 different species and these 44 representative chosen for further 

analysis. 
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4.2.2 Estimation of nitrate reduction rate (NRR) 

To determine NRR, each representative isolate listed in Table 4.1 recognized 

through phylogenetic analyses were inoculated in nitrate broth and incubated for 48 

hours (all isolates reached log phase) at 25 ºC at 120 rpm. The cells were pelleted and 

removed. The culture supernatant of each isolate was divided into two equal portions 

and made upto 50 ml with distilled water. One part was passed through a cadmium 

column first to reduce nitrate to nitrite. Total nitrite (nitrate plus nitrite) was determined 

spectrophotometrically by addition of sulfanilamide and NED and substituting the 

values in the standard graph. From the second part of supernatant nitrite was determined 

by reaction with sulfanilamide and NED and substituting the values in the standard 

graph. 

Nitrate reduction rate was calculated using following equation: 

Nitrate reduction rate = A-B/ V*T 

Where, A = Initial concentration of nitrate in NB; 

B = Final concentration of nitrate in NB; 

V = Volume of NB 

T = Hours of incubation (Modified from Laverman et al. 2006) 

 
 

4.2.3 Nitrate reductase enzyme assay 

All 44 representative nitrate reducing cultures were assayed by following the 

protocols by Smarrelli and Campbell (1983), Redinbaugh and Campbell (1985). To 

determine the nitrate reductase activity cell-free extracts were taken and the reaction 

mixture with final volume of 2 ml of 24 mM potassium phosphate buffer containing 9.5 

mM potassium nitrate and 0.05 mM EDTA at pH 7.3 and 100 µl of the supernatant 

containing the enzyme NADH (electron donor) were prepared. The amount of nitrite 

produced was determined by adding 1 ml each of diazo coupling reagent (58 mM 

sulfanilamide in 3 M HCl solution and 0.77 mM NED and absorbance was measured 

at 540 nm. The enzyme activity was calculated by drawing a standard graph of nitrite 

using known nitrite concentrations. Nitrate reductase activities expressed as U ml-1. 
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4.3 Results 

4.3.1 Nitrate reduction test and nitrate reduction rate (NRR) 

Out of the 248 isolates obtained from the study area as described in chapter 3, 

166 isolates were nitrate reducers accounting for 67% of the total bacterial population 

in this study. Out of these 67% of the total nitrate reducing bacterial population 59 % 

were denitrifiers, which means they were able to reduce nitrate to nitrite and further. 

Out of these, 44 different individual isolates representing the 166 nitrate reducing 

isolates were obtained. The nitrate reduction rate of the isolates ranged from 0.86-3.4 

µM NO3
- day-1. The highest was recorded by Idiomarina seosinensis (3.4 µM NO3

- day-
 

1). NRR was the least (0.86 µM NO3
- day-1) by Staphylococcus saprophyticus. These 

results however are restricted to 48-hour incubation, which is a limitation of this study 

to determine the NRR (Table 4.1) 

 
4.3.2 Nitrate reductase enzyme activity assay 

The nitrate reductase activities varied with the tested isolates. It was found to 

be as low as 0.001 U ml−1 by Alteromonas tagae, whereas Marinobacter 

hydrocarbonoclasticus showed highest activity with 1.32 U ml−1 (Table 4.1). 

 
4.3.3 Diversity and depth profile analysis of nitrate reducing bacterial isolates 

From the phylogenetic identification results from chapter 3, depth profile of 

nitrate reducing isolates was studied. It was seen that nitrate reduction was observed in 

class belonged to Gammaproteobacteria (77%), Firmicutes (18%), 

Alphaproteobacteria (3%) and Bacteroidetes (2%) (Fig. 4.1a), where 

Gammaproteobacteria turned out to be major contributor. Overall, the diversity of 

nitrate reducers was higher in post- monsoon (61%) (Fig. 4.1b). The major genera of 

nitrate reducers were Halomonas (22%) and Alteromonas (21%) followed by Bacillus 

(16%), Marinobacter (8%) and Pseudoalteromonas (8%) (Fig. 4.2). 

Depth profile analysis revealed pronounced spatio-temporal differences in the 

community structure of nitrate reducing bacteria (Fig. 4.3 and 4.4). During pre- 

monsoon and post-monsoon season genus Pseudomonas, and Halomonas showed 

increasing trend with increasing depth in all stations, while genus Bacillus was seen 

decreasing with increase in depth except G12 which is a coastal station. ASTS which 

is a site of permanent OMZ showed dominance of Alteromonas and Halomonas during 
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both seasons. At station II14 where oxygen level is high during pre-monsoon and low 

during post-monsoon showed presence of Thalassospira, Idiomarina, Ruegeria and 

Zunongwangia sp. whereas Sufflavibacter sp. was reported from II6 during post- 

monsoon while it didn’t appear during pre-monsoon. II2 is a non OMZ station and here 

Bacillus sp. dominated during post-monsoon while Halomonas and Alteromonas sp. 

were abundant during pre-monsoon. Staphylococcus sp. was observed only at G12 

during both seasons also the dominance of Bacillus sp. was noted at this station. While 

the structure of total bacterial population versus nitrate reducers revealed less 

percentage of nitrate reducers at II2 which is a non OMZ location. The highest percent 

of nitrate reducers during pre-monsoon were observed at ASTS (250m) and during 

post-monsoon at II14 (200m) (Fig. 4.5 and 4.6). It was also observed that at G12 around 

30% of population being found as nitrate reducers. 
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Table 4.1. NRR and NRA of representative denitrifying isolates 
 

Culture NRA (U ml -1) 
- -1 

NRR (µM NO3 day ) 

Halomonas aquamarina MN712206 0.023 1.72 

Alteromonas marina MN712212 0.042 0.98 

Marinobacter adhaerens MN712208 0.019 2.3 

Halomonas meridiana MN714305 0.052 3.3 

Alteromonas macleodii MN714312 0.0156 1.1 

Halomonas axialensis MN714330 0.68 1.8 

Pseudoalteromonas arabiensis MN714328 0.67 2.6 

Alteromonas simiduii MN714329 0.07 1.72 

Alteromonas tagae MN712217 0.001 1.6 

Alteromonas australica MN714311 0.033 1.9 

Marinobacter hydrocarbonoclasticus MN714346 1.32 3.25 

Pseudoalteromonas shioyasakiensis MN714336 0.074 1.43 

Bacillus amyloliquefaciens MN712225 0.058 2.1 

Stenotrophomonas sp.MN712226 0.063 2.23 

Staphylococcus saprophyticus MN723601 0.049 0.86 

Staphylococcus sciuri MN720626 0.082 1.29 

Halomonas hydrothermalis MN712233 0.043 1.75 

Marinobacter algicola MN714341 0.36 2.7 

Bacillus xiamenensis MN714342 0.052 1.5 

Bacillus subtilis MN720639 0.019 1.32 

Ruegeria pelagia MN714344 0.079 1.89 

Pseudomonas stutzeri MN712229 0.78 1.96 

Vibrio caribbeanicus MN714345 0.094 2.4 

Bacillus methylotrophicusMN714347 0.076 1.5 

Halomonas sp. MN714306 0.032 1.28 

Idiomarina fontislapidosi MN714353 0.95 3.05 

Vibrio rotiferianus MN714351 0.087 2.52 

Zunongwangia profunda MN714352 1.03 2.23 

Bacillus halotolerans MN715795 0.065 1.56 

Alteromonas gracilis MN715800 0.052 2.35 

Vibrio parahaemolyticus MN714354 0.055 2.64 

Pseudomonas sp.MN714308 0.073 2.15 

Thalassospira tepidiphila MN714356 0.096 2.82 

Vibrio penaeicida MN714321 0.082 2.1 

Alteromonas marina MN712212 0.14 2.63 

Photobacterium angustum MN715801 0.09 3.13 

Sufflavibacter maritimus MN714327 0.2 2.96 

Idiomarina seosinensis KP663369 1.26 3.4 

Bacillus endolithicus MN715803 0.04 1.78 

Bacillus niabensis MN715794 0.02 1.16 

Pseudoalteromonas gelatinilytica MN720620 0.08 2.45 

Stenotrophomonas bentonitica MN720621 0.07 2.69 

Psychrobacter celer MN723856 0.3 3.1 

Pseudomonas aeruginosa MN712230 0.86 1.9 
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Figure 4.1(a) Phylum level distribution of nitrate reducing bacterial population 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1(b) Percentage of total nitrate reducing bacterial population during pre and post- 

monsoon season. 
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Figure 4.2. Genus level distribution of nitrate reducing 

isolates 
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Figure 4.3. Bacterial community structure of nitrate reducers at different sampled OMZ depths 

at different stations along with DO in pre-monsoon season 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4. Bacterial community structure of nitrate reducers at different sampled OMZ depths 

at different stations along with DO in post-monsoon season 
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Figure 4.5 Percentage composition of total bacterial isolates versus nitrate reducers at different 

sampled OMZ depths at different stations in pre-monsoon season 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.6 Percentage composition of total bacterial isolates versus nitrate reducers at different 

sampled OMZ depths at different stations in post-monsoon season 
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4.4 Discussion 

The AS-OMZ is the second-most intense OMZ reported in the world tropical 

ocean (Kamykowski and Zentara, 1990). The oxygen concentration reaches near-total 

depletion at depths from 200 to 1000 m (Morrison et al. 1998). It is seen that, suboxic 

levels exist over much of that depth range and denitrification occur in its upper portion 

(Naqvi, 1991). 

Environmental data represented in previous chapter revealed that DO 

concentrations in the OMZ regions in all stations varied seasonally with the lowest 

recorded in post-monsoon compared to pre-monsoon. Secondary nitrite maxima were 

observed in open ocean stations (ASTS, II4 and II6) during post-monsoon season, 

where oxygen concentration was ≤ 1 µm. Secondary nitrite maxima values reported in 

these stations are above 2 µM. Naqvi et al. (1991, 1994) proposes that the average 

secondary nitrite maximum values are ≥ 1 µM. Such nitrite concentrations in suboxic 

water where dissolved oxygen is ≤ 4.5 µM indicate that denitrifcation is a prominent 

respiratory process. 

The most interesting issue in microbial ecology is to find out which members 

of bacterial species are responsible for total activity and what factors regulate In-situ 

population activity or inactivity. Studies based on culture provide information on the 

physiological characteristics of organisms and their contributions to the ecosystem's 

functioning. Because of their proliferation and ubiquity, heterotrophic bacteria play a 

major role in biogeochemical cycling in the ocean. Because of their ability to respire 

anaerobically using nitrogen oxides as electron acceptors and reduce them to nitrous 

oxide and dinitrogen, both aerobic and facultative anaerobic heterotrophic bacteria 

capable of nitrate reduction are essential functional groups in the nitrogen cycle (Gomes 

et al. 2018). 

The world ocean OMZs are vast areas of nitrite-rich and oxygen-depleted 

waters. Microbial populations in these zones have an effect on the ocean's nitrogen 

economy by leading to large loses of fixed nitrogen as dinitrogen (N2) and nitrous oxide 

(N2O) gases (Ulloa et al. 2012). To understand how bacterial biodiversity is distributed 

across OMZs, phylogenetic study of the 16S rRNA gene was done to investigate 

bacterial communities associated with the OMZ of the northeastern AS which is 
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highlighted in chapter 3. Considering the importance of denitrification process 

prevailing in this are inhabiting the water column of OMZ, the nitrate utilizing activity 

of the culturable heterotrophic bacteria was investigated in our present chapter. 

Gammaproteobacteria was the dominant phyla observed among nitrate 

reducers which is about 77% of the total nitrate reducers belonging to this phylum. In 

the Indian Ocean, previous studies have reported that along the vertical depths of the 

water column 60 percent of Gammaproteobacteria contributed to bacterial nitrate 

reduction (Fernandes, 2020; Jiang and Jiao, 2016). The similar reports indicating 

dominance of Gammaproteobacteria as nitrate reducers in OMZ region are reported by 

Mulla et al. (2017). Functional gene based studies by Bandekar et al. (2018b) revealed 

majority of bacterial population containing nirS and nosZ genes (genes responsible for 

denitrification) belonged to the phylum Proteobacteria at different depths in OMZ 

region of AS. Denitrification activity in the AS is predominantly validated by molecular 

and isotopic pairing studies (Jayakumar et al. 2009a; Ward et al. 2009; Bristow et al. 

2017). Alteromonas and Halomonas sp. which belonged to the order Alteromonodales 

were seen dominating the community. In the AS-OMZ, the most predominant 

Alteromonodales are capable denitrifiers of group Gammaproteobacteria (Bandekar et 

al. 2018a). Denitrification genes such as narH, nirS and nosZ have also been found in 

Halomonas sp. In the AS-OMZ, a few of the genera isolated during this analysis were 

also reported to perform denitrification (Mulla et al. 2017; Fernandes, 2020). 

Denitrifying Bacterial community structure when studied depth wise it was 

evident that species like Halomonas, Alteromonas, Pseudoalteromonas, Marinobacter 

were found at most of the OMZ depths. It is reported in the previous literature that the 

bacteria belonging to these particular genera consists of genes which are involved in 

nitrogen cycle (Jones et al. 2011; Cai and Jiao, 2008; Li et al. 2013) and these isolates 

are also reported to perform nitrate reduction from culture based nitrate reduction test 

conducted by Mulla et al. (2018) and Fernandes, (2020). Further, nitrate-reducing genus 

Marinobacter was observed to predominate at both AS and BoB-OMZs culture studies 

(Fernandes, 2020). In the Indian ocean, the Marinobacter community has also been 

observed as a dominant nitrate reducer (Jiang and Jiao, 2016). Marinobacter sp. is 

active in nitrate assimilation and is positively correlated with nitrate concentration, 

according to studies (Allen et al. 2005). 
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The nitrate reduction rates revealed that Idiomarina seosinensis and 

Marinobacter hydrocarbonoclasticus isolated from OMZ region could reduce nitrate 

at 3.4 µM and 3.2 µM NO3
- day-1 and had nitrate reductase activity of 1.32 U ml−1 and 

0.95 U ml−1 respectively. However, according to the nitrate reduction test studies 

reported by Mulla et al. (2018), 25 isolates of Marinobacter hydrocarbonoclasticus 

from AS-OMZ were found and this species of bacteria has been earlier shown to exhibit 

efficient denitrifying ability (Li et al. 2013). Under microaerobic conditions in the 

presence of nitrate, M. hydrocarbonoclasticus and P. stutzeri are known as aerobic 

denitrifiers (Lalucat et al. 2006, Dell'Acqua et al. 2012), making them potential 

denitrifying candidates in the OMZ water. Idiomarina sp. are reported to be potential 

nitrate reducers from AS-OMZ (Mulla et al.2018). While, Fernandes, (2020) reported 

Idiomarina sp. as potential nitrate reducers in both AS and BoB-OMZ, Idiomarina sp. 

has also been reported to possess one of the denitrification gene nosZ from functional 

gene studies from AS-OMZ (Mulla et al.2018), BoB-OMZ (Fernandes, 2020). In 

contrast highest N2O production of 5.18 X 10-15 mol cell-1 has been reported in 

Idiomarina sediminium from coastal AS-OMZ waters (Gomes et al. 2018a). 

There have been no previous experimental reports of NRR from individual 

bacterial cultures except Gomes et al. (2018a) where Marinobacter sp. was reported for 

highest nitrate reduction rate (0.28 µM NO3
- day-1) and nitrate reductase activity was 

reported to be highest with values of 0.084 and 0.119 U ml−1 by Idiomarina sediminium 

and Halomonas xianhensis respectively. To note the rates of nitrate utilization, it is 

useful to perform assays which involve nitrate reductases of marine bacteria, as nitrate 

reductase catalyzes the reduction of nitrate to nitrite which is first step in denitrification. 

Phytoplankton (Hurd et al. 1995) and microalgae (Chow et al. 2007) have previously 

been found to contain nitrate reductase of marine origin. 

From the percentage composition structure, the presence of 70-85% of nitrate 

reducing bacterial population at ASTS, II6 and II14 in our study was quiet expected 

since reports by Mulla et al. (2018), Fernandes, (2020) have shown presence of nitrate 

reducing populations in the described location and have also reported presence of 

denitrification genes from the nitrate reducing population. But the existence of 30% of 

nitrate reducers at G12 station was quiet unexpected. However, from the bacterial 

community structure it is observed that Vibrio, Bacillus, Staphylococcus, Halomonas, 
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Alteromonas sp. were commonly isolated from G12 station and these species have been 

reported from culture dependent and independent studies by Gomes et al. (2019) and 

further studies by Gomes et al. (2018a) reported its role in denitrification by estimating 

nitrate reduction rates from coastal AS-OMZ. Vibrio sp. play an important role in 

nitrogen recycling and biogeochemical cycles as it is natural inhabitants of coastal 

waters (Thompson et al. 2004). Denitrification is reported to be a common feature 

among members of genus Bacillus (Verbaendert et al. 2011; Saïd et al. 2014). 

From the nitrate reduction tests it was evident that 67% of the total bacterial 

population belonged to nitrate reducers among which 59 % were denitrifiers, which 

means they were able to reduce nitrate to nitrite and further. Also, the post-monsoon 

season showed high numbers of nitrate reducers/denitrifiers then pre-monsoon. This 

data supports active role of these isolates in OMZ environment, as we have seen the 

secondary nitrite maxima in open ocean during post-monsoon, the above observations 

support our claim that the denitrification process may be active during the post- 

monsoon season. According to Naqvi, (1999), denitrification is the main cause of fixed 

nitrogen loss in the AS-OMZ, especially during SWM and NEM, from which SWM 

corresponds to post-monsoon season in our study. 

The findings of this analysis are helpful in understanding the contribution of 

culture-appropriate heterotrophic bacterial species in denitrification. This huge portion 

of culturable bacteria which are able to reduce in low oxygen conditions ought to reveal 

its important role in biogeochemical processes in the OMZ of AS. Examining individual 

cultures capable of converting nitrate to nitrite and examining their nitrate reduction 

rate under laboratory conditions has been useful in evaluating the range of possible 

denitrification potential. 

 
Conclusion 

Understanding the potential of bacteria to reduce nitrate and its ability to 

transform nitrate to nitrite under laboratory conditions is a useful tool in understanding 

the physiology of these nitrate reducers and thus understanding their possible role in 

denitrification process in AS-OMZ. Although the presence of OMZ, the processes 

within OMZ and its intensification are widely studied but the role of microbes and its 

contribution behind denitrification process is less studied. From the total bacterial 

population, 67% of population was recorded to be nitrate reducers which imply their 

potential role in the nitrogen cycle in the AS OMZ regions experiencing spatio- 
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temporal variations with respect to DO concentrations. The culturable based study used 

in this chapter will help in understanding the role of microbes involved in nitrogen cycle 

of AS-OMZ more clearly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

56 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Chapter 5 

Gene expression studies of 

denitrification genes from selected 

culturable strain by RT-QPCR 



 

5.1 Introduction 

Denitrification by bacteria is mainly facultative. Diverse microbial communities 

conduct biogeochemical transformations of biologically important elements. Amid 

such functions, many taxonomic groups of bacteria possess the microbial ability to 

denitrify (i.e., removal of fixed nitrogen) (Braker et al. 2000; Jayakumar et al. 2004). 

In general, marine denitrification has been found and thought to occur in low oxygen 

areas of the water column, (Stevens and Ulloa, 2008; Ward et al. 2009; Bristow et al. 

2017). It is observed that water column denitrifying zones are major sources to the 

atmospheric nitrous oxide, if denitrification is partial and nitrous oxide is not converted 

to N2. Nitrous oxide is a strong greenhouse gas which is also involved in ozone layer 

depletion (Crutzen, 1979; Lashof and Ahuja, 1990; Waibel et al. 1999). Low oxygen 

concentrations and the availability of nitrogen oxide control the expression of a 

taxonomically complex group of bacteria that can convert nitrate to nitrite. To support 

respiration (when oxygen is limiting) fixed nitrogen in its oxidized forms is used as an 

alternative electron acceptor. AS covers only ~ 2% of the global oceanic area but 

accounts for ca. 20% of oceanic denitrification and thus, a very important factor playing 

major role in the marine nitrogen budget (Codispoti et al. 2001). Denitrification is the 

sequential process of reducing nitrate (NO3
-) to nitrite (NO2

-), to nitric oxide (NO), to 

nitrous oxide (N2O), and finally to dinitrogen gas (N2). 

Denitrification in the ocean is not entirely understood, but it is reported that O2 

levels less than or equal to 20 μM is the maximal O2 level which prompts utilization of 

an alternative electron acceptor (Ulloa et al. 2008; Lam and Kuypers, 2011). With low 

oxygen concentrations, nitrate and nitrite serve as the key hydrogen acceptors which 

produce molecular nitrogen (Cline and Goering, 1970; Devol, 1978; Wright et al. 

2012). During suboxic conditions presence of nitrite maxima signifies that 

denitrification is the principle respiratory pathway occurring in that area, which utilizes 

fixed nitrogen and reduces it to free nitrogen gas (Devol, 1978; Morrison et al. 1998). 

The reduction of NO3
- to NO2

- catalysed by a membrane-bound nitrate reductase (nar) 

or periplasmic NO3
- reductase (nap), encoded by the narG or napA genes, is the first 

step in the microbially mediated denitrification process. Nitrate reductases have 

complex network governing regulation and expression (Kaiser et al. 2001). One or both 

of these reductases (narG and napA) are known to be present in denitrifying bacteria, 

with narG being more widespread and representative of the two (Smith et al. 2007; 
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Deiglmayr et al. 2004; Reyna et al. 2010). narG is primarily expressed in anaerobic 

denitrifying conditions, and napA under aerobic conditions (Bell et al. 1990). 

In order to study the network of denitrification, it is essential to study this 

process by combining physiological, molecular genetics, and biochemical tools 

(Baumann et al. 1996). Some microorganisms have the ability to use both oxygen and 

nitrogenous oxides, such as P. denitrificans, which can survive in both aerobic or 

anaerobic conditions. Signals and mechanisms controlling the switches between 

aerobic and anaerobic conditions are not well known, although some regulatory genes 

have been found to be involved in this process and are characterized (Galimand et 

al.1991; Schlueter et al. 1992; Spiro and Guest, 1991; Van Spanning et al. 1995). In 

addition, reverse transcription (RT) tests are now increasingly combined with Q-PCR 

approaches in RT-QPCR assays, providing a powerful instrument to measure gene 

expression (in terms of rRNA and mRNA transcript numbers) and by integrating 

physiological, molecular genetics, and biochemical techniques to link biological 

behavior to ecological function (Smith and Osborn, 2009). 

In this study, we illustrate the use of gene probes for the nitrate reductase of 

Idiomariana strain cos21 to characterize the dynamics of nitrate reduction in a 

continuous culture depicting the low oxygen environment in the oxygen minimum 

zone, to understand the nitrate reduction process in this region. 

 
5.2 Materials and methods 

5.2.1 Bacterial strain and culture conditions 

Idiomarina strain cos21 identified in chapter 3  was taken in our present 

chapter for gene expression studies based on the highest NRR activity performed in 

chapter 4. 

 
5.2.2 PCR Amplification of narG gene and napA gene 

PCR amplification of narG and napA was carried out in a 50 µl volume using 

Taq PCR reaction mix (Sigma-Aldrich) according to the manufacturer's instructions 

using primers listed in Table 5.1. Amplicons of narG were obtained by PCR 

programme by an initial denaturation at 95 °C for 10 min, 6 cycles of 95 °C for 15 s, 

63 °C for 30 s, and 72 °C for 30 s of touchdown was carried out, with a 1 °C step down 

in annealing temperature of each cycle followed by 35 cycles of 95 °C for 15 s, 58 °C 

for 30 s, and 72 °C for 90 s and a final extension at 72 °C for 10 min. napA gene was 

amplied as an initial denaturation at 94°C for 5 min; followed by 35 cycles of 94°C for 
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30 s, 55°C for 30 s, and 72°C for 1 min; followed by a final extension step at 72°C for 

10 min. The PCR products were analyzed on 1.5 % (w/v) agarose gel to ensure that the 

correct size fragment was amplified. 

 
5.2.3 Cloning and sequencing of narG gene 

Real-time PCR primers (Table 5.1) were used for the amplification and 

sequencing of the narG gene (Correa-Galeote D et al. 2013). Amplified narG gene was 

purified using the PCR purification kit (QIAGEN) and cloned using the TOPO TA 

cloning kit (Invitrogen). Luria–Bertani agar plates containing 50 μg/ml of ampicillin, 

0.1 M isopropyl-β-d thiogalactopyranoside (IPTG) and 20 mg/ml of 5-bromo-4-chloro- 

3-indoly-β-dgalactopyranoside (X-Gal) were used to select transformants. Nucleotide 

sequences of clones were determined using a Taq Dye Deoxy terminator cycle sequence 

kit (Perkin–Elmer). Sequencing reaction products were analyzed using ABI 3130XL 

genetic analyzer (Applied Biosystems, USA). Analysis of the narG gene sequence was 

done through databases (GenBank). 

 
5.2.4 Total RNA extraction and cDNA synthesis 

Total RNA was extracted from bacterial cells using Pure Link RNA Mini kit 

(Ambion, Life technologies). Cells were grown for 48 h in NB and the pellet was 

collected by centrifugation. Cells were suspended in lysis buffer containing 1% of 2- 

mercaptoethanol, followed by homogenization. The clear supernatant was obtained by 

centrifuging at 10,000 rpm for 5 min. The homogenate was mixed with 70% ethanol to 

form a clear visible precipitate and then it was loaded onto the binding columns 

provided in RNA mini kit. RNA was eluted by the addition of RNase-free water and 

stored at -20 °C. The extracted RNA was run on 1% formaldehyde denaturing agarose 

gel for checking structural integrity. RNA was then quantified by using NanoDrop by 

measuring the A260/A280 ratio and was approximately equal to 2.0 which indicates 

pure RNA. Pure RNA has an A260/A280 ratio of 1.9-2.1. RNA was then converted to 

cDNA by using GenElute™ mRNA Miniprep Kit (Sigma-Aldrich). mRNA was 

converted to cDNA by using ReadyScript cDNA Synthesis Mix (Sigma-Aldrich). The 

reaction mixture contained (4 μl ReadyScript cDNA Synthesis Mix, 1 μl of ~1μg RNA 

template, 15 μl of PCR grade water). The entire components were mixed gently by 

vortexing and incubated in thermal cycler with initial temperature of 25 °C for 5 min, 

42 °C for 30 min and finally at 85 °C for 5 min. 
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5.2.5 Culture conditions for gene expression studies 

Strain cos21 was grown in tightly screw capped 100 ml glass bottles (30 

numbers) containing nitrate broth (NB). The temperature was maintained at 30 °C ± 2 

°C. The culture shifted from aerobic to anaerobic growth conditions during its growth 

due to the uptake of oxygen by bacteria which were not replenished due to the tight 

closure of experimental glass bottles. Each time three bottles (triplicates) were collected 

in the interval of 12 h to obtain sample during each growth phase. The culture was 

sampled for analysis of optical density, dissolved oxygen, nitrate, nitrite, nitrate 

reductase enzyme, and mRNAs. Gene Expression of the nitrate reductase gene was 

studied by RT-QPCR at each growth stage. 

 
5.2.6 Analytical determinations and enzyme Assays 

Dissolved oxygen from the screw capped glass bottles was measured using a 

galvanic dissolved oxygen probe (PCD650, Oakton, USA). Cell growth was measured 

by taking the absorbance of the cultures at 600 nm. The culture was centrifuged. 

Centrifugation was done at 5000 rpm for 10 min. Supernatant and pellet was separated. 

Nitrite and nitrate in the supernatant were determined by the method described in 

(Strickland and Parsons, 1972). The pellet was further homogenized with phosphate 

buffer (50 mM, pH 7) and then centrifuged at 0°C at 2000 rpm for 15 min. The 

supernatant was used for the nitrate reductase activity assay. The supernatant was 

incubated with ß-NADH for 2 min at 30 °C and the reaction was stopped by adding 

sulphanilamide and NED reagent (N-(1-naphthyl) ethylenediamine dihydrochloride). 

Activity was recorded spectrophotometrically at 540 nm (Redinbaugh and Campbell, 

1985). Nitrate reduction rate was calculated using following equation (Laverman et al. 

2006). 

Nitrate reduction rate = A − B/V × T 

A is the initial concentration of nitrate in NB, 

B is the final concentration of nitrate in NB, 

V is the volume of NB, 

T is the hours of incubation. 

The data reported are representative of three independent experiments, with standard 

deviations < 10%. 
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5.2.7 Real-Time PCR quantification of nitrate reductase gene expression 

Gene expression analysis for nitrate reductase transcript was carried out using 

RT-QPCR. Primers used in the RT-QPCR study are listed in Table 1. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene was an internal control 

during all the RT-QPCR run. There was barely any dissimilarity in the mean CT 

values of GAPDH gene expression during different growth stages of bacteria from 0 

h (CT= 28.3) to 72 h (CT = 28.2). All the PCRs had efficiency between 95 and 

100%. The amplifications were carried out in a 96 well plate in a total volume of 20 

μl using 1 μl of cDNA, 200 nM of each gene-specific primer pair with 5X qARTA. 

Cycling parameters were 95 °C for 15 min and followed by 40 cycles of 95 °C for 15 

s and 60°C for 1 min. ΔΔCT method was used to determine the relative fold of 

induction (Livak and Schmittgen, 2001). 

5.2.8 Quantification of narG mRNA by using an external narG standard curve in 

one-step RT-QPCR 

Serial dilutions from 1000 to 0.1 ng of total RNA was prepared using RNase 

free H2O. The amplification was carried by using gene-specific primer pair with 5X 

qARTA Green qPCR Mix (QARTA Bio) in an ABI 7500 Real-Time PCR system (as 

described above). Standard curves were plotted using the threshold cycle for each 

standard. By using the slope of the standard curve, the efficiency (E) of amplification 

was estimated. Second derivative maximum method was used to quantity narG mRNA 

in different stages of growth by using external narG standard curve (Rasmussen, 2001). 

RT-QPCR products were checked for the specificity by melting-curve analyses. 

 
5.3 Results 

5.3.1 Amplification and sequencing of narG gene from Idiomarina strain cos21 

Amplification product of narG gene was obtained by PCR using total 

chromosomal DNA as a PCR template, and primers listed in Table 5.1, the PCR 

product was ~ 500 bp whereas nap gene could not amplify (Fig. 5.1). narG gene was 

separately amplified using RT-QPCR primers (Table 1). TOPO Vector (invitrogen) 

was used for ligating PCR product and the recombinant plasmids were transformed 

into E. coli JM109. The partial nucleotide sequence of the insert in TOPO was 

determined. The sequence obtained with amplicon size of 174 bp, when compared to 

the protein sequences in gene bank. The results indicated that the short sequence of 

narG gene 
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from strain cos21 (KU921436) is 98% identical to the nitrate reductase alpha subunit 

of Hahella ganghwensis (GenBank Accession No WP_020407638.1). 

 
5.3.2 RNA confirmation 

The total RNA isolated from Idiomarina strain cos21 using Pure Link RNA 

Mini kit (Ambion by Life technologies) had good structural integrity which was evident 

from the intact 23s and 16s ribosomal bands seen clearly after the denaturing 

formaldehyde agarose gel electrophoresis (Fig. 5.2). 

 
5.3.3 Response of Idiomarina strain cos21 to a change from aerobic to suboxic 

growth conditions 

Strain cos21 was cultivated in a nitrate-rich medium with peptone as a carbon 

source. Within a few hours, the cells increased gradually over a cultivation period. 

Growth was measured by checking culture density. Growth reached maximum by 36 h 

and remained steady for the next few hours and declined after 48 h (Fig. 5.3). Samples 

for nutrient analysis, enzyme activity, and total RNA isolation were taken during the 

different phases of growth (lag, logarithmic, Negative acceleration phase, early 

stationary phase, late stationary phase and death phase). The production of nitrate 

reduction metabolites was seen along the growth curve. Nitrate concentration decreased 

with an increase in cell growth while nitrite concentration increased with the time. 

Nitrate was almost completely consumed by 36 h. After the exhaustion of nitrate, the 

culture switched to the stationary phase (Fig. 5.3). Stationary phase was also followed 

by low oxygen concentration that is around 10 μM, which is considered to be suboxic 

(1–20 μM) condition (Fig. 5.3). Maximum nitrate reduction rate was reported during 

early stationary phase of strain cos21 which was 3.5 μM NO3
− h−1 (Fig. 5.4). 

 
5.3.4 Quantification of the narG gene copy and its expression in Idiomarina strain 

cos21 

The narG transcripts were quantified by using the standard curve method. For 

narG mRNA was isolated from lag growth phase, a value of approximately 1.1 × 103 

molecules was calculated; for mRNA isolated from the logarithmically growing cells, 

1.6 × 103 molecules while mRNA isolated from negative acceleration phase showed 

3.6 × 103 molecules. A value of 4.5 × 103 and 2.2 × 103 molecules was calculated for 
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mRNA isolated from early stationary phase and stationary phase; respectively. While 

death phase was reported with 2.3 × 102 molecules (Fig. 5.4). 

The expression of the genes for the nitrate reduction process was examined by checking 

the levels of nitrate specific mRNAs in the cell culture as well as nitrate reductase 

enzyme activity in the culture medium. The gene expression levels obtained by real- 

time quantitative RT-PCR analysis were normalized to that of the GAPDH gene since 

its expression was found to be invariant under different oxygen concentration changes. 

Quantitative values were obtained by using the comparative threshold cycle (ΔΔCT) 

method recommended by Applied Biosystems. The relative expression of the narG 

gene was determined three times in each of the five experimental RNA samples and is 

expressed as the fold difference in the quantity of cDNA molecules present at different 

growth stages. narG gene expression gradually increased over time until it upregulated 

by 3.75 folds at the early stationary phase of growth of strain cos21 after which narG 

gene expression with late stationary and death phase decreased drastically (Fig. 5.5). 

This time course study of gene expression shows that a narG gene was differentially 

expressed during the different growth stage of strain cos21, and also at different oxygen 

concentrations. 
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Table 5.1 Primer and probe sets used for PCR 
 
 

 

Target 

gene 

Amplicon 

size (bp) 

Primer or probe 

 

Name Sequence (5’ 3’) 

PCR 

cycle 

annealing 

temp (°C) 

Reference 

narG 650 narG1F TAYGTSGGGCAGGARAAACTG 

narG1R CGTAGAAGAAGCTGGTGCTGT 
63

 

nap 414 

napAV67F TAYTTYYTNHSNAARATHATGT 55 

AYGG 

nap A V67R DATNGGRTG CAT YTCNGCCAT 

RTT 

López Gutiérrez 

et al. 2004 

Smith et al. 2007 

For RT-QPCR  

 Nar G-1F TCGCCSATYCCGGCSATGTC  D.Correa- 

narG 174 Nar G-1R GAGTTGTACCAGTCRGCSGAYT 60 Galeote et al. 
  G  2013 

 

 
GAPDH 63 

GAPDH_1F CGACAGTCAGCCGCATCTT 60 Jacob et al. 2013 

GAPDH_1R CCCCATGGTGTCTGAGCG 
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Figure 5.1. Agarose gel electrophoresis of PCR product by amplification of genes in 

Idiomarina strain cos21 isolated from OMZ region using gene specific primers. Lane 1: nap 

(no amplification), lane 2: narG, and lane 3: molecular markers (Genaxy, India). 
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Figure 5.2. Denaturing formaldehyde agarose gel electrophoresis of total RNA isolated from 

Idiomarina strain cos21. Lane 1: Transcript RNA marker (Sigma Aldrich), lane 3: Total RNA 

isolated from Idiomarina strain cos21. 
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Figure 5.3. The growth of Idiomarina seosinensis cos21. Cells were grown in a synthetic 

minimal medium and samples for total RNA preparation were taken at indicated points (1, lag 

phase; 2, logarithmic growth phase; 3, Negative acceleration phase; 4, Early stationary phase; 5, 

Late stationary phase; 6, Death phase) and Utilization of nitrate, nitrite and activity of nitrate 

reductase during growth of Idiomarina seosinensis cos21 

 



 

 

 

 
 

 

 

Fig.5.4. Variation in gene abundance (copy number per ng of DNA) of nitrate reduction genes 

of Idiomarina seosinensis cos21 during the change from aerobic to anaerobic growth. Standard 

errors are indicated (n= 3). Gene copy numbers were calculated from the standard curve for 

narG showing, r2 0.995, y-intercept, 26.83 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Gene expression plot of analyzed transcripts. Relative expression of the narG gene 

of Idiomarina seosinensis cos21. Expressions normalized with respect to the internal control 

gene GAPDH. The error bars in the histogram represent the maximum and minimum fold 

changes of relative expression. 
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5.4 Discussion 

The high abundance of Idiomarina sp. was observed in a metagenomic fraction 

of the surface layers during spring inter-monsoon in the OMZ region of the central 

Arabian sea (Jain et al. 2014). Idiomarina sp. seems to be one of the potent nitrate 

reducing bacterial genera in OMZ region of AS. Recent culturable studies on nitrate 

reducing bacteria carried out by Mulla et al. (2018) reported Idiomarina sp. as potential 

nitrate-reducers in the AS-OMZ. While, Fernandes, (2020) reported Idiomarina sp. as 

potential nitrate reducers in both AS and BoB OMZ and also illustrated the influence 

of high nitrate and nitrite concentrations and low DO on dominance of Idiomarina sp. 

through CCA analysis. There are reports from coastal AS-OMZ waters for the presence 

of Idiomarina sp. (Gomes et al. 2019). 

The switch from aerobic to suboxic growth conditions seems to necessitate the 

onset of nitrate respiration in strain cos21. To study the physiological role of 

dissimilatory nitrate reductase and the involvement of membrane-bound and/or 

periplasmic nitrate reductase in this process, we analyzed nitrate reductase gene 

expression over time, at six different stages of bacteria growth. 

Nitrate reduction process in continuously growing culture was studied by 

analysing the products such as the concentration of nitrite, synthesis of the nitrate 

reductase enzyme, and expression of mRNA for nitrate reduction in growing media. It 

was observed that bacteria showed highest nitrate reductase enzyme activity during 

early stationary phase accompanying low oxygen concentration, also the nitrate 

reduction rate of strain cos21 was maximum when the oxygen concentration dropped 

down below 10 μM, drop in oxygen levels seems to trigger bacteria to use alternate 

electron acceptors like nitrate and hence enhancing nitrate reduction process. It has been 

well documented that dissimilative nitrate reductase is membrane bound proteins 

inhibited by oxygen and synthesized under anaerobic conditions (Bonnefoy and 

Demoss, 1994). Another class of respiratory enzyme which is periplasmic in nature has 

been reported to take part in the dissimilatory nitrate reduction. This periplasmic nitrate 

reductase (nap) is constitutively expressed in both oxic and anoxic conditions. The role 

of Nap is not fully understood, yet it might be significant during the transition of aerobic 

to anaerobic growth (Bonnefoy and Demoss, 1994). PCR analysis of strain cos21 did 

not show amplification of nap gene ruling out the possibility of nap gene playing any 

role during nitrate reduction in this strain. Presence of two to three nitrate reductases 

are reported in bacteria, even assimilatory and dissimilatory nitrate reductases are found 
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in same bacteria with independent function and gene regulation namely Klebsiella 

pneumoniae (Cali et al. 1989; Lin et al. 1993), Pseudomonas aeruginosa (Iobbi et al. 

1987; Jeter et al. 1984; Sias et al. 1980) and AlcaIigenes eutrophus (Siddiqui et al. 

1993). While others have two dissimilative nitrate reductases like Rhodobacter 

capsulatus (McEwan et al. 1984, 1987), R. sphaeroides, R. denitrificans (Byrne and 

Nicholas, 1987; Sawada and Satoh, 1980), Paracoccus denitrificans (Craske and 

Ferguson, 1986; Sears et al. 1993), Thiosphaera pantotropha (Bell et 1990), A. 

eutrophus (Siddiqui et al. 1993) and Escherichia coli (Bonnefoy et al. 1987; Iobbi et al. 

1987). 

Idiomarina strain cos21 was seen reducing nitrate while growing in suboxic 

condition as the conversion of nitrate to nitrite increased as the oxygen concentration 

dropped. These are important aspects for the organisms growing in rapidly changing 

environmental conditions from aerobic conditions to anoxia. Inhibition of nitrate 

reductase activity due to oxygen (aerobic) in actively growing cultures of M. 

tuberculosis while the approximately four-fold increase in nitrite production when 

incubated anaerobically (Denis et al. 1990; Kucera et al. 1996) has been previously 

reported. Moreover, nitrate reducatse enzyme activity of 0.084 U ml-1 and maximum 

N2O production of 5.18 X 10-15 mol cell-1 has been reported in Idiomarina sediminium 

from coastal AS-OMZ waters (Gomes et al. 2018a). Idiomarina sp. has also been 

reported to possess one of the denitrification gene nosZ from functional gene studies 

from AS-OMZ (Mulla et al. 2018), BoB-OMZ (Fernandes, 2020). 

Bacteria undertake a range of strategies to monitor and coordinate the 

respiratory shift from oxic to anoxic environments. The process is based on the complex 

regulatory network, which controls the expression of target genes. Thus, in order to 

understand this process, it’s important to understand signaling and the response of the 

cells to these signals in different bacterial groups which will be useful to comprehend 

how bacteria integrate different signals and respond to these signals and coordinate to 

change in environment. 

Studying denitrification process using mRNA gene expression is not been 

broadly looked into. The change in denitrification gene mRNA levels can directly 

reflect the dynamics of changing environmental conditions including OMZ region. It 

would be appealing to extend this approach for nirS and nosZ genes involved in the 

denitrification pathway to understand the complete denitrification process which has 
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recently been depicted as an important process for the removal of fixed nitrogen in the 

OMZ’s of the Arabian sea. 

 
Conclusion 

This study analyses the induction and repression of nitrate reduction activity in 

a batch culture of Idiomarina strain cos21. On a change from aerobic to anaerobic 

respiration, the culture entered a stationary phase. The onset of this phase showed 3.75- 

fold increase in mRNA levels for the nitrate reductase enzyme. The data set provided 

here confer new insights into the understanding of the physiological response of 

Idiomarina strain cos21 to change in oxygen concentration allowing the bacterium to 

survive and adapt to a new environment by dissimilatory reduction of nitrate to nitrite. 

Main strategy used here is to induce, measure, and track the expression of microbial 

genes, while they grow in culture conditions to better mimic interaction in a natural 

environment such as OMZ Arabian sea which experiences suboxia throughout. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 6 

Gene expression studies of 

denitrification genes from 

metagenomes by RT-QPCR 
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6.1 Introduction 

Among the world oceans, Arabian sea (AS) is among the most productive region 

due to intense seasonal upwelling, as well as open water upwelling, deeper mixed layer 

and seasonal reversal of surface circulation (Wyrtiki, 1971; Madhupratap et al. 1996; 

Shetye and Gouveia, 1998; Prasanna Kumar et al. 2002; Naqvi et al. 2006). It is also one 

of the largest water bodies of oxygen deficient waters (Wyrtiki, 1971; Naqvi et al.2006). 

The Arabian sea OMZ is a site of intense denitrification, contributing to 20% of the global 

oceanic denitrification, playing a significant role in the nitrogen cycle. The AS OMZ is one 

of the largest pelagic low-oxygen environments in the open ocean, being responsible for a 

major chunk of global ocean-led denitrification (Jayakumar et al. 2009a). Denitrification 

is the reduction of nitrate, via nitrite and nitric oxide, to nitrous oxide or dinitrogen gas by 

a respiratory process under oxygen-limiting conditions (Zumft, 1997). In fact, 

denitrification is a facultative anaerobic microbial process (Wallenstein et al. 2006). 

The reduction of NO3
- to NO2

- catalyzed by a membrane-bound NO3
- reductase 

(nar) or periplasmic NO3
- reductase (nap), encoded by the narG or napA genes, is the first 

step in the microbially mediated denitrification process. One or both of these reductases 

(narG and napA) are known to be present in denitrifying bacteria, with narG being the 

more widespread and representative of the two (Deiglmayr et al. 2004; Smith et al. 2007; 

Reyna et al. 2010). In the second step, NO2
- is reduced to NO by either a cytochrome cd1 

(encoded by nirS) or a Cu-containing enzyme (encoded by nirK; Glockner et al. 1993) 

which are two forms of nitrite reductases. Previous studies have shown however, that 

denitrifying bacteria have only nirS or nirK, and no strain is alleged to possess both genes 

and enzymes to date (Yoshida et al. 2009). NO is reduced to N2O, which is then released 

into the atmosphere in small amounts. The reduction of N2O to N2 is the final step, which 

is catalysed by N2O reductase, which is encoded by the nosZ gene in the periplasm, 

(Throbäck et al. 2004). According to Ferguson, (1994), transcription and subsequent 

amplification of denitrifying enzymes are unlikely to begin until oxygen levels fall below 

a certain threshold and sufficient NO3
-/NO2

- is available. Because of the polyphyletic origin 

of denitrification, it is difficult to study the denitrifiers using a 16S rRNA gene-based 

approach; thus, research has concentrated on identifying functional marker genes for 

recognizing the denitrification (Jones et al. 2008). 
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Denitrifiers have been found in more than 50 bacterial genera, including 

Proteobacteria, Firmicutes, Actinobacteria, Bacteroides and Planctomyces (Zumft, 1997). 

Since many denitrifying species are unable to generate the complete suite of enzymes 

needed to complete the denitrification process on their own, other organisms within the 

population are required to cooperate to complete the process (Zumft, 1993). As molecular 

markers, molecular techniques targeting functional genes that code for enzymes in nitrate 

reduction processes have been developed (Smith et al. 2007). Denitrifying genes have been 

widely used to express denitrifying populations in recent decades (Braker et al. 1998; 

Braker and Tiedje, 2003; Scala and Kerkhof, 1998; Cheneby et al. 2003). 

Diverse microbial communities conduct biogeochemical transformations of 

biologically important elements. Amid such functions, many taxonomic groups of bacteria 

possess the microbial ability to denitrify (i.e., removal of fixed nitrogen). To support 

respiration (when oxygen is limiting) fixed nitrogen in its oxidized forms is used as an 

alternative electron acceptor. A number of recent studies have involved molecular 

investigation of bacterial denitrification in natural environments. Molecular studies of 

bacterial denitrification in natural environments have been conducted in a number of recent 

studies. Since denitrifying bacteria belong to different phylogenetic classes, researchers 

have focused their efforts on amplification of functional genes involved in denitrification 

from environmental samples. Analysis of mRNAs as a marker of gene expression, in 

addition to PCR-based gene detection, could greatly improve our understanding of active 

functional groups in the environment. The detection of mRNAs, which have a short half- 

life (Robinson et al. 1998), gives a clear indication of particular gene expression at the time 

of sampling, which can be linked to the physicochemical conditions. Researchers have used 

reverse transcription (RT) PCR approaches in a number of studies to examine gene 

expression in a variety of environments, which includes nahA expression (Wilson et al. 

1999) and pmoA (Cho et al. 2002) in groundwater, nifH expression in lake water and 

termite guts (Noda et al. 1997; Zani et al. 2007), rbcL expression in lake water (Xu et al. 

1996), merR expression in lake water sediment (Michotey et al. 2000), and expression of 

the Desulfovibrio [NiFe] hydrogenase gene in an anaerobic bioreactor (Wawer et al. 1997). 
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To investigate the denitrification process within the OMZ regions of Arabian sea, 

we studied gene expression of three genes involved in nitrogen cycle using quantitative 

reverse transcriptase PCR (RT-QPCR) based approach. The present study was aimed 

to understand the N-cycle in OMZ region of AS. 

6.2 Materials and methods 

6.2.1 Sampling and physico-chemical parameters 

Water samples from different depths from water column of Arabian sea were 

collected onboard during March 2015 (Pre-monsoon) and September 2016 (Post- 

monsoon). Four stations were sampled along the transect 68°E at varying OMZ depths in 

the OMZ of the central Arabian sea and one location G12 (15 °N, 72°E) was sampled from 

coastal Arabian sea OMZ transect (Fig. 3.1). 5 L of sea water was filtered from different 

depths by passing sea water through sterivex cartridge fitted with 0.22 µm pore size 

membrane filter (Millipore, USA). A peristaltic pump was used for collecting microbial 

cells into the sterivex cartridge. The cartridge was filled with RNA later solution and stored 

at -20 °C and RNA extraction was carried out further in laboratory. One-way analysis of 

variance (ANOVA) was performed in order to observe differences between different 

sampled depths and environmental parameters. 

6.2.2 Total RNA extraction and cDNA synthesis 

RNA extraction from the metagenomes was carried out by Power water® RNA 

isolation kit supplied by (Mobio laboratories Inc., CA, USA). The sterivex cartridge was 

broke open to remove the attached 0.22 µm pore size membrane filter and with the help of 

sterile forceps, the membrane filter was added to the Powerwater® bead tube provided with 

the kit followed by addition of solution containing β-mercaptoethanol. The contents were 

vortexed at maximum speed for 5 min using vortex adapter. Centrifugation was carried out 

at 10000 rpm for 5 min and the supernatant was subjected to subsequent centrifugations at 

each step after addition of appropriate solutions supplied in the kit. Finally, DNase 

treatment was given to the elute and final elution was carried out with elution solution from 

the kit. The extracted RNA was run on 1% formaldehyde denaturing agarose gel for 

checking structural integrity. RNA was then quantified by using NanoDrop by measuring 

the A260/A280 ratio and was approximately equal to 2.0 which indicate pure RNA. Pure 
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RNA has an A260/A280 ratio of 1.9-2.1. RNA was converted to cDNA by using 

ReadyScript cDNA Synthesis Mix (Sigma-Aldrich). The reaction mixture contained (4 μl 

ReadyScript cDNA Synthesis Mix, 1 μl of ~1μg RNA template, 15 μl of PCR grade water). 

The entire components were mixed gently by vortexing and incubated in thermal cycler 

with initial temperature of 25 °C for 5 min, 42 °C for 30 min and finally at 85 °C for 5 min. 

 
6.2.3 RT-QPCR standard curves 

For each target gene, a separate standard curve was generated. Standard curve was 

generated using cDNA as a template. By using a known culturable denitrifying isolate, ten-fold 

serial dilutions were made using cDNA and subjected to RT-QPCR. Assay was carried out in 

triplicates in 96-well plate using ABI 7500 Real-Time PCR system (Applied Biosystems, 

USA) to generate an external standard curve by using primers mentioned in Table. 6.1. The 

reaction mixture (20 μl volume) contained cDNA template, forward primer, reverse primer, 

5x qARTA Green qPCR Mix (AXYGEN, USA), RNAse free water. The threshold cycle (Ct) 

values were plotted against log10 of the gene copy numbers to produce standard curves for 

the narG, nirS, and nosZ assays. The amplification efficiency (E) was calculated using the 

following Formula: E= (10 -1/slope) from the slope of the standard curve. 

 
6.2.4 RT-QPCR quantification of narG, nirS and nosZ gene expression 

Gene expression analysis of narG, nirS and nosZ transcript was carried out using 

RT-QPCR. Primers used in the RT-QPCR study are listed in Table 6.1. The RT-QPCR 

assay was performed on the ABI 7500 Real-Time PCR system (Applied Biosystems, 

USA). RT Q-PCR assays were performed within a single plate to generate both, a cDNA 

standard curve, and to quantify the numbers of denitrifying functional genes (narG, nirS 

and nosZ) from the environmental cDNA templates. Each assay was carried out in a 96-

well plate with three replicate cDNA samples, each standard, and no template controls 

(NTC). Amplification reactions were carried out in a 20 μl reaction mixture containing 10 

μl 5X qARTA green qPCR Mix (QARTA Bio), 20μM of each primer, 5μl of template 

cDNA, and RNase-free water. Cycling parameters were 95 °C for 15 min and followed by 

40 cycles of 95 °C for 15 s and 60 °C for 1 min. 
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6.2.5 Calculation of Copy numbers 

The copy number for RT-QPCR standards were calculated by assuming a 

molecular mass of 660 Da for double-stranded DNA and 330 Da for single-stranded 

RNA. The calculation was done with the following equations: Copy number = amount of 

amplicon (ng) × Avogadro constant (6.02 × 1023 copies/mol)/N (length of primers) × 

MW (g/mol). 

 

 
6.2.6 Data Analysis 

A paired t-test and pearsons correlation test was used to compare the differences of 

physiological responses between the transcript numbers of each gene and environmental 

parameters of sampling sites during each season. Statistical analysis was performed using 

Excel 2007. Values of p<0.05 were considered to be significant. 

 
6.3 Results 

6.3.1 Environmental features 

The vertical distribution pattern of DO, nitrate (NO3
-) and nitrite (NO2

-) during both 

seasons is listed in Table 3.1 and Fig. 3.2 and 3.3. DO concentrations ranged from 1.34- 

186 μM (pre-monsoon) to 0.89-192 μM (post-monsoon). On the other hand, the nitrate 

concentrations ranged from 0.03-39.65 μM in pre-monsoon to 0–36 μM in post- monsoon 

season while the nitrite concentrations ranged from 0-2.94 μM (pre-monsoon) and 0-2.72 

μM (post-monsoon). All three environmental parameters were significantly different in the 

bottom waters compared to surface waters in most of the stations (p< 0.05) except G12 and 

II2 in post-monsoon season (Table 6.3). 

 
6.3.2 Production of standard curves for RT-QPCR 

Estimation of temporal distribution patterns of narG, nirS and nosZ genes was 

done using QPCR. Based on their respective amplification curves (Fig. 6.1, 6.2 and 6.3). 

Standard curves for RT-QPCR were generated by preparing 10-fold dilutions of cDNA of 

narG, nirS and nosZ genes respectively. All standard curves exhibited linearity between 

100 to 104 copies for RT-QPCR, and had high correlation coefficients of r2 =0.989, r2 =0.997 
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and r2 =0.998 for narG, nirS, and nosZ respectively also the calculated RT-QPCR 

efficiencies for narG, nirS and nosZ genes were 105%, 102% and 96 % (Fig. 6.4). 

 
6.3.3. RT-QPCR quantification of denitrifying genes (narG, nirS, and nosZ) 

RT-QPCR assays were used to investigate the variations observed in narG, nirS 

and nosZ gene expression using genomic RNA extracted from the water samples taken 

from various locations of Arabian sea (Fig. 3.1) of both the seasons using the primer sets 

described in Table. 6.1. The abundance of these functional genes was different and widely 

varying between the sampling locations. The abundance of narG, nirS, and nosZ gene 

transcripts was more in the low oxygen-waters at ASTS, II14 and II6 location falling under 

OMZ area and the abundance increased during post-monsoon season with intense 

suboxic conditions during this period. 

 

 
6.3.3.1. ASTS station 

Pre-monsoon sampling at ASTS showed prevalence of narG transcripts at all the 

OMZ depths (Fig.6.5a and b), it was seen that at 250 m depth the abundance of narG 

transcripts were maximum (3.18 x 107 ml-1). Abundance of nirS transcripts also increased 

with the depth with maximum (1.67 x 105 ml-1) at 500 m depth. nosZ showed similar trend 

where transcripts (3.03 x 105 ml-1) reached maximum at 800 m depth. Post-monsoon also 

showed prevalence of narG transcripts but here in addition to narG, nirS also showed high 

numbers (Fig. 6.6a and b). At 250 m and 350 m depth nirS exceeded narG transcripts (2.69 

x 105 ml-1, 2.16 x 105 ml-1 at 250 m and 5.89 x 105 ml-1, 4.48 105 ml-1at 350 m respectively). 

nosZ transcripts (3.03 x 105 ml-1) reached maximum at 350 m depth which decreased 

further with depth. 

 
6.3.3.2. II14 

Pre-monsoon sampling at II14 showed dominance of narG transcripts at all the 

OMZ stations, here the transcripts of narG increased from 1.63 x 107 ml-1 at the 250 m 

depth reaching maximum 2.75 x 109 ml-1 at 800 m depth (Fig.6.7a and b). While nirS 

transcripts numbers were in the range of 104 throughout, nosZ, transcripts increased with 

depths from 4.16 x 104 at 250 m and reached maximum of 1.44 x 106 at 1000 m. Post- 
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monsoon season showed a different trend altogether, here nirS transcripts dominated the 

water column (Fig.6.8a and b). Highest narG transcripts were reported at 400m depth (2.32 

x 107), nirS transcripts ranged from a high of 4.71 x 107 to low of 1.47 x 105 at 400 m and 

1000 m depth respectively, while nosZ transcripts reported were 3.28 and 2.42 x 105 at 160 

m and 400 m respectively. 

 

 
6.3.3.3. II6 

Pre-monsoon sampling at II6 recorded the presence of narG transcripts at all the 

OMZ depths from 2.1x 107 at 150 m to 2.9 x 108 at 250 m depth (Fig.6.9a and b). 

Transcripts numbers of nirS and nosZ were in the range of 104 throughout. During post- 

monsoon season nirS copy numbers dominated the OMZ water column. Transcripts 

observed were maximum of 5.07 x 107 and 1.81 x 107 at 200 m and 300m depth 

respectively. While nosZ transcripts decreased with depths from 2.66 x 106 to 1.47 x 105 at 

200 m and 500 m respectively (Fig.6.10a and b). 

 
6.3.3.4. II2 

Pre-monsoon sampling at II2 showed dominance of narG transcripts at all the OMZ 

depths. narG, nirS and nosZ transcripts numbers were maximum at 750 m depth (5.14 x 

108, 3.36 x 104 and 1.0 x 104 respectively) in water column (Fig.6.11a and b). Post- 

monsoon season reported high numbers of nirS and nosZ transcripts compared to pre- 

monsoon that is 6.37 x 105 and 1.07 x 105 respectively at 170 m depth (Fig.6.12a and b). 

 
6.3.3.5 G12 

G12 station which is also a coastal station showed high transcripts numbers of 

narG, nirS and nosZ gene at 200 m depth during pre-monsoon sampling (2.93 x 107, 1.19 

x 105 and 3.9 x 103 respectively) (Fig.6.13a and 7b), while during post-monsoon narG, 

nirS and nosZ transcript numbers were highest at 120 m depth (9.75 x 106, 3.88 x 106 and 

1.81 x 105 respectively (Fig.6.14a and b). 
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6.4. Statistical Analysis 

During pre-monsoon as well as post-monsoon DO showed negative correlation 

with narG, nirS and nosZ gene transcripts at all the stations. Highest negative correlation 

of DO with narG was observed at ASTS during pre-monsoon season while at II6 strong 

negative correlation (r = -0.96545; p<0.05) was observed during post-monsoon season. 

Nitrate showed positive correlation with narG at all five stations and in both the seasons 

with weak correlation was seen at II2 and strong correlation was observed with ASTS (r = 

-0.93726; p < 0.05). Nitrite was not strongly correlated to transcript numbers of narG and 

this pattern was observed at all the stations. nirS transcripts showed highest negative 

correlation with DO at II6 in pre-monsoon as well as post-monsoon season (r = -0.90174; 

p<0.05). nirS also showed positive correlation with nitrate except during pre-monsoon 

season at II2 where negative correlation was observed. Highest correlation of nirS with 

nitrate was observed during pre-monsoon season at II14 (r = 0.983484; p<0.05). nosZ gene 

transcripts which can give a better understanding of denitrification process then nirS and 

narG showed the high negative correlation with DO during post-monsoon season 

compared to pre-monsoon, also at II6 which is a core OMZ region showed a strong negative 

correlation with DO (r = 0.93413; p < 0.05), nitrate showed a positive correlation with nosZ 

transcripts with strong correlation during post-monsoon compared to pre-monsoon, while 

nitrite showed positive correlation during post-monsoon except station G12 where weak 

negative correlation was observed. Post-monsoon showed strong correlation at ASTS, II4 

and II6 while weak correlation was noted at II2 and G12 stations (Table 6.2). 
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Table 6.1. Primer sets used for RT-QPCR 

 
Target 

gene 

Amplicon 

size (bp) 

Primers PCR cycle 

                                                                                          

annealing 

temp (°C) 

Reference 

  Name Sequence (5’ 3’)  

narG 174 narG1F TCGCCSATYCCGGCSATGTC 60 D. Correa- 

Galeoteet al. 

2013 
  

narG1R GAGTTGTACCAGTCRGCSGAYTCG 
 

nirS 164 nirS2F CCTAYTGGCCGCCRCART 56 Braker et al.1998 

  
nirS3R CGTTGAACTTRCCGGT 

  

nosZ 259 nosZ1F WCSYTGTTCMTCGACAGCCAG 56 Henry et al. 2006 

  
nosZ1R ATGTCGATCARCTGVKCRTTYTC 
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Table 6.2. Pearsons correlation coefficient (r values) and t-test (p values) between physico-chemical parameters and transcripts at the 

sampling stations of AS-OMZ during both the seasons. 

 

   narG    nirS    nosZ  

Stations  PRE-MONSOON POST-MONSOON PRE-MONSOON POST-MONSOON PRE-MONSOON POST-MONSOON 

  r p value r p value r p value r p value r p value r p value 

ASTS DO -0.87857 0.000601 -0.56981 0.000108 -0.78679 0.002069 -0.58568 0.000493 -0.68722 0.005783 -0.72419 0.0002159 

 Nitrate 0.785666 3.22E-05 0.937261 1.8E-07 0.898715 1.36E-05 0.629312 6.27E-05 0.933878 0.00015 0.950634 5.16E-05 

 Nitrite -0.05221 0.00019 0.382354 0.000005 -0.42585 0.000628 0.791227 0.000043 -0.8486 0.002641 0.642545 0.000187 

II14 DO -0.489272 0.000143 -0.06568 0.000169 -0.82268 0.000073 -0.36296 0.001094 -0.06502 0.000137 -0.59175 0.001763 

 Nitrate 0.7451851 0.000164 0.366929 2.58E-05 0.983484 1.05E-07 0.605561 0.000393 0.282519 0.000207 0.501755 5.24E-05 

 Nitrite -0.323912 0.000189 0.605088 1.96E-06 0.166496 2.75E-05 0.664255 4.21E-05 -0.61945 0.000247 0.581651 9.41E-05 

II6 DO -0.324185 0.001223 -0.96545 0.007193 -0.90174 0.004675 -0.90243 0.019661 -0.81331 0.00459 -0.93413 0.019037 

 Nitrate 0.2876343 0.000495 0.875004 0.000607 0.968859 0.001268 0.759298 0.001332 0.712194 0.002674 0.829806 0.000965 

 Nitrite 0.4383242 0.000411 -0.2731 0.000839 0.493755 0.001572 -0.02619 0.001633 0.896505 0.001977 0.252926 0.00047 

II2 DO -0.368746 0.000643 -0.65213 0.010051 -0.4184 0.00405 -0.86366 0.018354 -0.4524 0.00288 -0.57211 0.014211 

 Nitrate 0.093928 0.006166 0.596632 0.000465 -0.78544 0.019647 0.794354 0.00402 0.002275 0.017552 0.26949 0.002365 

 Nitrite -0.496182 0.003329 0.075322 0.00035 0.223291 0.000434 -0.63636 0.002278 -0.23198 0.000184 0.175789 0.001066 

G12 DO -0.544405 0.009559 -0.67033 0.001674 -0.65172 0.032199 -0.73698 0.002778 -0.06509 0.0501 -0.42279 0.002619 

 Nitrate 0.5121282 0.002447 0.78687 5.43E-06 0.680081 0.002953 0.789293 6.22E-06 0.259178 0.013254 0.499141 0.000195 

 Nitrite 0.4674613 0.000453 -0.61723 0.001149 0.436891 0.000185 -0.47752 0.001508 -0.08677 0.001094 -0.47605 0.002218 

p < 0.05 levels of significance. 



78  

 

 

Table 6.3. One-way ANOVA performed for the environmental parameters such as DO, 

nitrate and nitrite with respect to sampled depths at different stations of Arabian sea 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

A- WELL 1, B- WELL 2, C-WELL 3, D- Negative control 

 

Figure 6.1. Amplification curves for 5 different amounts of cDNA of narG gene. It is to be 

noted that each one reaches the threshold at a different cycle. The largest concentration samples 

(sample 1 corresponding to 100 copies/ml) reach the threshold sooner (at cycle 14) while sample 

5 (104 copies/ml) reaches the threshold at cycle 26. 



 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
A- WELL 1, B- WELL 2, C-WELL 3, D- Negative control 

 

Figure 6.2. Amplification curves for 5 different amounts of cDNA of nirS gene. It is to be noted 

that each one reaches the threshold at a different cycle. The largest concentration samples 

(sample 1 corresponding to 100copies/ml) reach the threshold sooner (at cycle 10) while sample 

5 (104copies/ml) reaches the threshold at cycle 20. 



 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

A- WELL 1, B- WELL 2, C-WELL 3, D- Negative control 
 

Figure 6.3. Amplification curves for 5 different amounts of cDNA of nosZ gene. It is to be noted 

that each one reaches the threshold at a different cycle. The largest concentration samples 

(sample 1 corresponding to 100copies/ml) reach the threshold sooner (at cycle 10) while sample 

5 (104copies/ml) reaches the threshold at cycle 24. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Standard curves of narG, nirS, and nosZ RT-QPCR assays obtained by calculating 

gene copy numbers versus threshold cycle (CT) 
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Figure 6.5 Variation in environmental parameters (a) and gene expression (b) (Transcripts ml-1 

seawater) of denitrifying genes (narG, nirS and nosZ) at ASTS of pre-monsoon season along the 

OMZ of Arabian sea. 
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Figure 6.6 Variation in environmental parameters (a) and gene expression (b) (Transcripts ml-1 

seawater) of denitrifying genes (narG, nirS and nosZ) at ASTS of post-monsoon season along 

the OMZ of Arabian sea. 
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Figure 6.7 Variation in environmental parameters (a) and gene expression (b) (Transcripts ml-1 

seawater) of denitrifying genes (narG, nirS and nosZ) at II14 of pre-monsoon season along the 

OMZ of Arabian sea. 
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Figure 6.8 Variation in environmental parameters (a) and gene expression (b) (Transcripts ml-1 

seawater) of denitrifying genes (narG, nirS and nosZ) at II14 of post-monsoon season along the 
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Figure 6.9. Variation in environmental parameters (a) and gene expression (b) (Transcripts ml-1 

seawater) of denitrifying genes (narG, nirS and nosZ) at II6 of pre-monsoon season along the 
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Figure 6.10. Variation in environmental parameters (a) and gene expression (b) (Transcripts ml-1 

seawater) of denitrifying genes (narG, nirS and nosZ) at II6of post-monsoon season along the 
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Figure 6.11 Variation in environmental parameters (a) and gene expression (b) (Transcripts ml-1 

seawater) of denitrifying genes (narG, nirS and nosZ) at II2 of pre-monsoon season along the 
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Figure 6.12. Variation in environmental parameters (a) and gene expression (b) (Transcripts ml-1 

seawater) of denitrifying genes (narG, nirS and nosZ) at II2 of post-monsoon season along the 
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Figure 6.13. Variation in environmental parameters (a) and gene expression (b) (Transcripts ml-1 

seawater) of denitrifying genes (narG, nirS and nosZ) at G12 of pre-monsoon season along the 

OMZ of Arabian sea. 
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Figure 6.14. Variation in environmental parameters (a) and gene expression (b) (Transcripts ml-1 

seawater) of denitrifying genes (narG, nirS and nosZ) at G12 of post-monsoon season along the 

OMZ of Arabian sea. 
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6.5. Discussion 

In this study, the expression of the bacterial denitrification genes narG, nirS, and nosZ 

in water samples from the AS-OMZ at various locations was investigated using RT-QPCR 

assays. Some stations such as ASTS, II14 and II6 are previously reported for having OMZ 

regions at mid depth (Ward et al. 2009; Dalsgaard et al. 2012), while some stations were outside 

AS-OMZ region. In preliminary experiments, all three denitrification genes were shown to be 

present in the water column of all five stations by PCR amplification from extracted DNA, 

these genes include narG, nirS and nosZ. Consequently, expression of these genes was 

demonstrated by RT-PCR in the AS-OMZ waters during pre-monsoon and post-monsoon 

seasons. 

In the present study, the transcript numbers of order 104-109 copies ml-1 in case of narG, 

104 - 107 copies ml-1 in case of nirS and 103-106 copies ml-1 of nosZ were reported, while other 

authors worked in this area such as Wyman et al. (2013), reported nosZ transcripts in the range 

of 103-105 copies liter_1of selected denitrifying bacterial mRNA in the Arabian sea. Gene copy 

numbers of nirS to the tune of 0.35 x 106 L-1 is reported from ASTS station of Arabian sea, the 

same station is included in our studies too. The difference in both studies is that here authors 

conducted qPCR assays using metagenomic DNA (Bandekar et al. 2018b). Yi et al. (2015) 

studied denitrifying bacterial communities from Dianchi Lake, China by quantitative PCR 

(qPCR) of the nirS, nirK, and nosZ genes. Authors reported nirS, nirK, and nosZ gene copies 

per ml from the water which ranged from 2.79 × 103 to 1.20 × 105, 3.23 × 103 to 1.76 × 105, 

and 8.66 × 102 to 1.90 × 105, respectively. There are also reports demonstrating the presence of 

nirS genes as low as 103 copies/μl to 109 copies/L, narG, in order of 104 to 109 copies/L, and 

nosZ from 104 to 105 copies/L (Bourbonnais et al. 2014; Jayakumar et al. 2013; Yu et al. 2014). 

Data analysis revealed that at ASTS, II14, II6 and G12 transcripts of narG, nirS and 

nosZ during post-monsoon were high compared to pre-monsoon which hints towards the 

possible intense denitrification process during post-monsoon season. Also the statistical 

analysis showing high negative correlation between DO and denitrifying genes also supports 

the statement. The presence of secondary nitrite maxima and low DO concentrations during 

post-monsoon season can also be the probable reason for possible intense denitrification at 

above locations in AS-OMZ. Jayakumar et al. (2009a) have also the reported the possible 

reason behind increased activity of nirS and annamox genes in AS-OMZ to be increased nitrite 

concentration and suboxia. From the present study, the prevalence of denitrifying genes during 

post-monsoon can also be attributed to the previous reports which says that the seasonally 

reversing northeast monsoons (NEM: December-February) and southwest monsoons (SWM: 
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June-September) and organic carbon production (Hansell and Peltzer, 1998) fuels high 

biological productivity (Madhupratap et al. 1996) in AS-OMZ. In the AS-OMZ there are 

reports of loss of the fixed nitrogen during SWM and NEM and is responsible for loss ~60 Tg 

of N annually accounting for ~40% of the global pelagic N loss (Codispoti, 2007). 

II2 station was hypoxic that is dissolved oxygen level always remained more than 4 µM 

except at one depth (170m) during post-monsoon. This location is considered to be non-OMZ 

location where nitrite concentration was in the range of 0.0 - 0.08 µM. The data indicates that 

denitrification may not happening during pre- and post-monsoon season at II2. As discussed in 

chapter 4, the structure analysis of total bacterial population versus nitrate reducers revealed 

less percentage of nitrate reducers at II2 location. Moreover, it was also evident from the studies 

by Fernandes, (2020) which found that there was no substantial difference in the predicted 

functional genes involved in nitrogen metabolism of the bacterial community between the 

control and test samples of microcosm experiments in the II2 samples compared to the ASTS 

station. 

Previous studies by Jayakumar et al. (2009b), Ward et al. (2009), Pitcher et al. (2011), 

Bandekar et al. (2018b) in the AS-OMZ have examined the distribution and abundance of 

denitrifiers and annamox genes using the specific marker genes. Furthermore, Ward et al. 

(2009) has very well confirmed that in the AS which is the largest and most intense OMZ in 

the world ocean found that denitrification rather than anammox dominates the N2 loss through 

gene abundance and bag incubation experiments, and from these seven of eight experiments 

denitrification was responsible for 87–99 percent of total N2 generation in the Arabian sea. 

While RT-QPCR for detecting mRNA transcripts in environmental samples has the potential 

to be a powerful tool for analysing gene expression in the environment, very limited studies 

have been done in the AS-OMZ targeting the seasonal variation, distribution and abundance of 

the denitrifying genes. The proposed study will help us to understand denitrification process in 

OMZ region at molecular level which is not attempted so far. 

 

 
Conclusion 

Results of this study illustrate the gene expression and distributions patterns of narG, 

nirS and nosZ genes thus indicating their vital role in denitrification process which leads to 

reported N2 losses from the AS-OMZ. The expression of these functional genes were 

differentially expressed at different environmental conditions which define the AS-OMZ. 

During post-monsoon, high transcripts of narG, nirS and nosZ were observed compared to pre- 
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monsoon at core OMZ stations ASTS, II14 and II6, which eventually suggests the possible 

intense process of denitrification during the post-monsoon season. Furthermore, RT-QPCR is 

an effective technique for quantifying gene expression in terms mRNA transcript thus linking 

biological behavior to ecological function. The change in denitrification genes mRNA levels 

which directly reflects the dynamics of changing environmental conditions have significantly 

contributed in better understanding of underlying factors responsible for denitrification process 

governing AS-OMZ. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 7 

Summary 
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Through denitrification, oxygen minimum zones play a critical role in the 

biogeochemical processes of the world's oceans. The Arabian sea consists of the 

northwestern part of the Indian ocean containing diverse biogeochemical features such 

as upwelling, oligotrophic, and low-oxygen environment. This latter lies between 150 

and 1000 m depth and represent the thickest OMZ found in the world's oceans today. 

The AS-OMZ is the site of intense denitrification processes (Mantoura et al. 1993; 

Naqvi, 1994). Globally 20% of the denitrification occurs in the AS (which covers only 

2% of the global ocean area), which directly plays a major role in the oceanic nitrogen 

(N) cycle (Gruber and Sarmiento, 1997; Howell et al. 1997). It is important to explore 

the role of bacterial communities in denitrification, due to the acknowledged role of the 

OMZ Arabian sea in the fixed depletion of nitrogen and the recorded extreme 

denitrification. 

In the elemental cycles, several micro-organisms inhabiting the OMZs are 

capable of various functions. While bacteria in marine environments are prolific and 

widespread, very little is known about their diversity and structure, influenced by 

different environmental parameters. The bacterial community structure is shaped by 

interaction between bacterial populations with their living environments and influences 

the role of different bacterial classes. It is therefore important to study the role of 

microbial ecology in this eco-system. 

Therefore, the main aim of this study was to explore the diversity of culture 

amenable bacterial communities in the AS-OMZ and to examine its spatio-temporal 

variations. This study also focused on the selected set of culturable fractions involved 

in the utilization of transformation of nitrogen species in the environment. In addition 

to measuring bacterial diversity and nitrate reduction rate, this study also explored the 

gene expression of genes involved in denitrification process by using RT-QPCR. So, to 

understand how microbes function in the environment at a molecular level, it's essential 

to know not only what genes are present and how diverse they are, but also how 

abundant and widely they are distributed. 

Water samples from the OMZ water column of AS were collected onboard 

during March 2015 (pre-monsoon) and September 2016 (post-monsoon). Four stations 

were sampled along the transect 68°E at varying OMZ depths in the OMZ of the central 

AS (ASTS, II14, 116, II2). One station (G12) was sampled from coastal OMZ transect. 

In comparison to II2, which is situated southward beyond the border of extreme oxygen 

minima, ASTS, II14 and II6 is located within the permanent oxygen minimum zone in 
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the central AS. A Conductivity-Temperature-Depth (CTD) rosette device with an 

oxygen sensor was used to measure dissolved oxygen and temperature. Nutrients such 

as nitrate and nitrite were measured from the frozen samples by using autoanalyser. 

Subsequently bacterial diversity, culture-based studies and gene expression studies 

were also performed. 

 
The following is an account of this research's significant observations/findings. 

 Seasonal differences in the distribution pattern of Dissolved oxygen (DO), 

nitrate (NO3
-), nitrite (NO2

-) during both seasons was observed. DO 

concentrations ranged from 1.34-186 μM (pre-monsoon) and 0.89-192 μM 

(post-monsoon). 

 On the other hand, the nitrate concentrations ranged from 0.03-39.65 μM and 

0-36.95 μM in pre- and post-monsoon. While nitrite concentrations ranged from 

0-2.94 μM and 0-2.72 μM in both seasons respectively. 

  The vertical distribution pattern of DO, nitrite and nitrate during Pre and Post 

monsoon follows a typical OMZ profile, i.e., surface depths are well oxygenated 

followed by a steep oxycline while below oxycline the DO concentrations were 

very low. 

 A total of 248 isolates collected during pre- monsoon and post monsoon season 

were analyzed for 16S rRNA gene sequences and distinct spatio-temporal 

variations in bacterial communities were observed. 

 Phylogenetic analysis revealed that the bacterial isolates belonged to 24 genera 

comprising of class Gammaproteobacteria (79%), Firmicutes (18.15%), 

Bacteroidetes (1.61%) and Alphaproteobacteria (1.2%) during both the 

seasons. 

 These culturable bacteria classified into four different classes during post- 

monsoon viz. Gammaproteobacteria (82.75%), Firmicutes (13.79%), 

Bacteroidetes (2.06%) and Alphaproteobacteria (1.4%), whereas during pre- 

monsoon season bacteria belonging to Gammaproteobacteria (88%) followed 

by Firmicutes (12%). 

 During pre-monsoon Alteromonas sp. was seen dominating at ASTS (31%), 

II14 (31%), II6 (23% & II2 (41%) while Halomonas sp. (34%) dominated at 

G12 station. On the other hand, during post-monsoon Halomonas sp. dominated 
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at II2 (47%) and II14 (21%), Alteromonas sp. at ASTS (29%) and at II6 (41%), 

whereas major genus at G12 (47%) was found to be Bacillus. 

 Most isolates were closely related to genera such as Pseudoalteromonas, 

Alteromonas, Vibrio, Idiomarina, Pseudomonas, Photobacterium, 

Marinobacter, and Halomonas.

 Bacterial diversity varied seasonally, with the lowest during pre-monsoon and 

the highest recorded in post monsoon

 CCA analyses revealed that DO, nitrate and nitrite play an important role in 

influencing the bacterial community of pre-monsoon and post-monsoon. The 

pre monsoon bacterial community was influenced by oxygen while post- 

monsoon bacterial community was under the influence of nitrite and to some 

extent nitrate.

 During post-monsoon, II14 station (H’ = 3.18) recorded high diversity value 

and was related with high species richness (d = 1.79).

 Among 248 cultures obtained from the water column, 166 isolates were nitrate 

reducers which accounted for 67% of the total bacterial population among 

which 59 % were denitrifiers

 Nitrate reduction was observed in class belonged to Gammaproteobacteria 

(77%), Firmicutes (18%), Alphaproteobacteria (3%) and Bacteroidetes (2%) 

where Gammaproteobacteria turned out to be major contributor.

 The major genera of nitrate reducers were Halomonas (22%) and Alteromonas 

(21%) followed by Bacillus (16%), Marinobacter (8%) and Pseudoalteromonas 

(8%).

 Depth profile analysis of nitrate reducers revealed Pseudomonas and 

Halomonas sp. showed increasing trend with increasing depth in all stations, 

while Bacillus sp. was seen decreasing with increase in depth except G12 which 

is a coastal station.

 ASTS which is a site of permanent OMZ showed dominance of Alteromonas

and Halomonas sp. during both seasons. 

 At station II14 where oxygen level is high during pre-monsoon and low during 

post- monsoon showed presence of Thalassospira, Idiomarina, Ruegeria and 

Zunongwangia.
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 Sufflavibacter sp. was reported from II6 during post-monsoon while it didn’t 

appear during pre-monsoon 

 II2 is a non OMZ station and here Bacillus sp. dominated during post-monsoon 

while Halomonas and Alteromonas sp. were abundant during pre-monsoon. 

 Staphylococcus sp. was observed only at G12 during both seasons also the 

dominance of Bacillus sp. was noted at this station. 

 The structure analysis of total bacterial population versus nitrate reducers 

revealed less percentage of nitrate reducers at II2 which is a non OMZ location. 

 The highest percent of nitrate reducers during pre-monsoon were observed at 

ASTS (250m) and during post-monsoon at II14 (200m). 

 Overall, the diversity of nitrate reducers was higher in post- monsoon (61%). 

 Nitrate reductase activity and nitrate reduction rates were estimated by using the 

cell free extracts of all 44 representative nitrate reducing cultures. 

 The nitrate reduction rate of the isolates ranged from 0.86-3.4 µm NO3
- day-1. 

The highest was recorded by Idiomarina seosinensis (3.4 µm NO3
- day-1). 

 The nitrate reductase activities ranged among the tested isolates was low as 

0.001 U ml−1 by Alteromonas tagae, whereas Marinobacter 

hydrocarbonoclasticus showed highest activity with 1.32 U ml−1. 

 Based on the nitrate reduction rates, one potential isolate (Idiomarina strain 

cos21) was studied for induction and repression of nitrate reduction activity in 

a batch culture. 

 Idiomarina strain cos21 was cultivated in a nitrate-rich medium with peptone 

as a carbon source Growth was measured by checking culture density and it 

reached maximum by 36 h and remained steady for the next few hours and 

declined after 48 h. 

 Nitrate concentration decreased with an increase in cell growth while nitrite 

concentration increased with the time. Nitrate was almost completely consumed 

by 36 h. 

 Stationary phase was also followed by low oxygen concentration that is around 

10 μM, which is considered to be suboxic (1–20 μM) condition. 

 Maximum nitrate reduction rate was reported during early stationary phase of 

strain cos21 which was 3.5 μM NO3
- h−1. 
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 On a change from aerobic to anaerobic respiration, the culture entered a 

stationary phase. The onset of this phase showed 3.75 fold increase in mRNA 

levels for the nitrate reductase enzyme.

 The narG transcripts were quantified by using the standard curve method. For 

narG mRNA, a value of 4.5 × 103 and 2.2 × 103 molecules was calculated from 

early stationary phase and stationary phase, respectively. While death phase was 

reported with 2.3 × 102 molecules.

 The level of nitrate reductase protein reached a maximum value at 36 h of 

growth when the oxygen concentration dropped below 10 μM.

 There were distinct spatio-temporal variations observed seasonally in the gene 

expression of denitrification genes at sampling sites.

 Transcript numbers of denitrification genes had their maxima in the core OMZ 

depths which ranged from 4.95×104-2.75×109copies ml-1 (narG), 1.44×104- 

5.07×107 copies ml-1 (nirS) and 2.89×103-2.66×106 copies ml-1 (nosZ).

 Trascript numbers of narG, nirS and nosZ during post monsoon compared to 

pre monsoon at ASTS, II14 &II6 was observed which hints towards the possible 

intense denitrification process during post monsoon season.

  Transcript numbers found at G12 were least compared to all other stations 

studied here and also data analysis revealed that there may be no denitrification 

happening during pre- and post-monsoon season at II2 site which falls under 

non OMZ location.

 
Future Prospects 

 Previous studies have focused on metagenomic diversity approach on the 

overall bacterial community structure including their response to seasonality in 

the AS-OMZ water column. But failed to shed lights on contribution 

(biochemical characterization) of culturable bacterial communities involved in 

the utilization of transformation of nitrogen species in the environment. Nitrate 

reduction rates from individual cultures have not been attempted so far in AS- 

OMZ, which can give clarity on their ecological role in this ecosystem.

 The present study will contribute to the understanding of linkages between 

bacterial community and their function during suboxic conditions prevailing in 

this area seasonally.
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 Previous studies have also focused on quantification of denitrification genes in 

the AS-OMZ water column. Present study focused on gene expression of 

denitrification genes in the entire water column of AS-OMZ by using mRNAs 

as a gene expression indicator which can greatly improve our understanding of 

active functional groups in the environment. The detection of mRNAs, which 

have a short half-life, gives a clear indication of specific gene expression at the 

time of sampling, which can be linked to physicochemical conditions. 

 Long term monitoring of the microbial communities in the AS-OMZ and their 

role in biogeochemical cycles should be the focus for future studies by adopting 

enhanced isolation techniques to isolate bacterial cultures from oxygen depleted 

environment in anaerobic conditions. 

 From this study denitrifying isolates could be obtained, which can have 

applications in effluent industries and waste water treatment plants for 

removal of nitrogenous compounds and for purifying polluted waters.  
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Abstract 

This study analyses the induction and repression of nitrate reduction activity in a batch culture of Idiomarina strain cos21. 

On a change from aerobic to anaerobic respiration, the culture entered a stationary phase. The onset of this phase showed 

3.75 fold increase in mRNA levels for the nitrate reductase enzyme. mRNA accumulated very rapidly during a short period, 

after which its overall concentration declined to reach a lower value. The level of nitrite reductase protein reached a maxi- 

mum value at 36 h of growth when the oxygen concentration dropped below 10 µM. The data set provided here confer new 

insights into the understanding of the physiological response of Idiomarina strain cos21 to change in oxygen concentration 

allowing the bacterium to survive and adapt to a new environment by dissimilatory reduction of nitrate to nitrite, which 

serves to provide energy as the bacteria adapt to anaerobiosis. Main strategy used here is to induce, measure, and track the 

expression of microbial genes, while they grow in culture conditions to better mimic interaction in a natural environment. 

This study will help us with a better understanding of the nitrate reduction process in the oxygen minimum zone. 

 

Introduction 

Arabian Sea covers only ~ 2% of the global oceanic area but 

accounts for ca. 20% of oceanic denitrification and, thus, a 

very important factor playing major role in the marine nitro- 

gen budget [9]. It is observed that water column denitrifying 

zones are major sources to the atmospheric nitrous oxide, if 

denitrification is partial and nitrous oxide is not converted 

to N2. Nitrous oxide is a strong greenhouse gas which is also 

involved in ozone layer depletion [12, 24, 46]. 

Denitrification in the ocean is not entirely understood, but 

it is reported that O2 levels less than or equal to 20 µM is the 

maximal O2 level which prompts utilization of an alterna- 

tive electron acceptor [23, 44]. With low oxygen concentra- 

tions, nitrate and nitrite serve as the key hydrogen accep- 

tors which produce molecular nitrogen [8, 14, 48]. During 
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suboxic conditions presence of nitrite maxima signifies that 

denitrification is the principle respiratory pathway occurring 

in that area, which utilizes fixed nitrogen and reduces it to 

free nitrogen gas [14, 31]. 

Nitrate reduction is catalyzed by nitrate reductase (NR). 

NR has complex network governing regulation and expres- 

sion [20]. In order to study the network of denitrification, it 

is essential to study this process by combining physiological, 

molecular genetics, and biochemical tools [1]. Some micro- 

organisms have the ability to use both oxygen and nitrog- 

enous oxides, such as P. denitrificans, which can survive in 

both aerobic or anaerobic conditions. Signals and mecha- 

nisms controlling the switches between aerobic and anaero- 

bic conditions are not well known, although some regulatory 

genes have been found to be involved in this process and are 

characterized [15, 35, 40, 45]. 

In this study, we illustrate the use of gene probes for the 

nitrate reductase of strain cos21 to characterize the dynam- 

ics of nitrate reduction in a continuous culture depicting the 

low oxygen environment in the oxygen minimum zone, to 

understand the nitrate reduction process in this region. 
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Materials and Methods 

Bacterial Strain and Culture Conditions 

 
Idiomarina strain cos21 was isolated from water samples 

collected from the oxygen minimum zone (OMZ) of Ara- 

bian Sea during an interdisciplinary cruise of FORV Sindhu 

Sankalp (SSK046). Samples were collected along a time 

series transect off Arabian Sea (20°59.87′N; 67°59.92′E) 

at 500 m depth using rosette niskin sampler. Isolation of 

bacteria from water sample was done immediately after on- 

board sampling by plating on Zobell Marine Agar (ZMA) 

plate. Strain cos21 was grown at room temperature at neutral 

pH for 48 h in nitrate broth containing peptone, 5.0 g; meat 

extract, 3.0 g; potassium nitrate, 1.0 g; sodium chloride, 

30.0 g, and distilled water, 1000 mL. 

 
Total DNA Extraction, PCR Amplification of 16S 
rRNA, and Phylogenetic Tree Construction 

 
Bacterial cells were grown overnight in Zobell marine broth 

and DNA extraction was carried out using GenElute Bacte- 

rial Genomic DNA kit (Sigma-Aldrich). Extraction of DNA 

was confirmed by gel electrophoresis. The 16S rRNA gene 

fragments were amplified by PCR using the universal 16S 

primers [47]. PCR and sequencing details were followed as 

[21]. The 16S rDNA sequence of Idiomarina strain cos21 

was aligned along with the sequences of type strains of 

closest taxa from GenBank database using clustal W [43]. 

Phylogenetic tree was constructed by using the neighbor- 

joining algorithm using software, MEGA6 [42]. To confirm 

the reliability of the phylogenetic tree, bootstrap tests (1000 

replicates) were done. 
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Cloning and Sequencing of Denitrification Gene 

 
The gene responsible for nitrate reduction process (narG) 

was also amplified by PCR using gene specific primers 

(Table 1). Real-time PCR primers (Table 1) were used for the 

amplification and sequencing of the narG gene [10]. Ampli- 

fied narG gene was purified using the PCR purification kit 

(QIAGEN) and cloned using the TOPO TA cloning kit (Inv- 

itrogen). Luria–Bertani agar plates containing 50 µg/mL 

of ampicillin, 0.1 M isopropyl-β-D-thiogalactopyranoside 

(IPTG) and 20 mg/mL of 5-bromo-4-chloro-3-indoly-β-D- 

galactopyranoside (XGal) were used to select transformants. 

Nucleotide sequences of clones were determined using a Taq 

Dye Deoxy terminator cycle sequence kit (Perkin–Elmer). 

Sequencing reaction products were analyzed with a model 

373A automated DNA sequencer (Applied Biosystems). 

Analysis of the narG gene sequence was done through Data- 

bases (GenBank). 

Total RNA Extraction and cDNA Synthesis 

 
Total RNA was extracted from bacterial cells using Pure 

Link RNA Mini kit (Ambion by Life technologies). Cells 

were grown for 48 h and the pellet was collected by cen- 

trifugation. Cells were suspended in lysis buffer containing 

1% of 2-mercaptoethanol, followed by homogenization. The 

clear supernatant was obtained by centrifuging at 12,000×g 

for 5 min. The homogenate was mixed with 70% ethanol to 

form a clear visible precipitate and then it was loaded onto 

the binding columns provided in RNA mini kit. RNA was 

eluted by the addition of RNase-free water and stored at 

– 20 °C. Extracted RNA was then quantified by using Nan- 

oDrop. RNA was converted to cDNA by using ReadyScript 

cDNA Synthesis Mix (Sigma-Aldrich). 

 

 

 

 

 

Table 1 Primer and probe sets used for PCR 
 

Target gene Amplicon size Primer or probe PCR cycle anneal- References 

 (bp) 
Name Sequence (5′→3′) 

ing temp (°C)  

narG 650 narG1F TAYGTSGGGCAGGARAAACTG 63 [28] 

  narG1R CGTAGAAGAAGCTGGTGCTGT   

nap 414 nap A V67F TAY TTY YTN HSN AAR ATH ATG TAY GG 55 [39] 

  nap A V67R DAT NGG RTG CAT YTC NGC CAT RTT   

For Q-(RT)-PCR     

narG 174 Nar G-1F TCGCCSATYCCGGCSATGTC 60 [10] 

  Nar G-1R GAGTTGTACCAGTCRGCSGAYTCG   

GAPDH 63 GAPDH_ 1F CGACAGTCAGCCGCATCTT 60 [17] 

  GAPDH_1R CCCCATGGTGTCTGAGCG   
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Culture Conditions for Gene Expression Studies 
 

Strain cos21 was grown in tightly screw capped 100 mL 

glass bottles (30 numbers) containing nitrate broth (NB). 

The temperature was maintained at 30 °C ± 2 °C. The culture 

shifted from aerobic to anaerobic growth conditions during 

its growth due to the uptake of oxygen by bacteria which 

were not replenished due to the tight closure of experimental 

glass bottles. Each time three bottles (triplicates) were col- 

lected in the interval of 12 h to obtain sample during each 

growth phase. The culture was sampled for analysis of opti- 

cal density, dissolved oxygen, nitrate, nitrite, nitrate reduc- 

tase enzyme, and mRNAs. Gene Expression of the nitrate 

reductase gene was studied by RT-PCR at each growth stage. 

 
Analytical Determinations and Enzyme Assays 

 
Dissolved oxygen from the screw capped glass bottles 

was measured using a galvanic dissolved oxygen probe 

(PCD650, Oakton, USA). Cell growth was measured by tak- 

ing the absorbance of the cultures at 600 nm. The culture 

was centrifuged. Centrifugation was done at 5000 rpm for 

10 min. Supernatant and pellet were separated. Nitrite and 

nitrate in the supernatant were determined by the method 

described in [41]. The pellet was further homogenized with 

phosphate buffer (50 Mm, pH 7) and then centrifuged at 

0 °C at 2000 rpm for 15 min. The supernatant was used 

for the nitrate reductase activity assay. The supernatant was 

incubated with ß-NADH for 2 min at 30 °C and the reaction 

was stopped by adding sulphanilamide and NED reagent 

(N-(1-naphthyl) ethylenediamine dihydrochloride). Activ- 

ity was recorded spectrophotometrically at 540 nm [33]. 

Nitrate reduction rate was calculated using following equa- 

tion [modified from 25]. 

Nitrate reduction rate = A − B/V × T 

A is the initial concentration of nitrate in NB, B is the final 

concentration of nitrate in NB, V is the volume of NB, T is 

the hours of incubation. 

The data reported are representative of three independent 

experiments, with standard deviations < 10%. 

 
Real‑Time PCR Quantification of Nitrate Reductase 
Gene Expression 

 
Gene expression analysis for nitrate reductase transcript was 

carried out using Real Time PCR (qPCR). Primers used in the 

qPCR study are listed in Table 1. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) gene was an internal control during 

all the qPCR run. There was barely any dissimilarity in the 

mean CT values of GAPDH gene expression during differ- 

ent growth stages of bacteria from 0 h (CT = 28.3) to 72 h 

(CT = 28.2). All the PCRs had an efficiency between 95 and 

100%. The amplifications were carried out in a 96 well plate in 

a total volume of 20 µL using 1 µL of cDNA, 200 nM of each 

gene-specific primer pair with 5X qARTA. Cycling parameters 

were 95 °C for 15 min and followed by 40 cycles of 95 °C for 

15 s and 60 °C for 1 min. ΔΔCT method was used to determine 

the relative fold of induction [27]. 

Quantification of narG mRNA by Using an External 
narG Standard Curve in One‑Step RT‑PCR 

 
Serial dilutions from 1000 to 0.1 ng of total RNA was pre- 

pared using RNasefree H2O. The amplification was carried 

by using gene-specific primer pair with 5X qARTA Green 

qPCR Mix (QARTA Bio) in an ABI 7500 Real-Time PCR 

system (as described above). Standard curves were plotted 

using the threshold cycle for each standard. By using the 

slope of the standard curve, the efficiency (E) of amplifi- 

cation was estimated. Second derivative maximum method 

was used to quantity narG mRNA in different stages of 

growth by using external narG standard curve [32]. RT PCR 

products were checked for the specificity by melting-curve 

analyses. 

Results 

Identification of Idiomarina Strain cos21 by 16S 
rRNA Sequence 

 
Bacterial strain cos21 was isolated from water samples col- 

lected from oxygen minimum zone (OMZ) of Arabian Sea. 

The isolate is gram-negative, straight rod, motile, non-spore 

forming, positive for oxidase, catalase, DNase, gelatinase, 

and nitrate reductase activities, while negative for amylase 

activity. Growth is seen in sea salt concentrations of 1–20% 

(w/v). These characteristics of the culture are similar to 

those reported for Idiomarina seosinensis [7]. The amplified 

16S rRNA gene sequence was compared to the 16S rRNA 

sequence in gene bank and the results indicated an iden- 

tity of 99% with Idiomarina sp. (GenBank Accession No. 

KC762311.1) and 99% similar to I. seosinensis (Go0027002) 

(GenBank Accession No. AY635468) [7]. Therefore, the 

strain cos21 was considered as one strain of Idiomarina sp. 

(GenBank Accession No. KP663369). The phylogenetic tree 

created on the 16S rRNA gene of strain cos21 (Fig. 1) shows 

the location of strain cos21 within the genus Idiomarina. 

Amplification and Sequencing of narG Gene 
from Idiomarina strain cos21 

 
Amplification product of narG gene was obtained by PCR 

using total chromosomal DNA as a PCR template, and prim- 

ers listed in Table 1. While Nap gene could not amplify. 
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Fig. 1 Phylogenetic tree of 

Idiomarina strain cos21 based 

on 16S rRNA gene sequence 

analysis, constructed through 

neighbor-joining method with 

bootstrap values as percentage 

at the nodes 
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Fig. 2 Agarose gel electrophoresis of PCR product by amplification 

of genes in Idiomarina strain cos21 isolated from OMZ region using 

gene specific primers. Lane 1: nap (no amplification), lane 2: narG, 

and lane 3: molecular markers (Genaxy, India) 
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The PCR product was ~ 500 bp (Fig. 2). narG gene was 

separately amplified using RT-PCR primers (Table 1). 

TOPO Vector (invitrogen) was used for ligating PCR prod- 

uct and the recombinant plasmids were transformed into E. 

coli JM109. The partial nucleotide sequence of the insert in 

TOPO was determined. The sequence obtained with ampli- 

con size of 174 bp, when compared to the protein sequences 

in gene bank. The results indicated that the short sequence of 

narG gene from strain cos21 (KU921436) is 98% identical to 

the nitrate reductase alpha subunit of Hahella ganghwensis 

(GenBank Accession No WP_020407638.1). 

Response of Idiomarina Strain cos21 to a Change 
from Aerobic to Suboxic Growth Conditions 

 
Strain cos21 was cultivated in a nitrate-rich medium with 

peptone as a carbon source. Within a few hours, the cells 

increased gradually over a cultivation period. Growth was 

measured by checking culture density. Growth reached a 

maximum by 36 h and remained steady for the next few 

1 3 

Fig. 3 The growth of Idiomarina strain cos21 (KP663369). Cells 

were grown in a synthetic minimal medium and samples for total 

RNA preparation were taken at indicated points (1, lag phase; 2, loga- 

rithmic growth phase; 3, negative acceleration phase; 4, early station- 

ary phase; 5, late stationary phase; 6, death phase) 

 

hours and declined after 48 h (Fig. 3). Samples for nutri- 

ent analysis, enzyme activity, and total RNA isolation were 

taken during the different phases of growth (lag, logarith- 

mic, Negative acceleration phase, early stationary phase, late 

stationary phase and death phase). The production of nitrate 

reduction metabolites was seen along the growth curve. 

Nitrate concentration decreased with an increase in cell 

growth while nitrite concentration increased with the time. 

Nitrate was almost completely consumed by 36 h. After the 

exhaustion of nitrate, the culture switched to the stationary 

phase (Fig. 4). Stationary phase was also followed by low 

oxygen concentration that is around 10 µM, which is consid- 

ered to be suboxic (1–20 µM) condition (Fig. 3). Maximum 

nitrate reduction rate was reported during early stationary 

phase of strain cos21 which was 3.5 µM NO3
− h−1 (Fig. 4). 
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Fig. 4 Utilization of nitrates during growth of Idiomarina strain 

cos21 

 
Quantification of the narG Gene Copy and Its 
Expression in Idiomarina Strain cos21 

 
The narG transcripts were quantified by using the stand- 

ard curve method. For narG mRNA was isolated from lag 

growth phase, a value of approximately 1.1 × 103 molecules 

was calculated; for mRNA isolated from the logarithmically 

growing cells, 1.6 × 103 molecules while mRNA isolated 

from negative acceleration phase showed 3.6 × 103 mol- 

ecules. A value of 4.5 × 103 and 2.2 × 103 molecules was 

calculated for mRNA isolated from early stationary phase 

and stationary phase, respectively. While death phase was 

reported with 2.3 × 102 molecules (Fig. 5). 

The expression of the genes for the nitrate reduction pro- 

cess was examined by checking the levels of nitrate spe- 

cific mRNAs in the cell culture as well as nitrate reductase 

enzyme activity in the culture medium. The gene expression 

levels obtained by real-time quantitative RT-PCR analy- 

sis were normalized to that of the GAPDH gene since its 

expression was found to be invariant under different oxygen 

concentration changes. Quantitative values were obtained 

by using the comparative threshold cycle (ΔΔCT) method 

recommended by Applied Biosystems. The relative expres- 

sion of the narG gene was determined three times in each of 

the five experimental RNA samples and is expressed as the 

fold difference in the quantity of cDNA molecules present 

at different growth stages. narG gene expression gradually 

increased over time until it upregulated by 3.75 folds at the 

early stationary phase of growth of strain cos21 after which 

narG gene expression with late stationary and death phase 

decreased drastically (Fig. 6). This time course study of 

gene expression shows that a narG gene was differentially 

Fig. 5 Variation in gene abundance (copy number per ng of DNA) of 

nitrate reduction genes of Idiomarina strain cos21 during the change 

from aerobic to anaerobic growth. Standard errors are indicated 

(n = 3). Gene copy numbers were calculated from the standard curve 

for narG showing, r2 0.995, y-intercept, 26.83, E (amplification effi- 

ciency) 108.2% 

 

expressed during the different growth stage of strain cos21, 

and also at different oxygen concentrations. 

 
Discussion 

The high abundance of Idiomarina sp. was observed in a 

metagenomic fraction of the surface layers during spring 

intermonsoon in the OMZ region of the central Arabian Sea 

 

 
 

 
Fig. 6 Gene expression plot of analyzed transcripts. Relative expres- 

sion of the narG gene of Idiomarina strain cos21. Expressions nor- 

malized with respect to the internal control gene GAPDH. The error 

bars in the histogram represent the maximum and minimum fold 

changes of relative expression 

 

1 3 

N
it

ra
te

 (
m

M
) 

N
it

ri
te

 (
m

M
) 

N
it

ra
te

 r
e

d
u

c
ta

s
e
 (

u
M

/m
g

 p
ro

te
in

) 

N
a

rG
 g

e
n

e
 c

o
p

y
 n

u
m

b
e

rs
 p

e
r 

n
g

 o
f 

D
N

A
 

N
O

-3
 r
e

d
u

c
ti

o
n

 µ
M

 h
o

u
r-1

 



 

 

[18]. Idiomarina sp. seems to be one of the potent nitrate 

reducing bacterial genera in OMZ region of Arabian Sea. 

The switch from aerobic to suboxic growth conditions 

seems to necessitate the onset of nitrate respiration in strain 

cos21. To study the physiological role of dissimilatory 

nitrate reductase and the involvement of membrane-bound 

and/or periplasmic nitrate reductase in this process, we ana- 

lyzed nitrate reductase gene expression over time, at six dif- 

ferent stages of bacteria growth. 

Nitrate reduction process in continuously growing culture 

was studied by analysing the products such as the concentra- 

tion of nitrite, synthesis of the nitrate reductase enzyme, and 

expression of mRNA for nitrate reduction in growing media. 

It was observed that bacteria showed highest nitrate reduc- 

tase enzyme activity during early stationary phase accom- 

panying low oxygen concentration; also the nitrate reduction 

rate of strain cos21 was maximum when the oxygen concen- 

tration dropped down below 10 µM, drop in oxygen levels 

seems to trigger bacteria to use alternate electron acceptors 

like nitrate and hence enhancing nitrate reduction process. 

It has been well documented that dissimilative nitrate reduc- 

tase is membrane bound proteins inhibited by oxygen and 

synthesized under anaerobic conditions [4]. Another class of 

respiratory enzyme which is periplasmic in nature have been 

reported to take part in the dissimilatory nitrate reduction. 

This periplasmic nitrate reductase (nap) is constitutively 

expressed in both oxic and anoxic conditions. The role of 

Nap is not fully understood, yet it might be significant during 

the transition of aerobic to anaerobic growth [4]. PCR analy- 

sis of strain cos21 did not show amplification of nap gene 

ruling out the possibility of nap gene playing any role dur- 

ing nitrate reduction in this strain. Presence of two to three 

nitrate reductases are reported in bacteria, even assimilatory 

and dissimilatory nitrate reductases are found in same bac- 

teria with independent function and gene regulation namely 

Klebsiella pneumoniae [6, 26], Pseudomonas aeruginosa 

[16, 19, 37] and AlcaIigenes eutrophus [38]. While others 

have two dissimilative nitrate reductases like Rhodobacter 

capsulatus [29, 30], R. sphaeroides, R. denitrificans [5, 34], 

Paracoccus denitrificans [11, 36], Thiosphaera pantotropha 

[2], A. eutrophus [38], and Escherichia coli [3, 16]. 

Idiomarina strain cos21 was seen reducing nitrate while 

growing in suboxic condition as the conversion of nitrate 

to nitrite increased as the oxygen concentration dropped. 

These are important aspects for the organisms growing in 

rapidly changing environmental conditions from aerobic 

conditions to anoxia. Inhibition of nitrate reductase activity 

due to oxygen (aerobic) in actively growing cultures of M. 

tuberculosis while the approximately fourfold increase in 

nitrite production when incubated anaerobically [13, 22] has 

been previously reported. 

Bacteria undertake a range of strategies to monitor 

and coordinate the respiratory shift form oxic to anoxic 

U. Amberkar et al. 

 
environments. The process is based on the complex regu- 

latory network, which controls the expression of target 

genes. Thus in order to understand this process, it’s impor- 

tant to understand signalling and the response of the cells 

to these signal in different bacterial groups which will be 

useful to comprehend how bacteria integrate different sig- 

nals and respond to these signals and coordinate to change 

in environment. 

Studying denitrification process using mRNA gene 

expression is not been broadly looked into. The change in 

denitrification gene mRNA levels can directly reflect the 

dynamics of changing environmental conditions includ- 

ing OMZ region. It would be appealing to extend this 

approach for nirS and nosZ genes involved in the denitri- 

fication pathway to understand the complete denitrification 

process which has recently been depicted as an important 

process for the removal of fixed nitrogen in the OMZ’s of 

the Arabian Sea. 
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1  | INTRODUC TION

The dissolved oxygen concentration in ocean water is the main 
driver of nutrient and energy flow patterns within marine ecosys-
tems (Diaz & Rosenberg, 2008; Diaz et al., 2009). Oxygen deficiency 
in ocean water selects for microbial groups capable of utilizing al-
ternative respiratory substrates including nitrate, nitrite, sulfate, or 
carbon dioxide (Zehnder & Stumm, 1988). Within oxygen- deficient 
waters, the use of nitrite or nitrate as alternative electron acceptors 
results in the production of nitrous oxide and nitrogen gas (Lam & 
Kuypers, 2011). This leads to denitrification or loss of fixed nitrogen. 
The Arabian Sea (AS) oxygen minimum zone (OMZ) is one of the larg-
est pelagic low- oxygen environments in the open ocean, which is a 
major part of global ocean- led denitrification, which extends from 

~100 to 1,200 m of depth (Jayakumar et al., 2009). Here the oxygen 
concentration drops to 0.1 ml/L (4.5 μmol/kg) or lower, compared 
to the average ocean dissolved oxygen concentration that ranges 
between 6 and 8 ml/L (270– 360 μmol/kg). These OMZ regions are 
of microbiological importance as major biogeochemical processes 
are catalyzed by the microbial communities which inhabit them 
(Goregues et al., 2005; Lam & Kuypers, 2011).

The Arabian Sea covers only 2% of the surface area of the oceans, 
but its OMZ, the thickest found anywhere in the world, accounts 
for 40% of the global pelagic N2 production, thereby making a dis-
proportionate contribution to the marine nitrogen budget (Bange 
et al., 2005). It is influenced largely by the southwest and northeast 
monsoons. During the SWM (June– September), the surface currents 
in the Arabian Sea circulate clockwise and anticlockwise during the 
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NEM (November– March) (Naqvi, 2008), which leads to upwell-
ing of bottom water nutrients and high productivity (Naqvi, 1994; 
Warren, 1994). The seasonal reversal of surface circulation is cor-
related with the temporal evolution of hypoxic conditions over the 
west coast of India. The AS- OMZ is the largest open ocean peren-
nially oxygen- depleted environment with a seasonal hypoxic zone 
(<1.42 ml/L) along the western coast of India. This hypoxic condition 
develops along the continental shelf down to 200- m depth, leading 
to intense sedimentary denitrification activity (Naqvi et al., 2000).

Marine benthic microorganisms of the ocean are not well un-
derstood as the majority are uncultivated and most are phyloge-
netically distinct from those in terrestrial environments (D'Hondt 
et al., 2002). Although the microbial communities flourishing in the 
sediments below the AS- OMZ are known to be ecologically import-
ant (Divya et al., 2011), very little is being investigated about the 
potential of culturable bacteria with the exception of certain func-
tional gene- based studies (Liu, et al., 2003; Liu, Tiquia, et al., 2003; 
Schaefer et al., 2007). This study aims to shed light on cultured bac-
teria from surface sediment and their potential contribution to the 
nitrogen cycle in the OMZ ecosystem.

2  | METHODS

2.1 | Sample collection

Sediment samples from the continental shelf region of the Arabian 
Sea	OMZ,	 off-	Goa,	 off-	Mangalore	 and	 off-	Cochin	 (Figure	 1)	were	
collected using a box corer, onboard RV Sindhu Sankalp (cruise# 
SSK046) at eight different locations with varying depths and dis-
solved oxygen concentrations in the overlying water (Table 1). 

Dissolved oxygen and temperature were measured by conductivity- 
temperature- depth (CTD) rosette system mounted with an oxygen 
sensor, and these measurements were made above sediment sur-
face (Table 1). Subsampling was done from box corer using sterile 
cylindrical corers. The undisturbed surface sediment up to a depth 
of 5 cm was used for isolation of bacteria.

2.2 | Isolation of bacteria

Bacteria were isolated using serial dilutions of 1 g of sediment sam-
ples in sterile seawater, plated on Zobell Marine Agar medium (ZMA; 
HiMedia) prepared in filtered seawater. The plates were incubated at 
25°C for 5– 7 days. Colonies appearing on the plates after 24 hr up to 
7 days were picked. Morphologically different colonies were purified 
for identification and nitrate reduction studies.

2.3 | DNA extraction and PCR amplification

Genomic DNA was extracted and purified from 24– 48- hr- old bacterial 
cultures grown in Zobell Marine broth (HiMedia) using the GenElute 
bacterial genomic DNA kit (Sigma). The 16S rRNA gene was amplified 
using	 universal	 primers:	 27F	 (5′-	GAGTTTGATYHTGGCTCAG-	3′)	
and	 1492R	 (5′-	ACGGHTACCTTGTTACGACTT-	3′),	 yielding	 an	 am-
plification product of approximately 1,500 bp from all isolates. The 
PCR reaction (50 μl) contained 1 μl of extracted genomic DNA, 
1 μl of each 25 nM primer, 25 μl of ReadyMix Taq PCR mix (Sigma- 
Aldrich) (1.5 U Taq DNA polymerase; 10 mM Tris- HCl, 50 mM KCl, 
1.5 mM MgCl2, 0.001% gelatin, 0.2 mM deoxynucleoside triphos-
phate [dNTP], stabilizers), and 22 μl of DNase- free milliQ water. The 

F I G U R E  1   Map showing the sampling 
locations off- Goa, off- Mangalore, and off- 
Cochin in the Arabian Sea
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PCR program consisted of initial denaturation at 95°C for 2 min, fol-
lowed by 25 cycles of denaturation at 95°C for 1 min, annealing at 
55°C for 1 min, and extension at 72°C for 1 min. The PCR products 
were analyzed on a 1% agarose gel using 1 kb DNA ladder ranging 
from 100 to 10 kbp. The PCR products were purified and sequenced 
using ABI 3130XL genetic analyzer (Applied Biosystems), housed in 
our laboratory.

2.4 | DNA sequencing, phylogenetic tree 
construction, and statistical analysis

The purified PCR products of 16S rDNA amplification of bacterial 
isolates were sequenced using ABI 3130XL genetic analyzer (Applied 
Biosystems). The sequences obtained were compared with the NCBI 
database through BLAST analysis. Phylogenetic trees were con-
structed using MEGA6 (Tamura et al., 2013) by the neighbor- joining 
algorithm. The diversity indices such as the Shannon diversity index 
and the Simpson diversity index were computed in Excel 7.0, and 
non- parametric richness estimators such as alpha diversity, equita-
bility, and dominance were calculated using PAST 3 software.

2.5 | Nitrate reduction rate

Among the bacterial isolates obtained, 13 representative isolates 
were selected and tested for their nitrate reduction ability using 
nitrate broth (NB) containing potassium nitrate (10mM) as the sole 
nitrogen source. The isolates were inoculated (in triplicates) in tubes 
containing nitrate broth and incubated for 48 hr at 25°C at 120 rpm. 
For	analysis,	equal	amounts	of	sulphanilic	acid	and	α- naphthylamine 
solutions were added to the culture broth, to detect the presence of 
nitrite. A pink coloration developed in the presence of nitrite quanti-
fied spectrophotometrically at 540nm (Smibert & Krieg, 1994). Zinc 
dust was added to tubes that did not show pink color to reduce rem-
nant nitrate to nitrite for detection. The isolates that did not display 
pink coloration with or without zinc addition were considered as 
complete denitrifiers.

From	 the	 tested	 isolates,	 representative	 genera	 were	 inves-
tigated for their nitrate reduction rate. To determine this, each 

representative isolate was inoculated in nitrate broth (10 mM) and 
incubated for 48 hr (all isolates reached log phase), and cells were 
pelleted at 25°C at 120 rpm and removed. The culture supernatant 
of each isolate was divided into two equal portions. One part was 
passed through a cadmium column first to reduce remnant nitrate 
to nitrite. The nitrite in both the portions of the supernatant was 
quantified spectrophotometrically using the method cited above. 
Nitrate reduction rate was calculated using the following equation 
(Laverman et al., 2006).

NRR,	nitrate	reduction	rate	day	−	1;	A, initial concentration of nitrate 
in NB; B, final concentration of nitrate in NB; V, volume of NB; T, hours 
of incubation.

2.6 | Amplification of denitrification genes

The bacterial isolates that showed nitrate reduction beyond nitrite 
were screened for the presence of genes responsible for denitrifi-
cation, viz. narG, nirS, and nosZ. Touchdown PCR amplification was 
used which consisted of initial denaturation at 95°C for 2 min, fol-
lowed by 30 cycles of 95°C for 30 s, primer annealing for 40 s, 72°C 
for 40 s, and a final extension at 72°C for 7min. During the first 10 
cycles, the annealing temperature started at 56°C (nirS and nosZ) 
and 60°C (narG), which decreased by 0.5°C every cycle till it reached 
51°C. The remainder 20 cycles were performed at an annealing tem-
perature specific to each primer set (Table 2).

2.7 | Cloning, sequencing, and phylogenetic tree 
construction of denitrification genes

Based on the nitrate reduction rates and presence of all three deni-
trification genes, three out of 13 isolates namely Idiomarina sp, 
Sulfitobacter dubius, and Kocuria palustris were selected for further 
studies	 (Figure	6).	All	 three	genes	 from	 three	 isolates	were	ampli-
fied, and the PCR amplified product was ligated in TOPO Vector 
(Invitrogen) and then transformed into Escherichia coli JM109. 

NRR =
A − B

V ∗ T

Station
Depth 
(m)

Dissolved oxygen at water 
sediment interphase (ml/L)

Temperature 
(°C) at bottom

NO3 
(µM/L)

NO2 
(µM/L)

GS1 198 0.1 15.5 0.0 0.069

GS4 780 0.2 9.5 28.839 0.101

GS5 1,045 0.5 7 31.159 0.183

GS6 1,208 0.8 6.2 0.0 0.0

COS1 200 0.3 14 23.478 0.067

COS2 400 0.4 11 26.906 0.049

MS1 202 0.1 15.5 27.48 0.037

MS2 418 0.2 11.5 28.909 0.023

TA B L E  1   Variations in different 
environmental parameters at different 
sampling locations measured above the 
sediment surface
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Transformants were selected on Luria– Bertani agar plates con-
taining ampicillin and X- Gal. White colonies were further screened 
by	colony	PCR	using	the	vector	specific	primers	M13F	 (5′	GTAAA	
ACGAC	GGCCA	GT3′)	and	M13R	(5′	CAGGA	AACAG	CTATG	AC3′)	
for checking the positive transformants. The clones were sequenced 
by using an ABI 3130XL genetic analyzer (Applied Bio- Systems). The 
sequences obtained were blasted in NCBI database. Phylogenetic 
trees were constructed using MEGA6 (Tamura et al., 2013) by the 
neighbor- joining algorithm.

3  | RESULTS

3.1 | Culturable bacterial diversity of bacteria from 
OMZ sediments

Bacterial identification was carried out using biochemical tests 
(Table S1) and 16S rRNA gene sequencing. A total of 57 bacterial 
isolates were obtained, 19 from stations off- Goa, 16 from stations 
off- Mangalore, and 22 from stations off- Cochin. These cultur-
able bacteria were classified into five different phyla, viz. Firmicutes 
(45.7%), Gammaproteobacteria (36.84%), Actinobacteria (8.7%), 
Bacteroidetes (5.26%), and Alphaproteobacteria (3.5%). The 16S 
rRNA gene sequences of the 57 different genera are submitted to 
NCBI under GenBank accession numbers KT448557, KT448560– 
KT44862, KT448564, KT448566– KT448580, KT448582, 
KT448585– KT448598, KT448600– KT448602, KT448604, 
KT448606, KT448608– KT448622, and KT448624– KT448625.

The cultivated bacteria were of varying diversities when the 
three sampling areas were compared. At the genus level, cultured 
bacterial diversity was highest in sediment sampled off- Cochin, fol-
lowed by sediment sampled off- Goa, and lowest in sediment sampled 
off-	Mangalore	 (Figure	 2).	 Bacillus, Alteromonas, Gracilibacillus, and 
Salegentibacter sp. were commonly isolated from all three sediment 
communities; with Bacillus, Halomonas and Alteromonas sp. being 
the dominant genera. Lysinibacillus, Jeotgalibacillus, and Halobacillus 
sp. were isolated only from sediment off- Goa. Micrococcus and 
Kocuria sp. were isolated only off- Mangalore. Eight genera were 
uniquely	 isolated	 from	 off-	Cochin	 sediment	 (Figure	 2c).	 Thus,	 all	
three areas sampled showed isolates that might be uniquely present 

TA B L E  2   Primer sets used for PCR

Target gene
Amplicon 
size (bp)

Primers
PCR cycle annealing 
temp (°C) ReferenceName Sequence (5′– 3′)

narG 174 narG1F TCGCCSATYCCGGCSATGTC 60 Correa- 
Galeoteet al. (2013)narG1R GAGTTGTACCAGTCRGCSGAYTCG

nirS 890 nirS1F CCTAYTGGCCGCCRCART 56 Braker et al. (1998)

nirS6R CGTTGAACTTRCCGGT

nosZ 250 nosZ1F AGAACGACCAGCTGATCGACA 56 Scala and Kerkhof (1998)

nosZ1R TCCATGGTGACGCCGTGGTTG

F I G U R E  2   Spatial comparison of sediment bacteria from oxygen 
minimum zone stations (a) off- Goa, (b) off- Mangalore, and (c) off- 
Cochin, at genus level of identification
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in each community as they were not isolated from other areas. 
Gammaproteobacteria and Firmicutes sp. contributed largely to the 
sediment bacterial community in all three regions, emphasizing their 
ubiquity and significance in sediment bacterial community structure 
and functioning.

3.2 | Phylogenetic distribution of sediment bacteria

Among the three areas sampled, higher phylogenetic diversity was 
observed in this study, in the sediment communities off- Cochin 
and off- Mangalore, where the isolates formed 4 separate clades, 
viz Gammaproteobacteria, Alphaproteobacteria, Firmicutes, and 
Bacteroidetes sp. from the former location, while Actinobacteria, 
Gammaproteobacteria, Firmicutes, and Bacteroidetes sp. from the 
latter location. Off- Goa sediment community distributed into two 
clades, viz. Firmicutes and Gammaproteobacteria	 sp.	 (Figures	 3–	5).	

The number of species (S), Simpson diversity index (1- D), and 
Shannon diversity index (H) of the bacterial community along three 
transects are given in Table 3. The Shannon diversity index values 
were 1.986, 1.895, and 2.524 for off- Goa, off- Mangalore, and off- 
Cochin, respectively, indicating high species richness in bacterial 
diversity at Cochin compared to Goa and Mangalore. Simpson diver-
sity index ranged from 0.836 (off- Goa), 0.843 (off- Mangalore), and 
0.913 (off- Cochin). The obtained values, which are close to 1, thus 
suggest the bacterial population to be diverse. Also, the richness es-
timator was highest at Cochin sediment.

3.3 | Nitrate reduction rate

All 57 different isolates cultured and identified were tested for their 
nitrate reduction ability. Twenty isolates displayed the reduction of 
nitrate to nitrite, detected by the presence of pink coloration, while 

F I G U R E  3   Phylogenetic tree showing relationships between isolates obtained from oxygen minimum zone sediment off- Goa based on 
neighbor- joining analysis of 16S rDNA sequences. Values at nodes indicate bootstrap support from 1,000 replicates from NJ analysis
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seven are putative denitrifiers as nitrite was not detected before 
or after adding zinc. Of the 20 nitrate reducers, 13 representative 
genera were investigated for their NRR. After 48 hr, the nitrate re-
duction rates of the isolates ranged from 0.83 to 3.0 µM day−1. The 
highest and lowest NRR was detected in isolates from sediment off- 
Cochin, while isolates from sediments off- Mangalore and off- Goa 
showed comparatively intermediate NRR values (Table 4). These re-
sults however are restricted to 48- hr incubations, which is a limita-
tion of this study, to determine the NRR.

3.4 | Detection of denitrification genes and 
phylogenetic analysis

Thirteen isolates showing Nitrate reduction were screened for the 
presence of the denitrification genes, narG, nirS, and nosZ using 
touchdown PCR. All 13 isolates showed amplification of narG 
gene, 11 isolates showed amplification of gene nirS, while eight 
of them for nosZ gene (Table 4). Phylogenetic analysis of all the 
three genes isolated from top three denitrifiers revealed their 

relatedness to existing known gene sequences in the database 
(Figure	a–	c).

4  | DISCUSSION

The continental shelf along the west coast of India displays imping-
ing of the OMZ water column onto the underlying sediment thus 
influencing the microbial community structure and functioning. The 
number of hypoxic zones in coastal areas has increased abruptly to 
over 600 in the past few decades (Kemp et al., 2009). Bacterial diver-
sity in marine OMZ environments is well studied, and yet more could 
be known about the dynamics of bacterial community and their role 
in the marine biogeochemical cycle especially nitrogen cycle in OMZ 
sediments. Our study emphasizes the diverse assemblage of bacte-
rial flora in the surface sediment underlying the OMZ water of the 
western Indian OMZ regions, specifically off- Goa, off- Mangalore, 
and off- Cochin.

The Shannon diversity index (H), is a diversity metric, can be as 
high as 6.76 in marine sediments, which is still lower than that in 

F I G U R E  4   Phylogenetic tree showing relationships between isolates obtained from oxygen minimum zone sediment off- Mangalore, 
based on neighbor- joining analysis of 16S rDNA sequences. Values at nodes indicate bootstrap support from 1,000 replicates from NJ 
analysis
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F I G U R E  5   Phylogenetic tree showing relationships between isolates obtained from oxygen minimum zone sediment off- Cochin, based 
on neighbor- joining analysis of 16S rDNA sequences. Values at nodes indicate bootstrap support from 1,000 replicates from NJ analysis

TA B L E  3   Species diversity indices

Region
Simpson index of diversity 
1- D Shannon diversity index (H) Equitability Dominance

Alpha 
diversity

Goa 0.79 1.730 0.787 0.490 9

Mangalore 0.85 1.787 0.918 0.3125 7

Cochin 0.95 2.461 0.933 0.2136 14
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freshwater and intertidal sediments (Wang et al., 2012). Previous 
study on OMZ sediments carried out in deep benthic eastern AS- 
OMZby using metagenomic approach has reported a Shannon di-
versity (H) index of 4.4 (Divya et al., 2011), and in South and East 
China Sea sediment samples, H index is 2.52 and 7.96, respec-
tively (Dang et al., 2008; Zhu et al., 2013). Recent bacterial diver-
sity sediment studies using pyrosequencing method by Lincy and 
Manohar (2020) has reported a H index of 4.37 and 6.97 for OMZs 
of Arabian Sea and Bay of Bengal, respectively, while In our study, 
H index was highest at off- Cochin, that is, 2.46. Simpson diversity 
index ranges between 0 and 1, the greater the value, the greater 
the diversity; the highest diversity was seen in off- Cochin (0.95), 
while lowest at off- Goa (0.79), thus confirming that the microbial 
population at off- Cochin is highly diverse. Simpson diversity index 
was reported as 0.934 at Arabian Sea station (GS1) and 0.998 at 
Bay of Bengal station (PS1B), respectively, by Lincy and Manohar 
(2020).

Dominance was high at off- Goa (0.490), while equitability was 
highest at off- Cochin (0.933). Shannon diversity index, dominance, 
and equitability show predictable patterns, and a high diversity cor-
responds with high equitability and low dominances. We can see this 
pattern in off- Cochin where high diversity, high equitability, and low 
dominance were reported as compared to other two areas.

In this study, we found the culturable strains belonging to 
Gammaproteobacteria sp. were dominant in Cochin and Mangalore 
sediments, while Firmicutes sp. dominated the Goa sediment com-
munity. Bacteria belonging to Phylum Gammaproteobacteria sp. are 
among the well- known and readily cultivable microorganisms from 
the	 marine	 environment	 (Fuhrman	 &	 Hagström,	 2008),	 which	 is	
also been reported in different marine environments (da Silva et al., 
2013; Ettoumia et al., 2010; Kobayashi et al., 2008). Dominance of 
Phylum Proteobacteria sp. is also reported in the sediment underlying 
the Arabian Sea OMZ studied by both culturable and non- culturable 
approaches (Divya et al.,2011, 2017), while the marine sediments 
below the OMZ along the Peru continental margin showed a differ-
ent microbial community consisting of Geobacteriacea and sulfate- 
reducing bacteria (Schippers & Neretin, 2006).

The presence of gram- positive bacteria in marine environment is 
reported in previous study (Da Silva et al., 2013; Gontang et al., 2007; 
Sass et al., 2008; Zhuang et al., 2003), and in several cases, these mi-
croorganisms are dominant among the cultivable bacteria (Gärtner 
et al., 2011; Toffin et al., 2004; Velmurugan et al., 2011). Recently, 
while studying bacterial communities from OMZ of the northern 
Indian Ocean, Lincy and Manohar (2020) reported Firmicutes sp. as 
dominant phyla underlying the OMZ sediments.

Isolates from OMZ sediments common to all three sampling 
sites, that is, from off- Goa, off- Cochin, and off- Mangalore regions 
belonged to genera Alteromonas, Salegentibacter, Gracilibacillus, and 
Bacillus sp. These genera are previously reported from OMZ region of 
Arabian Sea (Gomes et al., 2019; Lincy & Manohar, 2020; Paingankar 
et al., 2020) except Gracilibacillus sp., as per our knowledge, not re-
ported in OMZ region of Arabian Sea. Alteromonas sp. is known to play 
a notable role in the processing of dissolved organic carbon pools in 
the marine environment (Gomes et al., 2019). Salegentibacter sp. is 
reported for its positive correlation with ammonia (Sui et al., 2020), 
while Bacillus sp. is known for its ability to produce endospores along 
with its metabolic and physiological diversity which allows the distri-
bution of Bacillus in all environments (Priest, 1993).

Lysinibacillus, Jeotgalibacillus, and Halobacillus sp. were re-
ported only from the off- Goa sediment community, among which 
Lysinibacillus and Halobacillus sp. are previously reported for their 
active	role	in	denitrification	(Hosseini	et	al.,	2018;	Yang	et	al.,	2020),	
while as per our knowledge Jeotgalibacillus sp. is reported for the 
first time in this study from OMZ sediments of Arabian Sea. Bacillus 
thioparans was also isolated from off- Goa sediment which is previ-
ously reported for its thiosulfate- oxidizing potential (Pérez- Ibarra 
et al., 2007).

In this study, Micrococcus and Kocuria sp. were isolated only from 
off- Mangalore sediments. These genera belong to Actinobacteria 
sp., known to be involved in decomposition, nitrate reduction, and 
improving terrestrial soil fertility and biodegradation of recalcitrant 
compounds (Khessairi et al., 2014). Pseudoalteromonas sp. was found 
especially in off- Mangalore sediment. Pseudoalteromonas species are 
a group of marine Gammaproteobacteria frequently isolated from a 
range of extreme environments, including cold habitats and deep- 
sea sediments (Parrilli et al., 2019); this genera is also reported form 

TA B L E  4   Nitrate reduction rates and PCR amplification of 
denitrifying genes of representative isolates

Nitrate reducers narG nirS nosZ
NRR 
(µM day−1)

Idiomarina sp. (KT448606) + + + 3.04

Sulfitobacter dubius 
(KT448624)

+ + + 2.99

Psychrobacter piscatorii 
(KT448608)

+ + − 2.96

Kocuria palustris 
(KT448593)

+ + + 2.90

Halobacillus mangrove 
(KT448557)

+ + − 2.90

Gracilibacillus dipsosauri 
(KT448566)

+ + − 2.90

Photobacterium aquimaris 
(KT448612)

+ − − 2.90

Bhargavaea cecembensis 
(KT448560)

+ + − 2.87

Salegentibacter 
mishustinae (KT448568)

+ + + 2.79

Bacillus thioparans 
(KT448561)

+ + + 2.73

Halomonas axialensis 
(KT448578)

+ − + 2.63

Marinobacter vinifirmus 
(KT448600)

+ + + 1.22

Pseudovibrio denitrificans 
(KT448613)

+ + + 0.84

Note: Key: (+)	gene	amplified;	(−)	gene	not	amplified.

info:refseq/KT448606
info:refseq/KT448624
info:refseq/KT448608
info:refseq/KT448593
info:refseq/KT448557
info:refseq/KT448566
info:refseq/KT448612
info:refseq/KT448560
info:refseq/KT448568
info:refseq/KT448561
info:refseq/KT448578
info:refseq/KT448600
info:refseq/KT448613
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water samples as well as sediments of OMZ regions in Arabian Sea 
(Bandekar et al., 2018; Divya et al.,2011, 2017; Gomes et al., 2019; 
Rajpathak et al., 2018). Alteromonas sp. contributed majorly to the 
Gammaproteobacterial fraction of the off- Mangalore sediment 
community.

The cultured sediment bacterial community off- Cochin revealed 
the presence of eight different genera. Genus Sulfitobacter sp. was 
reported in this area which is an active sulfur- oxidizing group of bac-
teria. According to recent research, representatives of Sulfitobacter 
sp. are widely distributed in coastal and open- ocean environments, 
namely the Black Sea (Sorokin et al., 1995), Sargasso Sea (Suzuki 
et al., 1997), and Antarctica (Labrenz & Hirsch, 2001), where they 
may play an important role in organic sulfur cycling in the ocean.

The genus Pseudomonas sp. functioning in decomposition and 
oxidation of sulfur compounds and Staphylococcus sp. were also 
isolated from sediment off- Cochin. The ubiquitous marine genus 

Halomonas and Marinobacter sp. were isolated from off- Cochin 
sediment. These have been associated with great physiological and 
metabolic versatility, demonstrated by their capability to assimi-
late a great variety of carbon sources and by the growth of these 
bacteria in a wide range of salinities, temperatures, and pressures 
(Okamoto et al., 2004; Singer et al., 2012). The Alphaproteobacteria, 
Sulfitobacter, and Pseudovibrio sp. were isolated from off- Cochin 
sediments.

A general approach to detect denitrifying bacteria could be the 
use	of	a	physiological	gene	or	of	an	enzyme	as	a	molecular	marker.	For	
this purpose, nitrate reductase, nitrite reductase, and nitrous oxide 
reductase genes were amplified from the all 57 bacterial isolates 
collected. Gene narG was detected in 13; nirS gene was detected 
in 11, while nosZ gene was present in eight representative bacterial 
isolates using the given set primers (Table 2). Seven representative 
isolates showed the presence of all three denitrification pathway 

F I G U R E  6   Phylogenetic tree showing relationships between (a) narG, (b) nirS, and (c) nosZ sequences of three isolates obtained from 
oxygen minimum zone sediment, based on neighbor- joining method. Values at nodes indicate bootstrap support from 1,000 replicates from 
NJ analysis
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genes which makes them possible denitrifiers in the OMZ area. 
These isolates belonged to the genera Bacillus sp., Gracilibacillus, 
Photobacterium, Pseudovibrio, Idiomarina, and Sulfitobacter sp. The 
amplification of all narG genes in 13 isolates and the absence of 
amplification of nirS and nosZ genes in few cultured bacteria do not 
necessarily mean an absence of gene in those bacteria; this indicates 
that there is a need for the development of better primer systems 
and stringent amplification procedures (Throbäck et al., 2004). Also, 
probable underestimates of the nirS gene may be due to the fact that 
some bacteria use the copper- type nitrite reductase, encoded by the 
nirK gene, thus failing in amplification (Ward et al., 2009).

There are reports showing the bacterial communities along 
west coast of India, where seasonal hypoxia is reported (Jayakumar 
et al., 2004) dominated by nirS harboring bacteria (Jayakumar 
et	al.,	2009).	Functional	gene	studies	of	microbial	communities	thriv-
ing in the sediment below the OMZ off the Pacific coast were also 
carried out by Liu, Tiquia, et al., (2003)) and revealed the abundance 
and distribution of nirS and nirK genes among the sediment bacterial 
communities from the OMZ.

The nitrate reduction rates of the isolates revealed that Idiomarina 
sp. (COS85) isolated from off- Cochin sediment displayed the highest 
NRR being 3.0 nM N−1	L−1 day−1. Previous studies with repeated ob-
servations at several sites over the inner shelf off the central west 
coast of India suggested an average nitrate consumption rate of 
0.83 µmol L−1 d−1 (Naqvi et al., 2006) in the OMZ water column. The 
rate of nitrate reduction that we observed by the sediment bacteria 
exceeds that of the water column, thus demonstrating the possibility 
of higher contribution of sedimentary nitrate reduction to the OMZ 
denitrification process.

The main limitation of culture- based study is that under environ-
mental stress, such as low pH, high temperature, osmotic pressure, 
and starvation, bacteria can enter the viable but non- culturable state 
(Inglis & Sagripanti, 2006; Maalej et al., 2004; Rahman et al., 2001). 
Many of the bacteria functioning in the sediment ecosystem may 
not have been fully represented by our cultivation technique, but 
culture- based studies are important to understand the ecosystem 
where the organism live in. Studying the metabolic activities of these 
organisms could reveal their functioning in oxic and hypoxic seasons 
of the coastal waters. Also, they can be exploited to serve and facil-
itate the bioaugmentation- based purification of the nitrate- polluted 
waters.
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Introduction
Xylan, the most abundant hemicellulose, consists of 

β-1,4-linked xylose residues in the backbone to which O- 
-acetyl, α-l-arabinofuranosyl, d-α-glucuronic and phenolic 
acid residues are attached. Endoxylanases degrade β-1,4- 
-xylan randomly, yielding a chain of linear and branched 
oligosaccharide fragments. Various microorganisms are 
known to produce endoxylanases (1,2). Regarding the ami-
no acid sequence similarities, xylanases are mostly classi-
fied into families 10 and 11 of the glycoside hydrolases. 
Family GH10 xylanases have high molecular mass (≥30 
kDa) and low pI, while GH11 xylanases are normally 
smaller (<20 kDa) and have a high pI (3).

Xylanases have a range of applications in textile, pa-
per and pulp industries as well as in clarification of fruit 
juices, aroma production, animal feed, baking industry 
and production of ethanol. Industrial process conditions 
are harsh due to extremes of pH, temperature, inhibitors, 
etc. Sufficiently strong enzymes able to withstand such 
conditions are recommended for these processes. Most of 
the reported xylanases do not meet such criteria, there-
fore, enzymes that satisfy these requirements need to be 
found (4,5). The marine environment is highly complex 
and dynamic with high salinity, high pressure, low or 
high temperature and unique light conditions, which 
may explain the significant variations in the enzymes pro-
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duced by marine and terrestrial microorganism. Xylanas-
es from the marine sources can have some remarkable 
qualities with respect to stability at high temperature and 
pH, which needs attention. There are a few studies re-
ported on marine xylanases (6–13) and it is important to 
look into more potential xylanases from the marine sour-
ces. Recently, the interest in application of endoxylanases 
in the production of xylooligosaccharides from xylan sour-
ces is growing rapidly. Xylobiose stimulates the growth of 
human intestinal bifidobacteria, which are essential part 
of sound intestinal microflora. In this study, we report the 
characterisation of xylanase from a marine bacterium Ba-
cillus tequilensis BT21 and propose its efficacy in the nu-
traceutical industry.

Materials and Methods

Chemicals
Xylooligosaccharides were purchased from Megazyme 

(Bray, Ireland). Xylan (birchwood and beechwood), 3,5  - 
-dinitrosalicylic acid, buffers (citrate, phosphate and gly-
cine, Tris-HCl), solvents (acetonitrile, ethyl acetate, 2-pro-
panol), protein molecular marker, acrylamide, agarose, 
sucrose, orcinol, serum albumin, bicinchoninic acid and 
Coomassie Brilliant Blue were purchased from Sigma- 
-Aldrich, St. Louis, MO, USA. Ethanol and thin layer 
chromatography plates were purchased from Merck, 
Darmstadt, Germany, while sulphuric and acetic acids, 
and sodium chloride from SD Fine-Chem Ltd., Mumbai, 
India.

Bacterial strains, culture conditions and vectors
Bacillus tequilensis was isolated from sediment sam-

ples from Chorao island located in Mandovi estuary, Goa, 
India. The culture was grown in basal salt solution (BSS) 
medium at room temperature along with 0.5 % of xylan 
(13). Escherichia coli strain JM109 was used as the host for 
DNA manipulation. The plasmid pCR® 2.1-TOPO® TA 
cloning vector (Invitrogen, Carlsbad, CA, USA) was em-
ployed for cloning and DNA sequencing.

PCR amplification of the 16S rRNA for strain identification
DNA was isolated from cells according to the method 

described by Khandeparker et al. (13). The 16S rRNA gene 
fragment was amplified by a PCR 96 well thermal cycler 
(Veriti 9902; Applied Biosystems, Foster City, CA, USA) 
with the universal primers 27F (5’-AGAGTTTGATCCT-
GGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGA-
CTT-3’). Gene sequence was determined using a Taq Dye 
Deoxy terminator cycle sequencing kit (PerkinElmer, Fos-
ter City, CA, USA) and were analysed with 373A auto-
mated DNA sequencer (model 3130xl; Applied Biosys-
tems) (13). The obtained sequence was aligned with cor-
responding sequences of 16S rRNA from the database 
using BLAST (14).

Molecular cloning, expression and sequencing of 
xylanase gene

Gene cloning was carried out using standard cloning 
method (15). The primers xynF and xynR were obtained 

from a previously reported study (13). Xylanase gene was 
amplified using PCR and the amplified gene fragment 
was then ligated into TOPO TA cloning vector (Thermo 
Fisher Scientific, San Jose, CA, USA) and transformed into 
E. coli cells. Plasmid was extracted and the xylanase gene 
was sequenced.

Determination of amino acid composition of xylanase 
gene

Amino acid sequence of B. tequilensis BT21 xylanase 
gene was determined by translating the gene sequence 
into the protein sequence using ExPASy server (16). Theo-
retical molecular mass, isoelectric point (pI) and the total 
number of positive and negative residues were calculated 
using the ExPASy ProtParam server (16).

Enzyme production and fractionation
Recombinant enzyme production was enhanced by 

incorporating 1 mM isopropyl-β-d-thiogalactopyranoside 
(IPTG) in the growth medium of transformant cells and 
incubating at 140 rpm and 37 °C for 24 h. Cells were col-
lected by centrifugation (4000×g for 10 min, 4 °C) using 
centrifuge 5810R (Eppendorf, Hamburg, Germany) and 
the pellet was rinsed twice in Tris-HCl (10 mM, pH=8). 
The pellet obtained after centrifugation was resuspended 
in 25 % sucrose solution. The suspension was shaken with 
0.5 M EDTA for 10 min at room temperature. This was 
again centrifuged and the cell pellet was collected. The 
supernatant obtained in the above three steps was extra-
cellular enzyme fraction (F1). Ice-cold water was added to 
the pellet and shaken vigorously for 10 min. After centri-
fugation at 5976×g for 10 mins, the supernatant was col-
lected, forming periplasmic enzyme fraction (F2). The re-
maining cell pellet was suspended in 10 mM Tris-HCl 
buffer (pH=7) and lysed by sonication (sonicator model 
GT-1730QTS; GT Sonic, Guangdong, PR China). Intracel-
lular enzyme fraction (F3) was collected as supernatant 
by removing the cell pellet by centrifugation (17). For na-
tive enzyme cell suspension of B. tequilensis BT21 grown 
on xylan, the medium was centrifuged and the superna-
tant containing extracellular xylanase was collected.

Native and recombinant xylanase purification
Native and recombinant xylanases were precipitated 

using ammonium sulphate (80 %). The precipitated en-
zyme was dissolved in phosphate buffer and dialysed for 
24 h (50 mM, pH=6). The crude enzyme was further puri-
fied using anion exchange resins followed by cation ex-
change resins DEAE and CM Sepharose fast flow (Sigma-
-Aldrich) columns respectively (11). The native enzyme 
was used only to study the kinetic properties, otherwise 
recombinant enzyme was used.

Enzyme assay and protein estimation
The activity of xylanase enzyme was determined by 

using 3,5-dinitrosalicylic acid (DNS method) (18). One 
unit of xylanase activity was calculated as μmol of xylose 
released per min. Proteins were analysed by the method 
of bicinchoninic acid with bovine serum albumin as a 
standard (19).
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Effect of temperature and pH on xylanase activity
Optimal temperature for xylanase activity was stud-

ied by analysing it at different temperatures ranging from 
15–75 °C at pH=6, while the optimal pH was analysed by 
measuring its activity at 60 °C using different pH buffers 
(0.05 M): citrate buffer for pH=4–6, phosphate buffer for 
pH=6–8, and glycine-NaOH buffer for pH=8–11. Thermal 
stability of the enzyme was verified by incubating the en-
zyme at 40, 50 and 60 °C for 6 h (pH=6) in an incubator 
(model LSI-125R; Labtop Instrument, Thane, Maharash-
tra, India). The pH stability was studied using 100-fold 
diluted xylanase enzyme and respective buffers (pH=7–9) 
and incubating it for 24 h at 60 °C. Residual activity was 
analysed at regular intervals during incubation.

Isoelectric focusing
Isoelectric focusing (IEF) was performed using Ready-

Prep® 2-D starter kit (Bio-Rad, Hercules, CA, USA). IPG 
strips (pH range 3–10, 11 cm; Electrophoresis GmbH SER-
VA, Heidelberg, Germany,) were rehydrated for 12–16 h 
in the enzyme sample (10 μg of protein) and mixed with 
rehydration buffer provided with the starter kit. PROTE-
AN® IEF chamber (Bio-Rad) was programmed at a con-
stant temperature of 10 °C and 50 Vh/strip for 20 min at 
250 V, with 2-hour linear increase to 4000 V and finally 
obtaining the value of 10 000 Vh. Strips were equilibrated 
on the rocker in equilibration buffers I and II (provided 
with the kit) for 10 min each, and then sealed on the top of 
12 % SDS-PAGE gels (separating gel) using 0.5 % agarose. 
SDS-PAGE was run on 12 % acrylamide gel at 120 V and 4 
°C for 110 min. Protein molecular mass standard (medi-
um range) was used for electrophoresis in the 2nd dimen-
sion.

Molecular mass estimation and zymogram analysis
The xylanase molecular mass was assessed by SDS- 

-PAGE (12 %) electrophoresis (20) using medium range 
molecular mass markers (14.3–97.4 kDa). Protein bands 
were stained with Coomassie Brilliant Blue stain. Zymo-
gram was obtained using SDS–PAGE (12 %) electrophore-
sis as described by Nakamura et al. (21). The gel with sep-
arated protein bands was thoroughly washed (four times) 
using 50 mM phosphate buffer (pH=7.0). Initial two wash-
es contained 25 % isopropanol (to get rid of the SDS and 
renature the protein). The gel was further incubated at an 
optimum temperature of the enzyme for 60 min. The gel 
was stained with 0.1 % (by mass per volume) Congo Red 
dye for 30 min and then washed with 1.0 % (by mass per 
volume) NaCl until the remaining dye was washed off 
from the active band. Finally, the gel was flooded in 0.5 % 
acetic acid, thus changing the background of the gel to 
dark blue, and the activity bands were observed as clear 
colourless areas.

Kinetic determinations
Purified native and recombinant xylanases were in-

cubated with birchwood and beechwood as substrates in 
50 mM phosphate buffer at pH=7. The rate of xylan hy-
drolysis was determined at pH=9 and 60 °C. Various 
masses of xylan ranging from 0.5 to 8 mg were used in 
this study. The kinetic constants Km and vmax

 were deter-
mined using the Lineweaver and Burk method (22).

Hydrolysis studies
The partially purified periplasmic xylanase fraction 

was dissolved in phosphate buffer (pH=7) and used for 
hydrolysis study. Substrates and the enzyme were incu-
bated at 60 °C. Samples were collected at intervals of 0, 1, 
3, 6, 12 h. Xylooligosaccharides were also incubated with 
the enzyme and the samples were collected at different 
time intervals ranging from 1 to 3 h. Enzyme-substrate re-
action was terminated by putting the reaction mixture 
into the boiling water for 5 min (23). The unused polysac-
charide was precipitated using isopropanol and centri-
fuged. The supernatant was collected. Hydrolysis prod-
ucts were identified by thin layer chromatography (TLC) 
with the mixture of acetonitrile/ethyl acetate/2-propanol/
water as a solvent system, and then spotted by spraying 
the TLC plates with orcinol spray, a mixture of ethanol, 
sulphuric acid and orcinol, and heating them for 5 min at 
150 °C. Similarly, hydrolytic products obtained by enzy-
matic saccharification of wheat bran were analysed by 
TLC. Here xylanase enzyme was incubated with wheat 
bran (1 %) used as substrate at 60 °C. Samples were taken 
in triplicates in 24-hour intervals.

Results

Identification of B. tequilensis BT21 by 16S rRNA 
sequence analysis

Biochemical analysis of B. tequilensis BT21 isolate re-
vealed that it belonged to the Gram-positive group, its 
cells are short motile rods, oxidase positive and catalase 
positive. As described in Bergey’s manual of systematic 
bacteriology (24), these characteristics show close similar-
ity to Bacillus sp. The amplified 16S rRNA sequence 
matched to the 16S rDNA sequence in the GenBank (25), 
and the results showed 99 % identity with Bacillus tequi-
lensis (GenBank accession no. KF054870). Thus, the strain 
BT21 identified as a strain of B. tequilensis (GenBank ac-
cession no. KF797798).

Nucleotide sequence analysis of the xylanase gene
The PCR product of total chromosomal DNA ac-

quired from B. tequilensis strain BT21, using primers xynF 
and xynR, was ligated with TOPO® TA cloning vector (In-
vitrogen). The recombinant plasmid DNA was introduced 
into Escherichia coli JM109. A complete nucleotide se-
quence was acquired (GenBank accession no. KF797799), 
with a 639-bp open reading frame encoding a protein of 
23 324.6 Da having 213 amino acid residues with pI=9.44. 
The gene sequence is 99 % similar to that of xylanase gene 
sequence of B. subtilis R5 (GenBank accession no. AB 
457186.1). The catalytic domain of xynBT21 (from B. tequi-
lensis) showed good homology with xylanase that is clas-
sified into family 11 glycosyl hydrolases according to hy-
drophobic cluster analysis (26).

Amino acid composition of recombinant xylanase
Recombinant xylanase from B. tequilensis showed a 

relatively high percentage of glycine (12.2 %), threonine 
(12.2 %) followed by serine (10.8 %) and asparagine (8.9 
%), while there were no traces of cystine and pyrrolysine 
(Table 1). Highly conserved Glu104 and Glu196, which 
are crucial for the catalytic activity of family 11 glycosyl 
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hydrolases, were found in two conserved regions (Fig. 1). 
The B. tequilensis BT21 xylanase contained double the 
number of acidic amino acids compared to basic amino 
acid, also the total number of negatively charged residues 

in the enzyme was lower (asparagine+glutamic acid=9), 
than of positively charged residues (arginine+lysine= 16). 
The enzyme had 41 % polar amino acids and 59 % nonpo-
lar (hydrophilic) amino acids.

Characterisation of xylanase from B. tequilensis BT21
Xylanase had optimal pH=6.0 and optimal tempera-

ture of 60 °C (Fig. 2). At pH=6 and 7, enzyme retained 100 
% of activity when incubated for 24 h, while at pH=8 and 
9 it showed an increase in the activity during incubation 
(Fig. 3). At 40 °C, the enzyme activity increased with the 
incubation time, while at 50 °C it remained stable for al-
most 1 h. At 60 °C, the enzyme showed 100 % activity for 
up to 20 min and remained active for 2 h retaining 75 % 
activity (Fig. 4).

Kinetic parameters
The Km and vmax values of native and recombinant xyl-

anase were obtained from Lineweaver-Burke plot. The Km 
of native and recombinant xylanases on birchwood xylan 
was 11.1 and 3.3 g/L, while vmax was 2222 and 3125 μmol/
(mg·min) respectively. The Km of native and recombinant 
xylanases on beechwood xylan was 16.6 and 5.0 g/L while 
vmax was 2500 and 4347 μmol/(mg·min) respectively.

Molecular mass estimation, zymogram analysis and 
isoelectric focusing

Molecular mass of recombinant xylanase enzyme de-
duced from amino acid sequence was 23 324.6 Da, which 
is in full agreement with the results of the zymographic 
analysis (7). The molecular mass of recombinant xylanase 
obtained by zymogram analysis is approx. 23 kDa (Fig. 5). 
Isoelectric focusing of the enzyme run under denaturing 
and non-denaturing conditions gave a band at pI value 
above 9. SDS-PAGE zymograms showed a single clear-
ance zone coinciding with a molecular mass of 22 to 23 
kDa (Fig. 5).

Table 1. Amino acid composition of xylanase from Bacillus tequi-
lensis BT21

Amino acid w/%

Alanine 6.6
Arginine 3.3
Asparagine 8.9
Aspartic acid 3.3
Cystine 0.0
Glutamine 2.3
Glutamic acid 0.9
Glycine 12.2
Histidine 0.9
Isolucine 3.3
Leusine 4.2
Lysine 3.8
Methionine 1.9
Phenylalanine 3.3
Proline 2.8
Serine 10.2
Threonine 12.2
Trptophan 5.2
Tryosine 7.0
Valine 7.0
Pyrrolysine 0.0

Total number of negatively charged residues (aspargine+gluta mic 
acid) is 9 
Total number of positively charged residues (arginine+lysine) is 16

B. tequilensis BT21 MLKFKKNFLVGLSAALMSISLFSATASAASTDYWQNWTDGGGIVNAVNGSGGNYSVNWSN   60

B. subtilis 168 MFKFKKNFLVGLSAALMSISLFSATASAASTDYWQNWTDGGGIVNAVNGSGGNYSVNWSN

B. subtilis R5 MFKFKKNFLVGLSAALMSISLFSATASAASTDYWQNWTDGGGIVNAVNGSGGNYSVNWSN

B. circulans MFKFKKNFLVGLSAALMRIILFSATASAASTDYWQNWTDGGGIVNAVNGSGGNYSVNWSN

Query 61 TGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSPLIEYYVVDSWGTYRPTG   120
B. subtilis 168 TGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSPLIEYYVVDSWGTYRPTG
B. subtilis R5 TGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSPLIEYYVVDSWGTYRPTG
B. circulans TGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWPRSPLIEYYVVDSWGTYRPTG

Query 121 TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQTKRPTGSNATITFSNHVNA  180

B. subtilis 168 TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSKRPTGSNATITFSNHVNA

B. subtilis R5 TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQTKRPTGSNATITFSNHVNA

B. circulans TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSKRPTGSNATITFTNHVNA

Query 181 WKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVW  213
B. subtilis 168 WKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVW
B. subtilis R5 WKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVW
B. circulans WKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVW

♦ Glu 104

� Glu 197

Fig. 1. Alignment of the amino acid sequence of xylanase gene from Bacillus tequilensis BT21 (AHN14743.1) with xylanases from other 
Bacillus sp. strains: B. subtilis 168 (AOA11206.1), B. subtilis R5 (AB457186.1) and B. circulans (AAM08360.1). The Glu residues correspond-
ing to our xylanase Glu-104 and Glu-196, essential to the catalytic activity, are marked with diamond and triangle, respectively
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Fig. 2. The effect of: a) temperature (at pH=6), and b) pH (at 60 °C) on the activity of xylanase from Bacillus tequilensis BT21

Fig. 3. Effect of pH on xylanase stability. The enzyme was di-
luted with phosphate buffers of various pH values and incu-
bated at room temperature for t=24 h. Residual activity was es-
sayed at pH=6 and 60 °C

Fig. 4. Effect of temperature on xylanase stability. The pure en-
zyme was incubated in phosphate buffer (pH=6) at 40, 50 and 
60 °C for different intervals and residual activity was deter-
mined

Fig. 5. SDS-PAGE analysis of recombinant xylanases XynBT21: a) lane 1: molecular markers in kDa, lane 2: pure xylanase enzyme. 
Isoelectric focusing of: b) pI standards, c) enzyme sample, and d) zymogram analysis of recombinant xylanases from Bacillus tequi-
lensis BT12 grown on 1 % birchwood xylan and separated by two-dimensional gel electrophoresis. Proteins (10 μg) were first sepa-
rated in 6 % native PAGE, the lane was stripped and then run in 8 % SDS-PAGE. Xylanase activity was examined by Congo Red. The 
position of XynBT21 in native PAGE is indicated
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Enzymatic hydrolysis of xylan, xylooligosaccharides 
and wheat bran

The mechanism by which recombinant xylanase acts 
on xylan was followed by allowing it to react with beech-
wood xylan and different xylooligosaccharides. Beech-
wood hydrolysis released the xylooligosaccharides of 
higher molecular mass during initial stages (t1=30 min, 
t2=1 h). At the end of 3 h (t3), 6 h (t4) and finally at 12 h (t5), 
xylooligosaccharides were completely broken to xylobi-
ose and xylose (Fig. 6).

To understand the hydrolysis pattern more clearly, 
xylooligosaccharides (X2–X5) were treated with XynBT21 
at time interims (t1=1 h, t2=3 h). Observations after 1 h of 
incubation revealed that there was no breakdown of xylo-
biose (X2), while xylotriose (X3) was partially degraded to 
xylose (X1) and xylobiose (X2), xylotetraose (X4) released 
xylobiose (X2), while xylopentaose (X5) was partially hy-
drolysed to give xylose (X1), xylobiose (X2) and xylotriose 

(X3). After 3 h of incubation, xylotriose, xylotetraose and 
xylopentaose produced xylose (X1) and xylobiose (X2), 
while xylobiose was not cleaved at all (Fig. 7).

Hydrolysis products of wheat bran were also ana-
lysed by TLC. By the end of 24 h, wheat bran released xy-
lobiose and xylose when treated with partially purified 
native xylanase enzyme (Fig. 8).

Discussion
A potential xylanolytic B. tequilensis strain BT21 iso-

lated from mangrove area is reported. Genus Bacillus is 
known to produce industrially valuable xylanases, a 
number of which are reported (13,16,19,27–29). The cata-
lytic domain of xynBT21 (from B. tequilensis) showed high 
homology with xylanases belonging to glycosyl hydro-
lase family 11 according to the hydrophobic cluster analy-
sis (27). There is a widespread occurrence of xylanase 
family 11 in Bacillus sp. (13,27–29). The amino acid se-
quence of the B. tequilensis BT21 xylanase was compared 
with other reported xylanases in the NCBI database with 
the help of BLAST search program (14). It showed 99 % 
similarity with xylanase from Bacillus subtilis R5 (AB457- 
186.1), which belongs to GH family 11, but it was 98 % 
similar to Bacillus subtilis 168 (AOA11206.1). It also had 
high amino acid sequence identity (98 %) with xylanase 
from Bacillus circulans (X07723.1). Sequence comparison 
of B. tequilensis with B. subtilis showed that only one ami-
no acid L (lysine) at position 2 replaced F (phenylalanine), 
while when compared with amino acid sequence of B. cir-
culans, L, S (serine), S and T (threonine) replaced F, R (ar-
ginine), I (isoleucine) and S, respectively (Fig. 2). With the 
difference in one single amino acid in xylanase gene of 
the B. tequilensis strain BT21 and Bacillus subtilis, enzymes 
showed diverse properties. Single amino acid mutations 
influence the structure of the protein complex because of 
the changes in binding affinity of the amino acid. More 
than half of monogenic diseases are caused by single mu-
tations, in which amino acid substitution causes changes 
in protein stability (30). The optimum temperature for B. 
tequilensis BT21 xylanase activity was 60 °C while for B. 
subtilis R5 xylanase it was 40 °C. Although that of B. subti-
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Fig. 6. Time course of the hydrolysis of beechwood xylan by the 
recombinant xylanase. Beechwood xylan was incubated at 60 
°C with 20 U/mL of XynBT21 and analysed by thin-layer chro-
matography. Lanes 1 to 5 contain standards: xylose (X1), xylobi-
ose (X2), xylotriose (X3), xylotetraose (X4) and xylopentaose (X5), 
respectively. Lanes 6 to 11: samples were taken at time 0, 0.5, 1, 
1, 3, 12 h. The reaction was carried out at 60 °C

Fig. 7. Time course of xylooligosaccharide hydrolysis by the re-
combinant xylanase. Xylooligosaccharides were incubated at 60 
°C with 20 U/mL of XynBT21 at different time intervals (t1=1 h, 
t2=3 h) and analysed by thin-layer chromatography. Lanes 1 to 5 
contain standards: xylose (X1), xylobiose (X2), xylotriose (X3), 
xylotetraose (X4) and xylopentaose (X5), respectively. Hydroly-
sis of xylobiose at t1 (lane 6) and t2 (lane 7), xylotriose at t1 (lane 
8) and t2 (lane 9), xylotetrose at t1 (lane 10) and t2 (lane 11), xylo-
pentose at t1 (lane 12) and t2 (lane 13) was determined

Fig. 8. Time course of wheat bran hydrolysis by the recombi-
nant xylanase. Wheat bran was incubated at 60 °C with 20 U/
mL of XynBT21 for 24 h and analysed by thin-layer chromatog-
raphy. Xylose (X1) and xylobiose (X2) are standards, while C is 
control (sample without enzyme fraction) and T is the test sam-
ple with active enzyme
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lis 168 xylanase was 65 °C, the stability of XynBT21 was 
better than of B. subtilis 168 xylanase. B. tequilensis BT21 
xylanase had pH optimum of 6.0 and temperature opti-
mum of 60 °C. Xylanase from Bacillus subtilis cho40 re-
ported previously by Khandeparker et al. (13) also had the 
same pH and temperature optima, but B. subtilis cho40 
xylanase showed drastic loss of activity after it reached 
optimum pH of 6.0, while B. tequilensis BT21 xylanase re-
mained active over a range of pH (from pH=6 to 8) and its 
activity increased with the incubation time. Arthrobacter 
sp. reported by Khandeparker and Bhosle (12) showed 
similar properties when studying the pH effect on xyla-
nase enzyme. The residual activity of xylanase from Bacil-
lus pumilus SV-85S also increased after 1 h of incubation at 
alkaline pH (31). Bai et al. (32) reported that high molecu-
lar mass xylanase (42.5 kDa) from Alicyclobacillus sp. re-
tained 80 % of enzyme activity after incubation at pH=2.6 
to 12.0 for 1 h at 37 °C. Xylanase isolated from Streptomy-
ces actuosus was reported to retain 80 % of its activity in 
the pH range of 5–8 when incubated for 30 min (33). The 
protein stability is controlled by the pH mainly by chang-
ing the net charge of the protein. Denaturation of many 
proteins takes place at extreme pH due to destabilising 
repulsive interactions that are present between similar 
charges in the native protein. The behaviour of a given 
protein at low or high pH depends mainly on stabilising 
and destabilising forces, which are sensitive to the envi-
ronment (34). If we compare the pH stability of earlier re-
ported xylanases, pH stability of B. tequilensis BT21 is ex-
ceptionally superior.

Kinetic studies performed on B. tequilensis BT21 re-
vealed that Km of the recombinant enzyme was much low-
er than of the native enzyme, which clearly shows that the 
recombinant enzyme had better affinity than the native 
enzyme. Km values of recombinant xylanase enzyme re-
ported in B. tequilensis BT21 were 3.3 and 5.0 g/L on birch-
wood xylan and beechwood xylan, respectively, which 
indicates that birchwood xylan was more efficiently uti-
lised than beechwood xylan. Km of the recombinant xyla-
nase II by Trichoderma reesei was 13.8 g/L using birchwood 
xylan as the substrate, while Bacillus alcalophilus xylanase 
enzyme showed Km of 4.9 and 4.5 g/L using beechwood 
xylan and birchwood xylan, respectively.

IEF analysis and zymograms showed a sole and 
prominent activity band in the alkaline pH range indicat-
ing that BT21 xylanase had a pI of 9.0 or higher with a 
molecular mass of around 23 kDa. Bacillus sp. (NCL 87-6- 
-10) produces two xylanases, A, with the molecular mass 
of 44 kDa and pI=5.3, and C, with 25 kDa and pI=8.9 (35). 
Similarly, there are reports that B. circulans and B. poly-
myxa produce high- and low-molecular mass xylanases 
with acidic and basic pI respectively (20,35). Proteins with 
acidic isoelectric points degraded faster than those with 
neutral or basic isoelectric points (36), which might be be-
cause of chemical properties of the acidic or basic 
polypeptides. As a result, xylanase from B. tequilensis 
BT21, with basic pI and high pH stability, has many ad-
vantages, although there is an exception to this behaviour 
as when an acidic protein with acidic pI degrades ex-
tremely slowly (37).

Xylanase from B. tequilensis BT21 predominantly re-
leases xylobiose from the xylan backbone suggesting the 
endo-acting nature of XynBT21. In the first stage, the mix-

ture of oligomers was also detected, which might be be-
cause of random hydrolysis of xylan. Hydrolysis prod-
ucts similar to XynBT21 have been reported such as XynB 
from Thermotoga maritima, XynC from Clostridium ster-
corarium, and an endoxylanase from Bacillus sp. (38–40). 
Endoxylanase from Streptomyces sp. S27 has also been 
reported to release xylobiose (>75 %) as a hydrolysis 
product of xylan by XynBS27 (41), while xylanase from 
Streptomyces thermocyaneoviolaceus is reported to release 
diverse xylooligosaccharides (X1 to X5) from birchwood 
xylan (42).

XynBT21 with an ability to hydrolyse polymeric sub-
strates such as beechwood xylan into dimer and mono-
mer may find helpful application in saccharifying xylan- 
-rich materials. A lignocellulosic material wheat bran, 
which is a by-product of conventional wheat milling, is 
available in large quantities (43) and a good source of raw 
material for xylooligosaccharide production. Enzymatic 
hydrolysis by xylanase from B. tequilensis BT21 on wheat 
bran released xylobiose and xylose. Koga et al. (44) report-
ed uses of xylobiose in cosmetics, drugs or quasi-drugs, 
hair-care products and detergents. There are reports of 
xylobiose used as prebiotics (45). Xylooligosaccharides 
obtained on wheat bran improve blood lipid metabolism 
and antioxidant status in rats that feed on the high-fat 
diet, suggesting that wheat bran xylooligosaccharides 
might be useful in protecting humans against high-fat di-
et-induced oxidative stress (46). Accordingly, streamlin-
ing the conditions such as enzyme dose and pre-treat-
ment strategies, large-scale production of xylobiose from 
wheat bran can be achieved with B. tequilensis BT21 xyla-
nase.

Conclusion
The recombinant xylanase from Bacillus tequilensis 

BT21 is a low-molecular-mass enzyme with alkaline pI, 
that belongs to the group of glycanase family 11. XynBT21 
has excellent pH stability and also the ability to produce 
xylobiose from agricultural residues. With the growing 
interest in the application of xylobiose in nutraceutical in-
dustries, we look forward to using this novel enzyme for 
industrial purposes.
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Abstract Enzymatic hydrolysis of seaweed biomass was

studied using xylanase produced from marine bacteria

Bacillus sp. strain BT21 through solid-state fermentation of

wheat bran. Three types of seaweeds, Ahnfeltia plicata,

Padina tetrastromatica and Ulva lactuca, were selected as

representatives of red, brown, and green seaweeds,

respectively. Seaweed biomass was pretreated with hot

water. The efficiency of pretreated biomass to release

reducing sugar by the action of xylanase as well as the type

of monosaccharide released during enzyme saccharification

of seaweed biomass was studied. It was seen that pretreated

biomass of seaweed A. plicata, U. lactuca, and P. tetra-

stroma, at 121 �C for 45 min, followed by incubation with

50 IU xylanase released reducing sugars of 233 ± 5.3,

100 ± 6.1 and 73.3 ± 4.1 lg/mg of seaweed biomass,

respectively. Gas chromatography analysis illustrated the

release of xylose, glucose, and mannose during the treat-

ment process. Hot water pre-treatment process enhanced

enzymatic conversion of biomass into sugars. This study

revealed the important role of xylanase in saccharification

of seaweed, a promising feedstock for third-generation

bioethanol production.

Keywords Enzyme � Xylanase � Pre-treatment �
Hydrolysis � Seaweed � Bacillus sp.

Introduction

Xylan, a major component of hemicelluloses, is a hetero-

geneous molecule having a linear backbone consisting of

b-(1,4)-linked D-xylosyl residues and several side branches

of different groups attached to the main chain. Due to

heterogeneous nature of xylan, its hydrolysis requires

complex enzyme system in which group of enzymes work

together synergistically, which mainly includes the main-

chain enzyme and side-chain enzyme. In general, depoly-

merisation of xylan is accomplished by the action of endo-

xylanases and b-xylosidases. Endo-1,4-b-xylanases (EC

3.2.1.8) hydrolyze b-1,4-glycosidic linkages of the xylan

backbone to produce short-chain xylooligosaccharides of

various lengths. Hence, endo-xylanases are the crucial

enzyme components of the microbial xylanolytic systems

(Frederick et al. 1981; Beg et al. 2001).

From the biotechnological point of view, xylanases have

applications in animal feed, aroma, fruit juices, baking,

textile, paper industries, ethanol (Polizeli et al. 2005;

Khandeparkar and Bhosle 2006b; Khandeparker et al.

2017), and human health (Harris and Ramalingam 2010).

Production of fuel ethanol from renewable lignocellulosic

materials has been extensively studied in the last decades

(Eriksson et al. 2002; Sun and Cheng 2002). Currently,

bioethanol is mainly derived from sucrose and starch crops

(e.g., sugarcane and corn) as well as lignocellulosic

materials (e.g., rice straw and switchgrass). Major draw-

back faced here is limited cultivable lands, as well as the

high costs involved in converting lignocellulosic materials

into ethanol due to the presence of lignin. In view of these

problems, algae have recently been considered as a third-

generation feedstock for biofuel production (Nigam and

Singh 2010). Algal feedstocks have several advantages

over other types of feedstock. These include high area
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productivity, no competition with conventional agriculture

for land, utilization of different water sources (e.g., sea-

water, brackish water, saline water, and wastewater),

recycling of carbon dioxide, and compatibility with inte-

grated production of fuels and co-products within bio

refineries. Hence, algal feedstocks are considered one of

the most promising non-food feedstocks for biofuels (Wi-

jffels and Barbosa 2010; Wang et al. 2011; Borines et al.

2011; Wei et al. 2013). However, seaweed polysaccharides

are structurally complex and diverse in chemical compo-

sition and differ from land plants with respect to the

abundance of matrix and skeletal components. Thus, an

efficient hydrolysis for sustainable production of biofuels

from different macroalgal feedstocks is required (Trivedi

et al. 2013). The objective of this study is to study the

efficiency of hot water pre-treatment process to enhance

enzymatic conversion of seaweed biomass using xylanase.

Materials and methods

Microorganism, culture condition, and chemicals

Bacterial culture was isolated from Chorao island of

Mandovi estuary, Goa, India. The culture was grown at

room temperature in basal salt solution (BSS) supple-

mented with xylan (0.5%) as sole carbon source. The

composition of the BSS medium (w/v) was as follows:

NaCl, 30.00 g; KCL, 0.75 g; MgSO4, 7.00 g; NH4Cl,

1.00 g; K2HPO4 (10%), 7.00 mL; KH2PO4 (10%),

3.00 mL; trace metal solution, 1.00 mL; distilled water,

1000 mL; the pH of the medium was adjusted using 1 N

NaOH. Trace metal solution has the following composi-

tion: H3B03, 2.85 g; MnCl2�7H2O, 1.80 g; FeS04�7H20,

2.49 g; Na-tartrate, 1.77 g; CuCl2, 0.03 g; ZnCl2, 0.02 g;

CoCl2, 0.04 g; Na2MoO4�2H2O, 0.02 g; distilled water,

1000 mL (Khandeparkar and Bhosle 2006a). Xylan (beech

wood) and 3,5-dinitrosalicylic acid, and gas chromatogra-

phy (GC) standards were purchased from Sigma-Aldrich

Co., St Louis, MO, USA.

Production and preparation of enzyme

The culture was grown for 48 h in the BSS as above; this

was used to inoculate 500-mL flasks each containing

30 mL of BSS medium and 10 g (substrate to moisture

ratio 1:3) of wheat bran. The flasks were incubated at room

temperature. The culture was harvested in the stationary

growth phase, i.e., after 4 days. The content of the flask

was suspended in 100 mL of 50 mM glycine–NaOH buffer

(pH 9) vortexed thoroughly and centrifuged (10,000 rpm

for 10 min, 4 �C). The enzyme was precipitated from the

culture supernatant by adding ammonium sulfate to 80%

saturation. This was left overnight and the precipitate was

collected by centrifugation at 10,000 rpm for 10 min. The

precipitate obtained was dissolved in phosphate buffer

(50 mM, pH 8.0) and dialyzed against the same buffer for

24 h. Dialysis was carried out using cellulose tubing

(molecular weight cut-off 13,000 Da). The enzyme was

partially purified using ion-exchange chromatography

(Khandeparkar and Bhosle 2006b).

Enzyme assay

Xylanase assay was carried out using 3,5-dinitrosalicylic

acid method (DNS method) (Miller 1959). 1% solution of

xylan was used as substrate for xylanase. The reducing

sugars released due to enzymatic hydrolysis were measured

at 510 nm using spectrophotometer.

Estimation of carbohydrate

10 mg of dried seaweed powder was taken and boiled for

2 h in 1 mL of 2.5 N HCl in water bath. The mixture was

then cooled and centrifuged. The supernatant was used for

carbohydrate estimation using 5% phenol solution and

concentrated sulphuric acid (Dubois et al. 1956). The color

intensity was measured at 490 nm. Sugar content was

calculated by referring to a standard D-glucose and the

results have been expressed as lg/mg sugar.

Collection of seaweed sample

Seaweeds such as A. plicata, P. tetrastromatica, and U.

lactuca were collected from the coast of Goa (15.5809�N,
73.7448�E), India. The seaweed samples were washed

thoroughly with fresh water to remove salts and debris, and

were dried at 50 �C temperature. After drying, the seaweed

samples were powdered using a grinder.

Pre-treatment of seaweed

Seaweed pre-treatment was carried out with 10%

macroalgal biomass at 121 �C for 45 min. Pre-treatment

was performed as per the reports of Yazdani et al. (2015).

After the pre-treatment, solids were separated from the

solutions by vacuum filtration and washed several times

with distilled water.

Optimization of hydrolysis condition for effective

saccharification of seaweed

Xylanase doses and incubation period were optimized for

enzymatic hydrolysis of seaweed. Dried seaweed biomass

(1%) was hydrolyzed with different concentrations of

xylanase from 10 to 50 U/mg dry wt. Seaweed biomass was
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incubated for different time intervals from 0 to 8 h at 30 �C
on an orbital shaker with a speed of 140 rpm. Samples

were taken out periodically after an interval of 2 h each

and centrifuged. The reducing sugar was measured spec-

trophotometrically using 3,5-dinitrosalicylic acid (DNS)

method (Miller 1959).

Enzymatic hydrolysis of seaweed

Pretreated and untreated macroalgal biomass was added to

a phosphate buffer solution (0.05 M), pH 7, and the

enzymatic hydrolysis was initiated by adding xylanase

(50 IU/mg) to seaweed biomass. The hydrolysis was per-

formed at 30 �C for 6 h. The product was centrifuged and

RS (reducing sugar) from hydrolysate was analyzed by

DNS method which was then further processed for GC

analysis.

GC analysis of hydrolytic product

The monosaccharide composition of seaweed hydrolysis

product after hot water treatment and after enzyme treat-

ment was studied using gas chromatography (GC) method

described in Khodse et al. (2008). Briefly, the sample was

treated with 12 M H2SO4 at room temperature for 2 h. It

was diluted with 1.2 M H2SO4 using cold distilled water,

flushed with N2, sealed and hydrolyzed for 3 h at 100 �C.
After cooling, an internal standard (inositol) was added.

The sample was neutralized, treated with NaBH4, acety-

lated and analyzed using a Shimadzu GC Model-GC-2010

equipped with a flame ionization detector (FID), a pro-

grammable on-column injector and a fused silica column

coated with CPSil-88 (25 m, i.d. 0.32 mm). The response

factors were calculated using standard sugar alditol acet-

ates and myoinositol as an internal standard and were used

for the quantification of the results.

Result

Identification of the bacterial isolate

Morphological and biochemical analysis showed that iso-

late BT21 was similar to members of the genus Bacillus.

16S rRNA analysis showed that isolate BT21 was

equidistantly related to Bacillus tequilensis strain IARI-

BHI-20 and members of the representatives of the Bacillus

subtilis cluster (similarity value of 99%). Our results are

very similar to that of Gatson et al. (2006) who had also

reported that B. tequilensis is closely related to B. subtilis,

but could be differentiated on the basis of DNA homology.

Given this, we are unable to report on its precise taxonomic

position and will refer to it as Bacillus sp. strain BT21. The

16S rRNA gene sequence has been submitted to GenBank

under accession number KF797798.

Carbohydrate content of seaweed

The carbohydrate content of seaweeds is listed in Table 1.

A. plicata red seaweed had a total carbohydrate content of

43.05 ± 0.7%. P. tetrastromatica brown seaweed showed

14.2 ± 0.8%, and U. lactuca green seaweed had carbo-

hydrate content of 39.2 ± 0.8% on dry weight basis.

Optimization of enzymatic treatment on seaweed

biomass

Dry biomass of P. tetrastromatica, A. plicata, and U. lac-

tuca was saccharified by incubating it with different doses

of enzyme (0–100 U). Treatment resulted in attaining

maximum reducing sugar yield of 39.5 ± 2.4, 9.16 ± 1.9,

and 25.36 ± 1.3 lg/mg, respectively, at an enzyme dose of

50 U for 2 h of incubation (Fig. 1). The enzyme dosage of

50 U/mg was employed for the hydrolysis of biomass in

subsequent optimization of incubation period. All three

seaweeds showed increase in reducing sugar yield with

increase in incubation period from 2 to 6 h, while it

remained steady for the next 2 h. Reducing sugar release

from P. tetrastromatica increased from 39.5 ± 2.4 to

59.56 ± 2.9 lg/mg when incubated for 6 h, while A. pli-

cata showed release of reducing sugars from 9.16 ± 1.9 to

12.16 ± 2.4 lg/mg, and reducing sugar yield from U.

lactuca indicated to increase from 25.36 ± 1.3 to

45.84 ± 3.4 lg/mg after 6 h of incubation (Fig. 2).

Saccharification by optimizing pre-treatment

conditions on seaweed biomass

In this study, macroalgal biomass was pretreated with hot

water and the effect of pre-treatment on reducing sugar

yield was studied. It was seen that the amount of reducing

sugar release by all three seaweeds was maximum when

the seaweed was pretreated with hot water for 45 min and

with further increase in pre-treatment time, sugar yield

remained almost constant (Fig. 3).

It was seen that hot water-pretreated dry biomass of A.

plicata showed drastic increase in reducing sugar (RS)

yields of 233 ± 5.3 lg/mg (Fig. 3) when treated with

50 IU of xylanase, while untreated dry biomass of A. pli-

cata showed 12.17 ± 0.3 lg/mg of sugar release after

enzyme treatment. Carbohydrate content of pretreated A.

plicata biomass was 406 ± 3.92 lg/mg on dry weight

basis (Table 1) and it was seen that the enzymatic

hydrolysis released around 57% of RS from this macroal-

gae. Dry biomass of U. lactuca showed reducing sugar

(RS) yields of 100 ± 6.1 lg/mg (Fig. 3), while untreated
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dry biomass of U. lactuca showed 45.8 ± 2.4 lg/mg of

sugar release with enzyme treatment. Carbohydrate content

of pretreated U. lactuca biomass was 343 ± 6.88 lg/mg

on dry weight basis (Table 1), here the release of 29% of

RS was observed. RS yield from dry biomass of P.

tetrastromatica was seen to be 73.3 ± 4.1 lg/mg (Fig. 3),

while untreated dry biomass of P. tetrastromatica showed

59.5 ± 2.3 lg/mg of sugar release. Carbohydrate content

of pretreated P. tetrastromatica biomass was

136.36 ± 5.12 lg/mg on dry weight basis (Table 1), thus

53% of RS was released due to enzyme treatment.

Monosaccharide composition of sugars released

during hydrolysis

The monomeric sugar yield in the hydrolyzate derived

from hot water-pretreated biomass was analyzed by gas

chromatography, results are shown in Fig. 4. It was

observed that xylanase released xylose, glucose, and

mannose from the hot water-pretreated biomass. It was

noticed that the amount of xylose monomers released

Table 1 Carbohydrate composition of seaweeds during biomass processing (mean ± SD)

Seaweeds Total carbohydrate (lg/mg)

Untreated biomass 30-min pre-treatment 45-min pre-treatment 60-min pre-treatment

P. tetrastromatica 142.1 ± 8.32 139.07 ± 4.56 136.36 ± 5.12 129.12 ± 5.78

A. plicata 430.5 ± 7.56 419 ± 6.33 406.00 ± 3.92 390 ± 4.68

Ulva lactuca 393.4 ± 12.31 357 ± 8.02 343.00 ± 6.88 306 ± 5.11
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(filled square), P. tetrastromatica (filled circle), and U. lactuca (filled

triangle) using different concentrations (10–50 U/g biomass) of

Bacillus sp. strain BT21 xylanase at 30 �C. Error bars indicate the

standard deviation of three replicates
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tetrastromatica, and U. lactuca with respect to different incubation

periods (2–8 h) at 30 �C, pH 7, using 50 U of Bacillus sp. strain BT21
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replicates
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treatment was followed by enzymatic hydrolysis for 6 h and using

50 U of Bacillus sp. strain BT21 xylanase per gram of biomass at

30 �C, pH 7. Error bars indicate the standard deviation of three

replicates
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during hydrolysis was more in Padina sp. (64%) and Ah-

nfeltia sp. (53%), while Ulva sp. released 37% of xylose

and glucose in hydrolysate along with small amount of

mannose. It is observed that P. pavonia contain fucose

(35%) and xylose (8%) as major monosaccharides in cell

wall followed by glucose (5%), mannose (2%), and

galactose (1%) (Fig. 4).

Discussion

In our study, red seaweed had higher carbohydrate content

compared to green seaweed, while brown seaweed had

least carbohydrates. Carbohydrate content of seaweeds

ranging from 10.63 to 28.58% is reported by Parthiban

et al. (2013), authors reported maximum carbohydrate

content in the green seaweed Enteromorpha intestinalis

and the brown seaweed Dictyota dichotoma was recorded

with minimum value. Dhargalkar et al. (1980) from

Maharashtra coast and Sobha et al. (2001) from Kovalam

coast noted maximum value of carbohydrate content in

Rhodophycean members than in Phaeophycean and

Chlorophycean members. Kumar et al. (2011) reported

slightly higher yields of carbohydrates ranging from 46 to

57% on dry weight basis in different taxa of Ulva from

tropical seaweeds. Carbohydrate content of Hawaiian sea-

weeds reported by McDermid and Stuercke (2003) showed

20% carbohydrate content in Ulva sp., while other green

seaweeds ranged from 4.5 to 39.9% of carbohydrate. They

also reported Ahnfeltiopsis sp. to have carbohydrate content

around 30–35%, while in other red seaweeds carbohydrate

content ranged from 10 to 35%. Brown seaweeds reported

in this study had least carbohydrates ranging from 7 to

12%. The variations in the carbohydrate contents in sea-

weeds may be attributed to species difference and to the

differences in their habitat and metabolic preferences

(Pádua et al. 2004).

The saccharification of seaweed is an essential unit

operation for ethanol fermentation and has been widely

studied in recent years. Various physical, chemical, and

biological pre-treatment have been shown to increase sac-

charification efficiency (Lu et al. 2010). One of the primary

steps to increase the hydrolysis rate of the macroalgal

biomass is to apply a pre-treatment to enhance the bio-

digestibility of the seaweed, thus increasing accessibility of

biomass to hydrolytic enzymes. Okuda et al. (2008)

showed that hydrothermal pre-treatment can improve the

rate of enzymatic hydrolysis of glucan in red and green

macroalgae.

Enzymatic pre-treatment of seaweed is mainly influ-

enced by the biochemical composition, physiological

structure, life-cycle period, and type of seaweed. It was

noticed that the amount of xylose monomers released

during hydrolysis was more in Ahnfeltia sp. and Padina sp,

while Ulva sp. released similar amount of xylose and

glucose in hydrolysate along with small amount of man-

nose. Ahnfeltia sp. and Padina sp. also released substantial

amount of glucose and mannose. A high percentage of

xylose release is quite natural as xylanase was used for

hydrolysis which cleaves xylose from xylan backbone. We

have not found any traces of fucose in enzymatic hydro-

lysate of Padina sp., may be xylanase was not effective in

releasing fucose from cell wall polysaccharides. We have

reported U. lactuca, green algae, releases 37% of glucose

and xylose during enzymatic action. U. lactuca has been

reported to contain 44% of glucose and 31% of xylose

monomer (Jiao et al. 2012). In this study, action of xyla-

nase releasing xylose as well as substantial amount of

glucose during enzyme hydrolysis indicates the possibility

of xyloglucan-like structure in seaweeds, mainly in U.

lactuca which shows 37% of glucose release. Xyloglucan

has a backbone of b1 ? 4-linked glucose residues, most of

which are substituted with 1–6-linked xylose side chains.

Roelofsen et al. (1953) proposed the idea of xyloglucan as

a polysaccharide in cell wall of algae while working on

Halicystis osterhouti as they found both xylose and glucose

in alkaline extract of these algae. Glucose and xylose yields

of 93.2 and 79.5% at 15 FPU/g cellulose, respectively, are

also reported when corn stover was pretreated with lime

and saccharified with cellulase (Kim and Holtzapple 2005).

They termed the polysaccharides in corn stover as holo-

cellulose (cellulose and hemicellulose). Xylan is a main

constituent of seaweed. Algal biomass has been reported to

have high hemicelluloses (16–20%) content compared to
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cellulose (7–9%) (Ververis et al. 2007; Yaich et al. 2011),

but there are no reports on enzyme hydrolysis of seaweeds

by hemicellulases, thus it becomes mandatory to focus on

the role of xylanase in the conversion of biomass to sugars

and further to bioethanol.

Conclusion

Algae are emerging as one of the most promising long-

term, sustainable sources of biomass for fuel, food, feed,

and other co-products. Improved saccharification of sea-

weed will help in producing high concentrations of ethanol.

Algal biomass has high hemicellulose content compared to

cellulose. This research and previous study suggest that

enzymatic hydrolysis followed by hot water pre-treatment

of seaweed biomass could be effectively employed for

higher yield of reducing sugar if we use cocktail of cellu-

lase and xylanase. Further focus on using enzyme cocktail

for potential utilization of seaweed biomass as feedstock

for sustainable energy is required.
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Abstract Veraval, one of Asia’s largest fishing har-
bours, situated on the south-west coast of Gujarat, India,
has transformed into an industrial hub dominated by fish
processing units, rayon manufacturing industry, and
transportation facilities. The study investigated the high
abundance of Tetraspora gelatinosa along with the aug-
mented level of ammonia in the harbour. The high
concentration of ammonia was associated with the ac-
cumulation of sewage, industrial, and fishery wastes in
the harbour. Low-energy expenditure associated with
assimilation of ammonia made it a principal nitrogen
source for Tetraspora gelatinosa growth. Even though
ammonia is the preferred nitrogen source by phyto-
plankton, elevated concentration causes toxicity to the
cells. Augmented level of ammonia and high TSS ham-
pered the efficiency of PS II, thereby impeding the
chlorophyll a degradation and oxygen evolution. Built
of the organic load from fish processing industries as
well as domestic waste along with a reduction in pho-
tosynthetic oxygen evolution has made the harbour
hypoxic (DO < 1.6 mg L−1)/anoxic (DO = 0.0 mg L−1).
Shannon-Wiener diversity index as a pollution index
suggested that the inner harbour area was highly pollut-
ed as the diversity ranged from 0.01 to 1.57. Whereas,

the outer harbour (Near-shore and off-shore) with less
anthropogenic effect recorded high diversity (av. 2.17)
suggesting a healthy environment.

Keywords Phytoplankton . Tetraspora gelatinosa
bloom . Hypoxia . Harbour . India

Introduction

In recent decades, rapid growth in industrialization and
urbanization in coastal zones have imposed a host of
anthropogenic stresses on near-shore ecology which has
exerted a detrimental influence on several aquatic eco-
systems. To support the needs of ever-growing popula-
tion land-based anthropogenic inputs has been increas-
ing around the globe (Seitzinger et al. 2010). Conse-
quently, most of the fresh water, as well as coastal
ecosystem throughout the world, are facing the serious
problems of eutrophication (Smith et al. 2006). In-
creased nutrient inputs, largely through domestic waste-
water and runoff from fertilized agricultural fields, cause
a predictable increase in the abundance of noxious and
toxic harmful algal bloom (HAB), changes in the phy-
toplankton species composition, and even hypoxia in
wetland and marine ecosystem (Smith 2003; Seitzinger
et al. 2010).

Dissolved oxygen depletion (hypoxia) is a wide-
spread phenomenon and is reportedly growing globally
(Gilbert et al. 2009; Ram et al. 2014). Earlier reported
studies are Gulf of Mexico (Scavia et al. 2003), northern
Adriatic Sea (Giani et al. 2012), Chesapeake Bay (Hagy
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et al. 2004), Neuse River Estuary (Eby and Crowder
2002), Tapi Estuary (Ram et al. 2014), and Arabian sea
(Gomes et al. 2014). The dissolved oxygen concentra-
tion at which various fauna suffocate varies, but adverse
effects on biota are perceived at a concentration below
2 mg L−1 (Diaz 2001). Hypoxia may also affect
predator-prey interaction and food web structure
(Kemp et al. 2009).

The Gujarat state on the northwest coast of India has
the longest coastline (1600 km) among the Country’s
maritime states with a wide variety of aquatic flora and
fauna. It is one of the major fish producing maritime
state and topped the list with 723,000 t marine fish
production in 2016–17 (Sundararajan et al. 2017).
Veraval harbour which is located on the south-west side
of the Gujarat coast significantly contributes to the
State’s landings. It is a port town with one of the largest
fishing harbours in Asia (Sundararajan et al. 2017).
Several fish processing industries that export high-
quality seafood to the USA, Southeast Asia, Japan,
Europe, and the Gulf are located in the vicinity of the
Veraval harbour making the export of seafood one of the
major sources of income to the population. One of
India’s largest rayon manufacturing industry and several
medium and small-scale industries are also located on
the coast of Veraval. The town’s domestic wastewater
and effluents from some of these industries are released
in the harbour basin deteriorating its water quality. The
anthropogenic organic load entering the harbour seems
to be in excess of its assimilative capacity and the water
of Veraval remains hypoxic/anoxic irrespective of tide
and season. Reduction of sulphate has given rise of
NH4

+–N and H2S concentration in the harbour water
(Majithiya et al. 2017), the presences of which is felt
even in the surrounding air.

Green algae are considered an excellent source of bio-
fuel as a renewable energy source. Maneeruttanarungroj
et al. (2010) found that Tetraspora gelatinosa can produce
hydrogen gas and can be used as a model strain for
photobiological hydrogen production. Apart from this,
Ghazala et al. (2004) reported the presences of saturated/
unsaturated fatty acids, antibacterial and antifungal activity
in two species of Tetraspora sp.

Earlier, Tetraspora sp. was reported from polar, subpo-
lar, temperate, subtropical, equatorial, and tropical region
(Richter et al. 2014 and references therein). In India, it was
reported from Maharashtra (Lohar and Korekar 2015),
Cochin (Dayala et al. 2014), Andhra Pradesh (Kaparapu
and Rao 2013), Jharkhand (Toppo and Suseela 2013),

Uttarakhand (Malik and Bharti 2012), and Karnataka
(Shanthala et al. 2009). In this regard, studies were mainly
focused on the occurrences but the physico-chemical
properties of Tetraspora gelatinosa habitat was studied
sparsely (Vinocur and Pizarro 2000; Richter et al. 2014).
However, the bloom report of Tetraspora gelatinosa has
not yet cited in any of the literatures.

Worldwide, there are several reports on phytoplankton
from fishing as well as shipping harbour ports, viz.,
Manazuru harbour, Japan (Satoh et al. 2000), Egg har-
bour, New Jersey (Olsen and Mahoney 2001), Eastern
harbour, Egypt (Labib 2002; Ismael 2003), and Los
Angelis harbour, California (Schnetzer et al. 2007). From
India, the studies have been conducted from states like
Odisha (Subha Rao 1969), Maharashtra (Ramaiah et al.
1998), Kerala (Jugnu 2006), Karnataka (Harnstrom et al.
2009), Andhra Pradesh (Baliarsingh et al. 2012), and Goa
(Patil and Anil 2015). The information regarding various
biotic and abiotic parameters from Veraval harbour is
limited. Studies conducted by Bhadja et al. (2014) on
the effect of industrial development on seawater quality;
Borade et al. (2015) on the correlation between physico-
chemical parameters and bacterial indicators; and by
Mandal et al. (2015) on the bloom of Coccolithophore
(Discosphaera tubifera) are the only available information
from this area. Studies related to phytoplankton commu-
nity dynamics with respect to environmental drivers are
deficient from the Veraval harbour.

This study was aimed to address (1) the occurrence of
Tetraspora gelatinosa bloom in the marine environment
of Veraval harbour, (2) the spatio-temporal variation of
phytoplankton diversity and community composition, and
(3) status of physico-chemical parameters during the study
period and its implication on phytoplankton assemblage.
Since several fish processing and other industries are
located in the vicinity of Veraval harbour, it is hypothe-
sized that the Tetraspora gelatinosa bloom in the Veraval
harbour is governed by the allochthonous nutrient inputs.
This is the first bloom report of Tetraspora gelatinosa
from the marine environment, therefore its morphological
and molecular confirmation is also provided.

Material and method

Site description

Veraval is located at 20.9° N and 70.37° E on the south-
west coast of Gujarat, India (Fig. 1). Fish processing and
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its export are the major activities performed at the
Veraval coast which constitute a significant source of
economy to the population.

Sampling was carried out at seven locations off
Veraval, constituting of the inner harbour (V1 and
V2—which receives high anthropogenic inputs), near-
shore (V3, V4, and V5—along the shore), and off-shore
(V6 and V7—coastal stations). The seasonal samples
were collected in the month of March (Pre-monsoon),
September (Monsoon), and December–January (Post-
monsoon) from the study region during the period
2011 to 2015. The 2013 year represents post-monsoon
sampling (single time).

Analytical methods

The samples for the analysis of physico-chemical and
biological parameters were collected through power boat
equipped with eco-sounder (Garmin GNX 20) using a 5-
L Niskin water sampler (Hydro-Bios, Kiel-Holtenau,
Germany). Handheld thermometer (Brand, U.K.) was
used for measurement of temperature. Salinity, dissolved
oxygen (DO; mg L−1) and Total suspended solids (TSS;
mg L−1) were estimated by titration and a gravimetric

method respectively (Grasshoff 1983; APHA 2005).
Dissolved inorganic nutrients like nitrite (NO2

−–N;
μmol L−1), nitrate (NO3

−–N; μmol L−1), ammonia
(NH4

+–N; μmol L−1), and phosphate (PO4
3−–P;

μmol L−1) were analysed spectrophotometrically accord-
ing to the protocol of Grasshoff (1983). The phytoplank-
ton biomass (Chlorophyll a; mg m−3) was analysed
fluorometrically (Turner Trilogy Model 7200, USA) be-
fore and after acidification following the standard proto-
col (Strickland and Parsons 1972). Lugol’s fixed phyto-
plankton samples were identified morphologically under
a compound light microscope (Motic BA 410, 400 mag-
nifications) using taxonomic key illustrated in
Subrahmanyan 1946; Desikachary 1959; Tomas 1997
and Richter et al. 2014. The enumeration of phytoplank-
ton was carried out using Sedgwick rafter chamber
(PYSER- SGI Ltd. UK) and their density was calculated
as per the UNESCO 1994 protocol. The detailed infor-
mation of methods used for analysis of biotic and abiotic
parameters have been described elsewhere (Hardikar
et al. 2017).

Statistical analysis

For systematic and statistical interpretation of results,
the biotic and abiotic datasets were processed with the
aid of appropriate statistical software. Different univar-
iate (Shannon-Wiener diversity index (H′ log2), Pielou
evenness (J′)) and multivariate analysis (Spearman’s
rank correlation matrix (r), principal component analy-
sis (PCA), and multidimensional scaling (MDS)) were
applied to find out the phytoplankton diversity and
environmental drivers of Tetraspora gelatinosa as well
as phytoplankton assemblages. Spearman’s rank corre-
lations were computed using XLSTAT 2016, statistical
software to assess the correlation between the environ-
mental variables and phytoplankton communities.
Using XLSTAT 2016, PCA analysis was carried out to
examine the environmental variables influencing the
major phytoplankton. MDS was performed using
Bray-Curtis similarity index to investigate the potential
grouping of samples with respect to time (Period of
sampling) or location (stations) based on square root
transformed species abundance data (Field et al. 1982).
The analysis was performed using the PRIMER v 6.1.4
software package (PRIMER-E Ltd.). Phytoplankton di-
versity index (H′) and evenness (J′) were calculated
using primer v 6.1.4 (Clarke and Warwick 1994).

Fig. 1 Location and sampling sites off Veraval
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Identification of Tetraspora gelatinosa using scanning
electron microscopy (SEM)

Tetraspora gelatinosa (T. gelatinosa) sample of 5 ml
was taken into 10 ml capacity plastic tube and cells were
fixed by adding 2 ml of 0.5% osmium tetroxide (dis-
solved in filtered seawater) and incubated at 4 °C for
5 min (Bistricki and Munawar 1978). After incubation,
cells were filtered through 10-ml syringe connected to a
small opaque plastic container (Swinnex) holding a 25-
mm diameter, 0.45-μm nucleopore polycarbonate filter
paper. The filtration was followed by 2–3 times washing
with distilled water to remove excess salts. After wash-
ing, the cells were dehydrated by passing through a
series of increasing concentration of ethanol (25%,
50%, 75%, 95%, and 100%). The last dehydration step
with 100% ethanol was repeated twice. After the dehy-
dration procedure, the filter paper was transferred to 1:2
solutions of hexamethyldisilazane (HMDS) and 100%
ethanol followed by 2:1 solution of the same combina-
tion for 10 min. In the end, the filter paper was trans-
ferred to 100% HMDS for 20 min for two times. After
this, the filter paper was kept overnight in the covered or
loosely capped condition in a fume hood to allow
HMDS to evaporate. For SEM analysis the filter paper
was mounted on an aluminium stub and coated with
gold (~ 2 nm) using Polaris sputter coater (Polaron
SC620). The cells were observed using JOEL IT 300
(Singapore) SEM.

Plankton DNA extraction, PCR amplification,
and sequencing of 28S r RNA gene

Plankton genomic DNAwas isolated from strain RKHB
(strain name assign for T. gelatinosa) using Genelute
plant genomic DNA kit (Sigma-Aldrich). Extraction of
DNA was confirmed by gel electrophoresis. The 28S
rRNA gene fragments were amplified by PCR. The
primers tetraF and tetraR were designed using primer
design software. They were as follows:

tetraF: TCGAGACTAAGCCTTTGGCG
tetraR: CCCATGTCCAATTGCTGTTCA

The amplification was carried out in 25 μl of reaction
mixture containing DNA template, PCR buffer, dNTP
(10 mM), MgCl2 (25 mM), the primers tetraF (10 ppm)
and tetraR (10 ppm), Taq polymerase (Sigma) (2 U), and
autoclaved Milli-Q water (Millipore) for 35 cycles of

94 °C for 60 s, 55 °C for 45 s, and 72 °C for 60 s, 72 °C
for 7 min with initial 05 min denaturation at 94 °C using
a PCR-Express thermal cycler (Applied Biosystems).
The DNA sequences of the PCR products were deter-
mined using a Taq Dye Deoxy terminator cycle se-
quence kit (Perkin–Elmer) using the protocol recom-
mended by the supplier. Sequencing reaction products
were analysed with a model 373A automated DNA
sequencer (Applied Biosystems). Databases (Gen Bank)
were searched for sequences similarity analysis of the
28S rRNA sequence obtained. The sequences obtained
were aligned with clustral x and the tree was built by
using MEGA 4.

Result

Physico-chemical parameters

The spatio-temporal variation in physico-chemical
parameters from 2011 to 2015 is presented in
Fig. 2. Temperature did not show significant
spatio-temporal variation. Comparatively lower sa-
linity was recorded in the inner harbour stations (V1
and V2) than the near-shore and off-shore stations.
The pH ranged between 7.1 and 7.8 at the inner
harbour with comparatively lower values than near-
shore and off-shore stations. TSS, on the contrary,
revealed an opposite trend with pH, displayed high
values at the inner harbour (av. 121.9 mg L−1) and
low at the near-shore (av. 56.4 mg L−1) and the off-
shore (av. 37.5 mg L−1) stations. DO displayed a
remarkable spatial variation. The inner harbour sta-
tions V1 & V2 sustained anoxic (DO = 0.0 mg L−1)
and hypoxic (DO < 1.6 mg L−1) condition which
decreased towards near-shore (av. 5.3 mg L−1) and
off-shore (av. 6.3 mg L−1) stations, while nutrients,
namely, NO2

−–N, NO3
−–N, NH4–N, and PO4

3—P,
exhibited remarkable spatial variation. NO2

−–N and
NO3

−–N exhibited an increasing trend from the in-
ner harbour to the off-shore stations, whereas NH4

+–
N concentration showed a decreasing trend. Inner
harbour stations showed continual high NH4

+–N
concen t ra t ion which ranged f rom 17.6 to
1233.7 μmol L−1 (av. 412.9 μmol L−1) than near-
shore (av. 43.5 μmol L−1) and off-shore (av.
5.5 μmol L−1) stations. PO4

3−–P followed the simi-
lar trend as that of the NH4

+–N.
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Phytoplankton assemblage and bloom report
of T. gelatinosa

The enhanced growth of T. gelatinosa in the Veraval
harbour explained the role of nutrients in their uncon-
trolled proliferation. Phytoplankton assemblage in the
harbour was composed of chlorophytes, diatoms, dino-
flagellates, and cyanophytes. The inner harbour stations
were always dominated by chlorophytes accounting for
almost 80% of the total population. Among chlorophytes,
T. gelatinosa was the dominant genera contributing 90%
to the total chlorophytes density (Fig. 3). While the near-
shore and off-shore stations were dominated by diatoms
throughout the study period.

Phytoplankton biomass in terms of chlorophyll a
(Chl. a) in Veraval harbour ranged from 1.0 to
15.9 mg m−3 (av. 5.2 mg m−3) and Phaeophytin (Phae.),
the degraded form of Chl. a which ranged between 0.6

and 30.2 mg m−3 (av. 5.6 mg m−3). The inner harbour
stations recorded low Chl. a compared to phae. and the
ratio (Chl. a: Phae.) was < 1 except during 2014.Where-
as, the near-shore and off-shore stations exhibited the
opposite scenario with Chl. a: Phae. ratio > 1 (Fig. 4).

The long-term spatial trend of T. gelatinosa density
from 2011 to 2015 revealed that the stations located
inside the harbour sustained high density which de-
creased towards near to off-shore stations (Fig. 5). Since
2011, the temporal analysis revealed that the cell density
at stations V1, V2, and V3 was 7.91 × 106 cells L−1,
6.88 × 106 cells L−1, and 1.46 × 106 cells L−1, respec-
tively which increased to 45.93 × 106 cells L−1, 26.86 ×
10 cells L−1, and 19.46 × 106 cells L−1 at the respective
stations by 2015. A fourfold increase in T. gelatinosa
density at each locations was established during the
study period. While towards the off-shore region, the
T. gelatinosa density decreased gradually showing its

Fig. 2 Spatio-temporal variation in physico-chemical parameters (temperature, salinity, and pH), (TSS, DO, and PO4
3−), and (NO3, NO2,

and NH4) from the Veraval harbour during 2011–2015
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complete absence at off-shore stations. The high abun-
dance of T. gelatinosa imparted reddish-brown colour to
the water in the Veraval harbour.

Morphological and genetic identification

Based on scanning electron microscope (SEM) study,
the detailed morphological features of T. gelatinosa
were analysed. The study revealed that the cells oc-
curred in a group of two or four surrounded by a trans-
parent sheath. The cells were spherical to oval in shape
with a cell size of 1–2 μm (Fig. 6). The habitat ecology
for the optimal growth of T. gelatinosa is low mesotro-
phic, cold water in cool temperate, subpolar, and polar
zone where they can grow up to 9 to 10 μm (Richter
et al. 2014). The considerable high temperature in the
tropical zone in comparison to the temperate, polar, and
subpolar region would explain the smaller cell size of
the T. gelatinosa in the Veraval harbour (Richter et al.

2014). Since there was a disparity regarding the habitat
ecology of T. gelatinosa, the amplified 28S rRNA se-
quence was compared to the 28S rRNA sequence in the
gene bank. The results indicated the identity of 98%
with Tetraspora UTEX-LB 234 (Gen Bank accession
no. AF395514). Therefore, the strain RKHB was con-
sidered as one of the strains of T. gelatinosa (Gen Bank
accession no. KY055012). The phylogenetic tree based
on the 28S rRNA gene of strain RKHB depicts the
position of strain within the genus T. gelatinosa (Fig. 7).

Univariate and multivariate analysis

Shannon-Wiener diversity index H′ (log2) varied con-
siderably in Veraval harbour and ranged from 0.01(V1)
to 3.95 (V4), whereas Pielou’s evenness index J′ varied
between 0.00 (V1) and 0.78 (V4). Both these indices are
directly proportional to each other and followed a sim-
ilar trend. The lowest H′ occurred at the inner harbour

Fig. 2 (continued)
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stations where T. gelatinosa was in high abundant. In-
terestingly, with decreasing T. gelatinosa density, the
phytoplankton diversity (H′) increased from near to
off-shore stations (Fig. 8).

The significant Spearman’s rank correlation (p ≤ 0.05)
between environmental variables and T. gelatinosa den-
sity is presented in Table 1. Significant positive correla-
tions of T. gelatinosa density with NH4

+–N (r = 0.82,
p < 0.0001) and PO4

3− (r = 0.77, p < 0.0001) suggested
that the nutrient enrichment favoured the proliferation of
this species in the Veraval harbour which in turn contrib-
uted significantly to the TSS (r = 0.53, p < 0.001). Fur-
ther, the negative correlation obtained between
T. gelatinosa density and NO3

−–N, DO, salinity and pH
revealed that these parameters were inversely related to
or got hampered by T. gelatinosa bloom.

PCAwas performed on major phytoplankton genera
and environmental parameters as depicted in Fig. 9.
PCA analysis showed that PO4

3−–P, DO, pH, salinity,

NO3
−–N, and NH4–N were strongly correlated with the

first axis, immediately followed by TSS. The tempera-
ture was the only parameter which was correlated with
the third axis. The axis 1 and axis 2 of PCA with
eigenvalues of λ1 = 6.78 and λ2 = 2.27 explained
53.25% of the cumulative variance in phytoplankton-
environmental relationship (Table 2). On the positive
side, the first axis is defined by T. gelatinosa which is
positively correlated with PO4

3−–P, NH4
+–N, and TSS

and negatively with DO, pH, salinity, and NO3
−–N.

Cyanophycean like Anabaena sp., Spirulina sp., and
Anacystis sp. showed a similar correlation as that of
T. gelatinosa Diatoms, such as Skeletonema sp.
Chaetoceros sp., and Thalassiosira sp. were present on
the negative side of the first axis and positively corre-
lated with pH, DO, salinity, and NO3

−–N.
The multidimensional scaling (MDS) analysis of spe-

cies abundance data from the Veraval harbour revealed
that the significant difference among the stations was

Fig. 2 (continued)
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spatial rather than temporal (Fig. 10). Based on theMDS
analysis, the study region was divided into two different
groups dominated by T. gelatinosa and diatoms respec-
tively. Throughout the study period, the group I com-
prised of three stations, namely, V1, V2, and V3 exclud-
ing station V1 during 2013. The averaged group I (V1,
V2, and V3) similarity was 58% which is majorly con-
tributed by T. gelatinosa The group II consisted of near-
shore (V4 and V5) and off-shore (V6 and V7) stations

from 2013 to 2015 and exhibited 55% similarity. Dia-
toms, such as Thalassiosira sp., Skeletonema sp., and
Chaetoceros sp., dominated this group.

Discussion

The dominance of any species or particular algal com-
position is a result of a combination of several

Fig. 3 Spatio-temporal
distribution of phytoplankton
community structure from 2011
to 2015 in Veraval harbour
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environmental factors and their adaptation to exploit
favourable nutrients more efficiently than others
(Reynolds 1998). The T. gelatinosa dominated the inner
harbour stations throughout the year. The available lit-
erature documented T. gelatinosa as a cosmopolitan,
freshwater form (Ghazala et al. 2004; Richter et al.
2014). However, the occurrence of T. gelatinosa bloom
in the marine environment suggested its adaptation and
proliferation in saline water due to favourable nutrients.
Since there is lack of river inflow in the harbour region,
comparatively lower salinity in the inner harbour sta-
tions can be due to the addition of sewage flux from the
land sources (Mandal et al. 2015). Negative correlation
of T. gelatinosa with salinity (r = − 0.97, p = < 0.0001)
explained the optimal growth of T. gelatinosa at lower
salinity ranges (27.78–34.73) of inner harbour stations
rather than near-shore and off-shore stations with rela-
tively higher salinity (33.39–35.98).

Factors influencing T. gelatinosa growth

Decreasing spatial trend in T. gelatinosa density from
inner harbour to off-shore stations and its complete
absence at the off-shore station might be due to the
augmented level of ammonia in the inner harbour. Due
to limited seawater exchange, discharges from fish pro-
cessing units as well as effluents from sewage plant got
accumulated thereby lead to high organic load in the
Veraval harbour. Further oxidation of this organic matter
has resulted in high ammonia concentration (NIO 2014,
2015). Yin and Harrison (2007) also reported the ele-
vated level of ammonia in the Victoria harbour

associated with increased sewage disposal. The correla-
tion between the T. gelatinosa density and ammonia
concentration further tested statistically by applying
correlation analysis and Principle Component Analysis
(PCA) which demonstrated a strong positive correlation
between T. gelatinosa density and ammonia concentra-
tion (Table 1 and Fig. 9). Thus, the availability of high
ammonia at the inner harbour stations is conducive to
the proliferation of T. gelatinosa Most algae preferen-
tially utilize ammonia as the nitrogen source over nitrate
or nitrite (Glibert and Goldman 1981; Dortch 1990) as
the assimilation of ammonia requires less energy expen-
diture as against NO3

−which needs to be reduced before
it can be used in protein synthesis. The high energy
requirement is associated with the assimilation of
NO3

− for both inductions of enzyme system and reduc-
ing potential (Eppley et al. 1969). Therefore, the energy
cost allied with the use of NO3

− compared to NH4
+ is

likely to play a role in T. gelatinosa NH4
+ preference.

McCarthy et al. (1977) observed that algal species of
various taxonomic groups take up ammonia before ni-
trate when ammonium level is > 0.5 μmol L−1. The
increased cell density of T. gelatinosa from 2011 to
2015 regardless of variation in ammonia concentration
suggested that ammonia was not a limiting nutrient in
the Veraval harbour. The experiment carried out by
Paasche (1971), Syrett and Morris (1963), and Tam
and Wong (1996) with Dunaliella tertiolecta, and Chlo-
rella sp., respectively suggested that the cells of both
species preferred ammonia over nitrate when both N
sources were available in the culture medium. From
the above discussion, it is clear that ammonia was the

Fig. 4 Spatio-temporal distribution of Chlorophyll a (mg m−3) (primary axis), Phaeophytin (mg m−3) (secondary axis), and Chlorophyll a:
Phaeophytin ratio (Chl. a: Phe.) (primary axis) from Veraval during 2011–2015
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principal nitrogen source utilized by T. gelatinosa in the
Veraval harbour for their growth.

Despite the fact that ammonia is the preferred nitro-
gen source for phytoplankton growth, it is toxic to cells
at elevated concentrations and causes growth inhibition
or even cell death (Markou et al. 2014). In the present
study, the inner harbour stations recorded high
T. gelatinosa density with low Chl. a concentration.
The Chl. a: Phae. ratio which serves as a good indicator
of the physiological condition of phytoplankton was
also found to be < 1 at these locations. The elevated
concentration of ammonia (av.412.9 μmol L−1) ham-
pered the functioning of chlorophyll a lead to high

phaeophytin (degraded pigment of chlorophyll a) con-
centration (Nagengast and kueznskakippen 2014;
Markou et al. 2016; Dean 2017). The study made by
Drath et al. 2008 demonstrated that ammonia toxicity
increases the sensitivity of PS II to photodamage. There-
fore, from the study, it could be understood that the
ammonia toxicity could be the major reason for
T. gelatinosa cell death and thereby increase
phaeophytin content in the Veraval harbour. PO4

3−–P
also exhibited high concentration (av. 32.98) in the inner
harbour region. The elevated concentration of PO4

3−–P
was almost identical to the pattern observed for ammo-
nia. Further, ammonia and phosphate displayed a

Fig. 5 Spatio-temporal variation in relative abundance of dominant phytoplankton genera (a 2011, b 2012, c 2013, d 2014, e 2015) in
Veraval harbour

87 Page 10 of 17 Environ Monit Assess (2019) 191: 87



positive correlation (r = 0.76, p < 0.0001) indicating dis-
posal of sewage and sediment release during anoxia/
hypoxia period could be an important source for PO4

3–P
(Howarth et al. 2011). In support, DO varied negatively
with NH4

+–N (r = − 0.72, p = < 0.0001) and PO4
3−–P

(r = − 0.97, p = < 0.0001). A significant positive corre-
lation between T. gelatinosa density and PO4

3−–P (r =
0.77, p < 0.0001) also showed its growth requirements.
Maneeruttanarungroj et al. 2010 carried out experiment
with seven different types of culture medium and re-
ported the fastest cell growth of T. gelatinosa in TAP
(tris-acetate-phosphate) medium. Ranjan et al. 2007 also

explained the positive relation between phosphate con-
centration and chlorophytes. The anoxic condition in
Veraval harbour suppressed further oxidation of
NH4

+–N which resulted in low concentrations of
NO3

−–N and NO2
−–N in the water column. Since

NH4
+–N is the prefered nitrogen source for

T. gelatinosa growth, a negative correlation was found
with NO3

−–N (r = 0.73, p < 0.0001).
Habitat ecology of T. gelatinosa and their relation-

ship with environmental drivers is inadequately docu-
mented in the previously cited literatures. The studies
conducted in Antarctica (Vinocur and Pizarro 2000),

Fig. 6 Scanning electron microscopy (SEM) of T. gelatinosa cells collected from Veraval harbour, Gujarat (a, c, d Tetrad arrangement; b
disruption of the mucilaginous sheath; e enlarge part of the colony)

Fig. 7 Phylogenetic tree of
Tetraspora RKHB based on 28S
rRNA gene sequence analysis,
constructed through neighbour-
joining method with bootstrap
values as a percentage at the
nodes
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Germany (Gutowski et al. 2004), and Arctic (Richter
et al. 2014) are the few which provides the information
on basic nutrients. Vinocur and Pizarro 2000 studied the
microbial mat of 26 lakes of Antarctica in which occur-
rence of T. gelatinosa was associated with high ammo-
nia (13–29 μg L−1) and phosphate (6–41 μg L−1) con-
tent rather than nitrate (0–19 μg L−1) concentration in
the water column. Gutowski et al. 2004 also reported the
presence of T. gelatinosa from the fresh water habitat
where the nitrate (0.1–11.8 mg L−1) and ammonia
(0.01–7.99 mg L−1) reported in elevated condition. In
their results, occurrence of T. gelatinosa was found in
comparatively high ammonia content than nitrate. The
present study observation was identical with the studies
made by Vinocur and Pizarro 2000 and Gutowski et al.
2004 in Antarctica and Germany respectively. Although
the ammonia and phosphate were promoting the growth
of T. gelatinosa in these two ecosystems (Antarctic and
Germany), it never lead to a bloom condition.

In the study region, pH was significantly correlated
with the T. gelatinosa density (Table 1). However, it is
difficult to know whether the low pH at the harbour
stations is the cause or the result of T. gelatinosa bloom.
Lower values of pH at the inner harbour stations can be
due to the environmental stress associated with the
release of effluents from various sources in the harbour
area and decomposition of anthropogenic organic matter
under anoxic/hypoxic conditions of the harbour (NIO
2014, 2015; Majithiya et al. 2017).

Tetraspora gelatinosa bloom and hypoxia

Coastal hypoxia/anoxia is believed to be largely associ-
ated with anthropogenic eutrophication (Ram et al.
2014; Wang et al. 2017) and it is increasing at the rate
of 5% per year throughout the world. Hypoxia (DO <
2 mg L−1) and anoxia (DO < 0.2 mg L−1) can alter many
ecological processes such as nutrient biogeochemical

Fig. 8 Spatio-temporal variation in phytoplankton diversity (H′) and evenness (J′) in the Veraval harbour from 2011 to 2015

Table 1 Summary of the results of correlation analysis. Values marked in italics are significant

Variables Temp. TSS pH Salinity DO NO2
−–N NO3

−–N NH4
+–N PO4

3−–P Tetra.
density

Total
density

Temp. 1.00

TSS 0.29 1.00

pH 0.24 − 0.54** 1.00

Salinity − 0.05 − 0.40* 0.72*** 1.00

DO 0.10 − 0.70*** 0.89*** 0.60*** 1.00

NO2
−–N − 0.24 − 0.36* − 0.06 0.18 0.05 1.00

NO3
—–N − 0.28 − 0.39* 0.60*** 0.72*** 0.56*** 0.37* 1.00

NH4
+–N 0.20 0.54** − 0.75*** − 0.67*** − 0.72*** − 0.10 − 0.78*** 1.00

PO4
3−–P −0.08 0.66*** − 0.87*** − 0.64*** − 0.97*** − 0.06 − 0.63*** 0.76*** 1.00

Tetra. density 0.28 0.53** − 0.63*** − 0.62*** − 0.72*** − 0.14 − 0.73*** 0.82*** 0.77*** 1.00

Total density − 0.01 0.53** − 0.53** − 0.21 − 0.65*** − 0.03 − 0.39* 0.53** 0.61*** 0.61*** 1.00

*p = ≤ 0.05; **p = ≤ 0.001; ***p = ≤ 0.0001; N (no. of samples) = 35
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cycle (Testa and Kemp 2012; Wright et al. 2012), redox
environment in sediment (Middelburg and Levin 2009)
and enhance coastal acidification (Feely et al. 2010).

In the study region, inner harbour stations are encoun-
tered with low DO, high turbidity, and elevated level of

ammonia thus affecting the phytoplankton growth. Re-
gardless of the season, the harbour receives around
20,000 m3 day−1 of anthropogenic waste from fish pro-
cessing industries and about 20,000 m3 day−1 of sewage
from Veraval city (CPCB 2009–2010). Photochemical
oxidation, microbial degradation, and flocculation are
the major processes which removes the organic matter
from the coastal region (Wang et al. 2004). Veraval
harbour is a semi-enclosed coastal area with stagnant
water condition. Construction of jetty perpendicular to
the water flow, lack of turbulence, wind action, tidal
effect, and siltation at mouth makes dilution of organic
matter entering the harbour is an impossible task. There-
fore, the elevated level of organic matter (from land-
based activities and from T. gelatinosa bloom fuelled by
nutrient loading) induced hypoxia/anoxia throughout the
water column in the Veraval harbour (Majithiya et al.
2017). Paerl at al. 1998 reported the organic matter en-
richment associated with land runoff causes the hypoxia/
anoxia throughout the water column.

In addition to this, inner harbour also faces high
turbidity (61.1–230.5 mg L−1; av. 121.9 mg L−1) leading
to less evolution of oxygen through photosynthetic ac-
tivity. Reduction in light penetration as a consequence of
increased turbidity causes a transition in the chloroplast
from light II state to light I state. The shift in the light
state results in decreased oxygen evolution as the pro-
portion of red light increases with decreasing light in-
tensity (Falkowski and Owens 1978). Anoxia can have
adverse effects on marine organisms such as the slower
growth rate, elevated stress level, and impairment in
productivity. It also triggers mortality events, resulting
in depletion of living organisms in the ecosystem which
eventually lead to Bdead zones^ (Ram et al. 2014).

Phytoplankton diversity index

Biodiversity is the key ecological factor related to the
regulation and functioning of the ecosystem. Greater eco-
logical diversity is related to the stability and sustainability
of the ecosystem. It also buffers the ecosystem against
environmental fluctuations (Chalar 2009). Shannon-
Wiener diversity index (H′) is one of the most widely
used diversity indices for measuring phytoplankton diver-
sity. It can be used as a proxy to define ecosystem under
pollution stress or Eutrophication (Balloch et al. 1976).

In the Veraval harbour, T. gelatinosa abundance has
resulted in very low diversity index (0.01–0.55; av.
0.25) in the inner harbour stations. Allelopathic effect

Fig. 9 PCA bi-plot of species environmental relationship

Table 2 PCA results of species environmental relationship in
Veraval Harbour

Variables F1 F2 F3 F4

Temp. 0.24 0.09 0.71 0.09

TSS 0.65 0.51 − 0.05 0.43

pH − 0.89 0.23 0.14 − 0.13

Salinity − 0.83 0.33 0.08 − 0.14

DO − 0.88 0.13 − 0.08 − 0.04

NO2
−–N 0.09 − 0.43 0.40 − 0.49

NO3
−–N − 0.75 0.36 − 0.01 0.18

NH4
+–N 0.76 − 0.36 − 0.02 0.35

PO4
3−–P 0.91 0.10 0.17 0.03

Anabaena 0.61 0.59 0.14 − 0.34

Anacystis 0.45 0.52 − 0.34 − 0.39

Chaetoceros − 0.55 0.18 0.16 0.04

Oscillatoria − 0.21 − 0.15 − 0.38 − 0.39

Skeletonema − 0.39 0.52 0.28 0.40

Spirulina 0.61 0.61 − 0.32 − 0.16

T. gelatinosa 0.74 0.13 0.42 − 0.24

Thalassiosira − 0.28 0.17 0.42 − 0.29

Eigenvalue 6.78 2.27 1.56 1.38

Variability (%) 39.90 13.35 9.16 8.15

Cumulative % 39.90 53.25 62.41 70.56

Entries in Italic indicate the statistically significant correlation
between the parameters

Environ Monit Assess (2019) 191: 87 Page 13 of 17 87



of T. gelatinosa might be one of the reasons for low
diversity at inner harbour stations. The study carried out
by Graneli et al. (2008) showed that the bloom-forming
species secrete allelochemicals which inhibit the growth
of co-occurring species. Gao and Song (2005) found
that single species dominance can also decrease the
diversity to a minimal level. In a healthy environment,
the Shannon-Wiener diversity index is in the range of 2–
4 (Gao and song 2005). Applying these criteria to phy-
toplankton diversity, we can assume that the Veraval
harbour is a polluted environment as the diversity
ranged from 0.01 to 1.57 throughout the study period.

Further, the near-shore, as well as off-shore stations,
recorded high diversity index (0.03–3.95; av. 2.17) be-
cause of less anthropogenic effect in this region (Fig. 8).
Thalassiosira sp., Skeletonema sp., and Chaetoceros sp.
dominated the near-shore and off-shore stations which
were governed by NO3

− and salinity (Figs. 4 and 9).
Diatoms appear to be NO3

− opportunistic; they are the
dominant protist found in NO3

− rich water column
(Glibert et al. 2016). The distinct salinity and NO3

−

preference by these species was further shown by
Achary et al. (2014) reported the dominance of these
diatoms associated with salinity and NO2 + NO3 content
of the water column.

Conclusion

The present study is the first endeavour reporting the
T. gelatinosa bloom and the environmental drivers for

proliferation in the marine environment. Morphological
(SEM) and genetic analysis confirm its identity as
T. gelatinosa (RKHDKY055012). Elevated level of or-
ganic matter derived from sewage disposal as well as
T. gelatinosa bloom induced hypoxia/anoxia throughout
the water column in the Veraval harbour. Ammonia, the
principal nitrogen source derived from sewage disposal,
was the main causative factor for T. gelatinosa bloom. At
the same t ime, e levated level of ammonia
(av.412.9 μmol L−1) hampered the chlorophyll a func-
tioning that lead to high phaeophytin (degraded pigment
of chlorophyll a) concentration. Moreover, reduction in
light penetration due to high turbidity caused the degra-
dation of chlorophyll a into phaeophytin giving rise to
low chl. a: phae. ratio. Besides this, due to less ammonia
concentration in the off-shore waters, the T. gelatinosa
density decreased from inner harbour to off-shore stations
which ultimately lead to increase in the diversity index in
the off-shore waters. However, further study may be
required to understand the genetic modification allowing
T. gelatinosa to propagate in a marine as well as in
anoxic/hypoxic environment for its optimum growth.
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