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General Introduction 
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1. General Introduction 

The term 'Bacterioplankton' refers to bacteria and archaea, and are 

passive drifters, which inhabit a wide range of aquatic systems from rivers to 

oceans and extreme environments. Though they are microscopic organisms, 

they contribute to almost all the processes that occur in the biosphere, either 

through direct or indirect pathways. However, until the mid of the 20th 

century, it was thought that the larger phytoplankton is the main component 

in primary production (PP) (Pomeroy, 1974). In the late 1970s, a significant 

improvement in methods to quantify the marine microbes, especially the use 

of epifluorescence microscopy, discovered the presence of auto fluorescing 

tiny cells in the water column and named as picophytoplankton (Waterbury 

et al., 1979). Furthermore, the use of UV-excited fluorescent DAPI stain with 

an epifluorescence microscope helped in the enumeration of non-fluorescing 

cells and referred to as heterotrophic bacteria (Porter and Feig, 1980).  

Picophytoplankton is the smallest group of plankton in a size range of 

0.2 to 3 µm and can synthesize the food/energy through the photosynthesis 

process. They also contribute to a significant fraction of total phytoplankton 

biomass. The heterotrophic bacteria are also a similar size range, and uptake 

of organic matter for growth and metabolism makes them different from 

phototrophic populations. Until the discovery of these two groups, it was 

assumed that only larger phytoplankton that includes diatoms and 

dinoflagellates have a role in the base of the classical marine food web 

(Pomeroy, 1974). In a classical marine food web, phytoplankton act as a key 

player and produces energy in the form of carbohydrates by using sunlight 

and nutrients. Subsequently, phytoplankton are grazed by microzooplankton 
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(20 to 200 µm), which are, in turn, fed by mesozooplankton (0.2 mm to 2 

cm), that act as the primary food source for fish populations (Fig. 1.1). 

Subsequent studies have reported "microbial loop" in the sea, wherein the 

role of picophytoplankton and heterotrophic bacteria in the marine food web 

is highlighted (Azam et al., 1983). The microbial loop starts with the 

heterotrophic bacteria, which utilize the organic matter (OM), and are often 

grazed by bacterivores heterotrophic flagellates and ciliates. These flagellates 

and ciliates are commonly consumed by microzooplankton followed by 

mesozooplankton, and can also enter into classical marine food web (Fig. 

1.1) (Azam et al., 1983; Ducklow, 1984). The microbial loop is particularly 

important in low nutrient environments where the larger phytoplankton are 

low in numbers.  

Organic matter (OM), which fuels the microbial loop, is comprised of 

organic compounds/molecules with diverse chemical composition, 

reactivity, and structure. The portion of OM that includes molecules that pass 

through an operationally defined pore size of 0.2 to 0.7 µm are considered as 

dissolved forms (i.e., Dissolved Organic Matter - DOM), while materials 

which retain above the pore size of 0.7 µm are termed as particulates (i.e., 

Particulate Organic Matter - POM) (Romankevich, 1984). The former 

fraction may include smaller size particles and colloids, while live plankton 

and detrital materials contribute to the latter. 
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Fig. 1.1 Role of heterotrophic bacteria in food web dynamics. 
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DOM is one of the major reservoirs of organic carbon in the ocean and 

holds approximately 700 Gt of carbon, which is almost equivalent to the 

carbon in the atmospheric CO2 (750 Gt) (Hedges, 2002). Other than carbon, 

dissolved organic nitrogen, phosphorus, and sulphur may also contribute to 

DOM (Kirchman et al., 2008; Kujawinski, 2011). Furthermore, DOM has 

been classified into three different components based on degradative nature: 

labile, semi labile and refractory (Fig. 1.2) (Carlson and Ducklow, 1995; 

Carlson, 2002; Hansell et al., 2009; Hansell, 2013).  

 

 

 

 

 

 

 

 

 

Fig. 1.2 DOM classification based on the reactive nature; these 

heterogeneous DOM molecules are produced and utilized by different 

heterotrophic and autotrophic microorganisms that are present in the water 

column; the thickness of the arrows indicates their reactive/degradative 

nature (Moran et al., 2016).    

The term 'labile' refers to easily degradable, fresh and nutrient-rich OM 

that includes dissolved free sugars (10 to 25%), amino acids (1 to 3%), 

organic acids (minor percentage), vitamins, and simple biopolymers and 
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occurs mainly in the surface waters at a concentration of < 1 µMol L-1 

(Fuhrman and Ferguson, 1986; Pakulski and Benner, 1994; Carlson et al., 

1999; Cherrier et al., 1999; Benner, 2002; Carlson, 2002). The turnover time 

of these labile DOM by microbes range from a few hours to days, and this 

fuels the heterotrophic metabolism (Fig. 1.2). The semi labile DOM is 

comprised of complex carbohydrates, proteins, and humic substances, and 

their dissolution time varies from weeks to years (Church, 2008). It mainly 

acts as a nutrient source for sub-surface microbial communities. While, 

refractory DOM (RDOM) consists of low reactive organic molecules that 

occurs at higher concentration (~ 40 µMol L-1), and contribute to almost more 

than 90 % of the dissolved organic pool in the deep ocean (Cherrier et al., 

1999; Benner, 2002; Hansell, 2013). The carbon dating studies have revealed 

that the average age of RDOM in deep ocean ranges from a few years to 

several thousand years (Bauer, 2002). All the three fractions are considered 

as a significant factor in shaping the prokaryotic community composition in 

the oceans (Moran and Zepp, 2000).  

Over the years, DOM has been distinguished on molecular weights; 

low molecular weight (LMW) DOM refers to matters, which are less than 1 

KDa and contribute ~ 65 to 80 % of the dissolved fraction in surface and sub-

surface waters (Amon and Benner, 1994, Benner et al., 1997; Engel et al., 

2004). While, the DOM with the molecular weights of greater than 1 KDa 

are referred as high molecular weight (HMW), and contribute ~20 to 35 % 

of DOM in the ocean (Benner et al., 1992; Amon and Benner, 1994; Engel et 

al., 2004). The OM production in the aquatic environments takes place via 

different pathways and includes (1) extracellular release by phytoplankton 
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during PP (2) release via cell lysis by viruses and bacteria (3) grazer induced 

release and excretion (4) dissolution of sinking particles, and detrital 

materials and (5) exudates from prokaryotes (Ogawa and Tanoue, 2003; 

Hansell and Carlson, 2014). Such released OM is often found as gels (Chin 

et al., 1998; Verdugo et al., 2004; Orellana and Leck, 2015), biofilms (Neu 

and Lawrence, 1999; Horemans et al., 2013), and aggregates (Engel et al., 

2004).  

Carbohydrates constitute a significant portion of aggregates and 

contribute up to 10 to 40 % of DOM (Guo and Santschi, 1997). Marine DOM 

consists of the different classes of carbohydrates, including amino sugars, 

uronic acids, and aldoses (Biersmith and Benner, 1998). Also, the ones 

released as extracellular materials during the PP are called 

exopolysaccharides (EPS) (Decho, 1990; Sell and Overbeck, 1992; Fuhrman, 

1999; Wingender et al., 1999; Granum et al., 2002; Bhaskar and Bhosle, 

2005). In marine environments, EPS frequently appears as colloids, 

individual particles, and in dissolved forms (Decho, 1990), among which 

some appear as particles rather than slime, are highly sticky, and, referred as 

transparent exopolysaccharides (TEP's) (Alldredge et al., 1993). 

Operationally TEP's are classified as transparent particles/polymers that are 

highly rich in acidic polysaccharides, which can be stainable using cationic 

dye Alcian blue (pH – 2.5), and exist as an interface between DOM and POM 

(Alldredge et al., 1993; Passow and Alldredge, 1995; Passow, 2002). The 

average size of the TEP's range from ∼0. 4 to > 200 µm, consists 

predominantly of sugars such as glucose, rhamnose, fructose, and arabinose 

(Mopper et al., 1995; Smith et al., 1995; Passow, 2002). They are abundant 
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in marine (Alldredge et al., 1993; Passow and Alldredge, 1994), freshwater 

(Grossart et al., 1998; Berman and Viner-Mozzini, 2001), and estuarine 

environments (Bhaskar and Bhosle, 2006). Both biotic and abiotic processes 

regulate the formation of TEP's. The biotic process is mainly mediated by 

phytoplankton, which directly releases TEP's or TEP's precursors as exudates 

during PP (Passow, 2000; Wurl et al., 2011). While, the abiotic formation of 

TEP's mainly depends on the environmental conditions as well as on the 

precursor types and concentration in the water column (Passow, 2000). The 

highly sticky nature of TEP's often stimulates aggregate formation, 

transforming DOM into POM, and thus significantly influence OM exports 

from surface water to the deep ocean (Engel et al., 2004; Mari, 2008). Such 

TEP's are generally rich in nutrients and act as microenvironments, harbor 

viruses (Mari et al., 2007), bacteria (Schuster and Herndl, 1995; Arnous et 

al., 2010) protists (Mari et al., 2004; Arnous et al., 2010) and copepods 

(Decho and Moriarty, 1990), thus playing a central role in food web 

processes.  

Among different trophic organisms, heterotrophic bacteria are 

considered as key players in the remineralisation and cycling of OM/TEP's. 

Heterotrophic bacteria are classified as either gram-negative or gram-positive 

depending on their cell wall composition and structure. Both the categories 

easily assimilate the labile-LMW substrates (< 650 KDa) from surrounding 

environments (Payne, 1980; Chróst, 1990; Arnosti, 2003), but such substrates 

are present only in low concentrations. Most of the OM is initially 

biosynthesized as HMW-macromolecules such as polysaccharides, proteins, 

and lipid complexes, and must be cleaved outside the bacterial cell to 
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monomers to be permeable across the outer cell wall (Hoppe et al., 1988). 

Earlier studies have reported that four different transformation pathways are 

involved in the hydrolysis of HMW-DOM into labile-LMW-DOM and 

further incorporation of DOM into the microbial loop: (1) direct uptake 

(Larsson and Hagström, 1979), (2) photolytic process (Wetzel et al., 1995), 

(3) sorption mediated uptake (Gordon and Millero, 1985), and (4) 

involvement of ectoenzymes (Hoppe et al., 1988; Chróst, 1990). Among all, 

the expression of ectoenzyme is the major microbial mediated pathway 

wherein heterotrophic bacteria are actively involved in the degradation and 

subsequent utilization of OM (Fig. 1.1) (Hoppe et al., 1988; Chróst, 1990). 

 Enzymes are typically proteins, can be either catabolic or anabolic. 

The catabolic enzymes are mainly involved in the degradation or 

transformation pathways wherein they convert longer chain polymers to 

smaller molecules and release energy (Hoppe et al., 1988; 2002; Wassenaar, 

2012). These enzymes are often referred to as exo-, endo- or ecto-, indicating 

to their active site in the organisms, which expressed it. Besides, another 

important feature of the catabolic enzymes is the site at which they cleave the 

substrates, either terminal ends or the mid-polymer chains.  

In the field of marine ecology, ectoenzymes or extracellular enzymes 

(EEA) are often referred to as catabolic enzymes that occur as cell surface-

attached or outside or periplasmic space of the host cell, released in the 

surrounding environments (Chrost et al., 1986; Hoppe et al., 1988; Chróst 

1990; Simon et al., 2002), and act on the terminal ends of the complex 

substrates (Münster and Chróst, 1990, Cunha et al., 2010). Although many 

aquatic organisms have the competence to produce ectoenzymes (Sala and 
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Güde, 1996; Jamet and Boge, 1998; Romaní et al., 2006), it is well known 

that a significant portion of ectoenzymes is produced or expressed by 

heterotrophic bacteria (Hoppe et al., 1988; 1993; Karner and Herndl, 1992; 

Chróst, 1990; Trivedi et al., 2011; 2016). It is widely accepted that two types 

of enzymes are expressed/synthesized by heterotrophic bacteria; (1) 

constitutive enzymes, which are expressed independent of substrate 

concentration in the surrounding environments; (2) inducible enzymes, 

which are expressed depending on the ambient substrate concentration 

(Salyers et al., 1978; Johnson and Bridge, 2002; Arnosti and Jørgensen, 

2003). The synthesis of ectoenzymes by bacteria is an inducible process, and 

different factors control their production such as availability of LMW and 

HMW substrate (Cadoret et al., 2002; Mulholland et al., 2003), alteration in 

cell permeability (Chróst, 1990; 1991), grazing pressure and cell lysis (Corpe 

et al., 1972; Karner et al., 1995; Agustí et al., 1998), nutrient imbalance and 

starvation (Sala et al., 2001; Amel et al., 2008; Obayashi and Suzuki, 2008; 

Bong et al., 2013) as well as environmental variables (Mulholland et al., 

2003; Cunha and Almeida, 2009; Cunha et al., 2010; Traving et al., 2017). 

Among the ectoenzymes that are reported in the aquatic environments, 

glucosidases, peptidases, and chitinases have an essential role in ecological 

processes and ecosystem functioning (Hoppe, 1983; 1991; Rath et al., 1993; 

Nausch, 1998; Arrieta and Herndl, 2002; Caruso, 2010; Beier and Bertilsson, 

2013; Bai, 2015).    

Glucosidases are glycosyl hydrolase enzymes (EC number 3.2.1) that 

catalyze the transformation of complex carbohydrates into simple sugars 

(glucose) (Béguin, 1990; Henrissat, 1991; Davies and Henrissat, 1995). They 
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are categorized as α – glucosidases (AGases) and β – glucosidases (BGases) 

as they cleave either α-linked 1-4- disaccharides or β -1 – 4-disaccharides of 

glucose. Among these, BGases have been studied extensively in aquatic 

systems, and are majorly produced by heterotrophic bacteria (Chróst, 1992). 

Further, their production can be inhibited as well as actuated by the 

concentration of glucose, mannose, and maltose (Iwashita et al., 1998; Kuusk 

and Väljamäe, 2017). Whereas, AGase activity/expression is not inhibited by 

high sugar concentration, especially glucose or maltose (Suzuki et al., 1976). 

Also, BGases play a central role in the global carbon cycle, which mediates 

the supply of sugar precursors (mainly glucose) to microorganisms compared 

to AGases (Luo et al., 2017). Therefore, BGases are often used as model 

enzymes for assessing carbohydrate degradation in aquatic environments 

(Chróst and Overbeck, 1990; Chróst, 1992; Rath and Herndl, 1994; Li et al., 

2019), and are used in this study. Other than glucosidases, Chitinases (EC 

number 3.2.2.14) are also polysaccharide-degrading enzymes that cleaves 

mainly glycosidic linkages in chitin biopolymer via a two-step process, 

initially to chitin oligosaccharides and later to monosaccharides (N-acetyl-

D-glucosamine) (Gooday, 1990). Chitin is the second most abundant 

biopolymer in the ocean (Shahidi and Abozaytoun, 2005), and its breakdown 

significantly contributes to the recycling of carbon and nitrogen in aquatic 

environments. Whereas aminopeptidases catalyze the breakdown of protein 

or peptide by removing amino acid residues from the N-terminal ends of 

polypeptides, peptides, or proteins in which leucine-aminopeptidases (Leu-

amino-pep) hydrolyze particularly L-leucine amino acid peptide and amide 

residues (Chróst, 1991; Bogra et al., 2009). Their production is also mainly 
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associated with heterotrophic bacteria and are used as an indicator for 

bacterial degradation of proteinaceous compounds in aquatic environments 

(Chróst, 1992; Caruso, 2010; Tsuboi et al., 2016).  

The expression or synthesis of ectoenzymes is considered as a rate-

limiting step in the bacterial remineralization process (Hoppe, 1983; Chróst, 

1990; Bianchi, 2011), and different abiotic and biotic variables influence the 

expression/activity. Among the abiotic variables, temperature, salinity, and 

pH have bidirectional effects on the ectoenzymatic activities as well as 

enzyme producers (Christian and Karl, 1995; Cunha et al., 2000; 2001; Park 

et al., 2006; Church, 2008; Céa et al. 2015). For instance, an increase in the 

hydrolysis rates of selected ectoenzymes (glucosidases and peptidases) were 

well correlated with the elevated temperature in different regions such as the 

Southern California Bight (Hollibaugh and Azam, 1983), Baltic Sea (Piontek 

et al., 2009), Bay of Biscay (Piontek et al., 2010), and Pensacola Bay 

(Murrell, 2003). Whereas, the elevated temperature was negatively related to 

a decrease in total BGases and leucine aminopeptidases activities in the 

Baltic sea (Baltar et al., 2016; 2017), and Albemarle-Pamlico Sound estuary 

(Bullock et al., 2017). pH is also often reported as an influencing factor in 

enzymatic hydrolysis, especially on alkaline phosphatase activity (Piontek et 

al., 2010; Yuan et al., 2017; Damashek and Francis, 2018). Similarly, 

salinity, which is a prime factor in estuaries, has both direct and indirect 

effects on the ectoenzymatic activities (Cunha et al. 2000; Mulholland et al., 

2003; Williams and Jochem, 2006; Eswaran and Khandeparker, 2017; 2020 

Damashek and Francis, 2018). Indirect effects may include the changes in 

ectoenzymatic activities depending on the source and composition of organic 
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matter that is driven by the biological community composition, especially 

phytoplankton in response to changing temperature or salinity (Misic et al., 

1998; Findlay and Sinsabaugh, 1999; Benner and Opsahl, 2001; Nausch and 

Kerstan, 2003; López-Flores et al., 2014). Also, salinity induced changes in 

heterotrophic bacterial composition could indirectly affect the ectoenzyme 

expression either through triggering or declining the number and nature of 

enzymes synthesized (Pinhassi et al., 1999; Zaccone et al., 2002; Henriques 

et al., 2006; Khandeparker et al., 2011; Logue et al., 2016; Balmonte et al., 

2019; Eswaran and Khandeparker, 2019).     

Coastal and open ocean systems are distinct and exhibit different 

environmental settings and biological productivity to each other in which 

heterotrophic bacterial community composition plays a pivotal role in 

ecosystem functioning. Among the coastal ecosystems, estuaries are the most 

productive and dynamic regions. They are the central habitat for diverse 

organisms, including microscopic organisms to large fishes. The studies on 

bacterial community composition (BCC) and their specific functional 

activities (i.e., ectoenzyme expression) have been reported in temperate 

(Blight et al., 1995; Cunha et al., 2000; Almeida et al., 2001; Bacelar-Nicolau 

et al., 2003; Henriques et al., 2004; 2006; Cunha and Almeida, 2009; Santos 

et al., 2013; 2014) and sub-tropical estuaries (Murrell et al., 1999; Taylor et 

al., 2003; Kirchman et al., 2004; Williams and Jochem, 2006; Wear et al., 

2014; Bar-Zeev and Rahav, 2015). These observations indicate a substantial 

contribution of heterotrophic bacterial ectoenzymatic activities in estuarine 

ecology and ecosystem functioning. However, only a few studies are from 

Indian tropical estuaries (Bhaskar and Bhosle, 2008; Thottathil et al., 2008; 
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Khandeparker et al., 2011; Eswaran and Khandeparker, 2017; 2019). 

Tropical estuaries are inimitable due to short episodic monsoon spells, which 

bring high freshwater run-off and allochthonous organic material, altering the 

heterotrophic bacterial composition (Eswaran and Khandeparker, 2019). 

Likewise among the oceanic environments, information on BCC and 

functional activities are well established in Mediterranean Sea (Coolen and 

Overmann, 2000; Van Wambeke et al., 2001; Wambeke et al., 2002; Caruso 

et al., 2005; Misic and Fabiano, 2006; Misic et al., 2006; 2008; Caruso, 2010; 

Céa et al., 2015), Pacific Ocean (Christian and Karl, 1995; Koike and Nagata, 

1997; Fukuda et al., 2000; Donachie et al., 2001; Hoch and Bronk, 2007; 

Lian et al., 2007), Caribbean Sea (Rath et al., 1993), Ross sea (Misic et al., 

2002; Celussi et al., 2010), Antarctic seawaters (Sala et al., 2005; Zeng et al., 

2010), Atlantic Ocean (Vidal et al., 2003; Alonso-Sáez et al., 2007; Baltar et 

al., 2009; 2010; 2013; Arnosti et al., 2012; Orcutt et al., 2013), Baltic Sea 

(Nausch et al., 1998; Nausch, 2000; Nausch and Kerstan, 2003; Steenbergh 

et al., 2015; Baltar et al., 2016), Sub Antarctic Indian Ocean (Talbot et al., 

1997), but least studied in the Indian Ocean (Azam et al., 1994; Hoppe and 

Ullrich, 1999) especially in the northeastern Arabian sea (NEAS). NEAS is 

one of the biologically productive tropical basins and continues to be 

productive during summer monsoon and winter monsoon (Madhupratap et 

al., 1996; Shankar et al., 2019). Further, the mixed layer deepening and 

mixing affects the physics and chemistry of the water column that influence 

the different biological communities (Roy and Anil, 2015; Padmakumar et 

al., 2017; Bemal et al., 2018; Khandeparker et al., 2018; Sarma et al., 2018). 

Since heterotrophic bacteria and related ectoenzymatic activities are a central 
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part of the food web and microbial loop, it is useful to elucidate their 

dynamics in response to different environmental settings on seasonal and 

spatial scales, which is poorly studied in the tropical open ocean ecosystems. 

Unravelling links between species composition/diversity, functional 

activities, and ecosystem processes are central to the understanding of 

ecosystem functioning (Fig. 1.3). Since monsoon plays a prominent role in 

the tropical coastal environments and open ocean ecosystems, heterotrophic 

bacterial related activities would be different from other tropical, temperate, 

and sub-tropical environments. In this context, the present study assessed the 

bacterial community composition (physiological state and phylogenetic 

composition), different ectoenzyme activities with respect to different 

hydrographic conditions on temporal and spatial scales. 

Fig. 1.3 Schematic illustrating the factors influencing heterotrophic bacteria 

and ectoenzymes.   
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Objectives and overview of the thesis 

1. Exploring the relationship of bacterial populations to transparent 

exopolysaccharides in selected ecosystems 

Heterotrophic bacteria are often considered as active decomposers in 

the aquatic environments due to their ability to breakdown of complex 

organic polymers. TEP's are one type of organic polymer, rich in 

carbohydrates. They are abundant in different aquatic environments (Passow, 

2002). However, the studies on exploring the relationship between 

heterotrophic bacteria and TEP's are scarce in the tropical Indian waters 

(Ramaiah et al., 1996; 2000), especially the frontal regions. Hence, in this 

study, efforts were made to understand the relationship between 

heterotrophic bacteria and TEP's in relation to different environmental 

settings, i.e., open ocean and coastal ecosystems. For the open ocean, 

Northeastern Arabian Sea (NEAS) was selected as a study area, and the 

results are presented in two parts, i.e., Chapter 2A and 2B. The first part of 

the chapter (2A) describes the relationship between heterotrophic bacteria 

and TEP’s in the frontal regions of NEAS during early winter monsoon 

(EWM) and peak winter monsoon (PWM). The second part (2B) details the 

influence of frontal age on the bacterial response. For coastal ecosystem, a 

tropical monsoon influenced Zuari estuary, which is located in Goa, West 

coast of India, was selected, and the results are discussed in Chapter 2C.  

 

2. Screening and characterization of ectoenzyme producing bacteria 

The results discussed in Chapter 2A to 2C indicated that TEP's act 

as a nutritional source for heterotrophic bacteria irrespective of the 
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ecosystems. The heterotrophic bacteria are known to express specific 

hydrolytic enzymes, mainly BGases, for the breakdown and subsequent 

utilization of complex TEP's. Therefore, screening was done to identify 

the bacterial taxa capable of producing the BGases. The study involved 

two approaches; firstly, the relationship between bacterial community 

composition (includes both culturable and non-culturable fraction) and 

BGases expression over the seasonal and tidal cycles in Zuari estuary was 

evaluated (Chapter 3A). Secondly, the culturable bacteria capable of 

producing BGases were screened (Chapter 3B). 

  

3. Elucidating bacterial ectoenzyme activity and their response to 

different nutritional conditions through laboratory experiments 

The evaluation of BGases expressing bacterial taxa (whole 

community and culturable bacteria) indicated that salinity played a vital 

role in their expression. Thus, microcosm experiments were conducted to 

understand further the influence of such salinity stress on major bacterial 

taxa and BGases expression. The experimental results are discussed in 

Chapter 4. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Chapter 2 
Exploring the relationship of 

bacterial populations to transparent 

exopolysaccharides in selected 

ecosystems 
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2A Relationship between the metabolically active bacterioplankton and 

transparent exopolysaccharides in the frontal regions of Northeastern 

Arabian Sea  

2A.1 Introduction 

The Arabian Sea possesses many qualities that make it unique among 

the world’s oceans. It is highly productive and a distinctive tropical basin 

characterized by intense meteorological forcing during the summer monsoon 

(Madhupratap et al., 1996; Shankar et al., 2005). The northeastern Arabian 

Sea (NEAS) also experiences high production during the winter monsoon 

due to a convective mixing process, which brings nutrients to the surface 

from the base of the mixed layer (Banse and McClain, 1986; Madhupratap et 

al., 1996). This region is also known to harbour several sea surface 

temperature (SST) fronts and filaments during this time (Solanki et al., 2008; 

Roy et al., 2015; Vipin et al., 2015). Fronts and filaments are regions of 

enhanced biological activity with greater accessibility of nutrients in contrast 

to adjacent waters (Fernández et al., 1994; Videau et al., 1994; Read et al., 

2000; Muelbert et al., 2008; Belkin et al., 2009; Samo et al., 2012; Lohmann 

and Belkin, 2014). A recent study in California current ecosystem described 

the role of dynamic microbial populations in carbon cycling at oceanic fronts, 

and this study shed light on the role of hydrography in regulating the 

metabolism and growth of autotrophic and heterotrophic microbes (Samo et 

al., 2012 and references within). In such hot spots of primary production, one 

can expect an enhancement in the dissolved organic matter (DOM). The 

DOM is mainly composed of sticky, acidic polysaccharides, which further 

http://www.sciencedirect.com/science/article/pii/S0924796312000231%20/%20bb0105
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aggregate into transparent exopolysaccharides (TEP’s) (Schuster and Herndl, 

1995; Grossart and Simon, 1997; Søndergaard et al., 2000). Bacterioplankton 

are often found embedded within or attached to TEP’s (Passow and 

Alldredge, 1994; Grossart et al., 2006). The Biological Carbon Pump (BCP) 

transfers these organic-rich particles from the surface waters to the deep 

ocean (Sanders et al., 2014), and this fuels heterotrophic microbial population 

(bacteria and protists) via the microbial loop (Azam et al., 1983). Earlier 

studies have reported maximal bacterial biomass and growth rates in the 

frontal regions of North Atlantic as well as Mediterranean waters (Pedrós-

Alió et al., 1999; Tarran et al., 2001). However, the response of microbial 

communities varies with the environmental conditions, thus featuring their 

importance in different biological processes (Samo et al., 2012). It is widely 

reported that heterotrophic bacteria pose different characteristics in the 

natural environment depending on the nutrient enrichment and hydrographic 

conditions, are referred to as low (LNA) and high nucleic acid content (HNA) 

bacteria (Button et al., 1996; Gasol et al., 1999; Lebaron et al., 2002). Among 

the two, members of HNA bacteria tend to have a larger genome and more 

active, while LNA bacteria with a smaller genome are considered as a less 

active or inactive fraction of the bacterial community (Schattenhofer et al. 

2011). Furthermore, HNA bacteria are dominant in productive coastal 

systems and positively related to phytoplankton biomass (Bouvier et al., 

2007; Santic et al., 2012).   

The present study was undertaken in the NEAS, which has a wide 

continental shelf. This region is also known for active fishing and is 

facilitated by upwelling during the summer monsoon and convective mixing 
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during the winter monsoon. Earlier observations in this region under a large 

interdisciplinary program ‘Ocean Finder’ had characterized physical 

signatures and diversity of phytoplankton through chemotaxonomy (Roy and 

Anil, 2015; Vipin et al., 2015). It is pertinent to note that bacterial dynamics 

forms an integral part of such productive systems. Studies in temperate 

frontal regions reveal a significant increase in bacterial abundance, biomass, 

and production within the frontal regions as compared to outside/surrounding 

water column (Landry et al., 2012; Samo et al., 2012; Taylor et al., 2012). 

However, no such study has been conducted in the tropical region. The 

temperature fronts represent diverse hydrographic conditions (high nutrients, 

low water temperature); heterotrophic bacteria seem to play an important role 

in the frontal regions with congregated biomass and turnover of organic 

matter.  

Although several studies have examined heterotrophic bacterial 

dynamics in the Arabian Sea (Ducklow, 1993; Ramaiah et al., 1996; 2000; 

Wiebinga et al., 1997; Pomeroy and Joint, 1999), no studies were conducted 

on their response and role in the frontal regions. In view of this, we 

hypothesized that depending on the physical environment, the response of 

heterotrophic bacteria would be different; especially the higher biomass and 

activity are asserted to occur in fronts and filaments when compared with 

non-frontal regions. The following objectives were laid (i) To investigate the 

physiological state of microbes in the temperature fronts in the NEAS during 

early winter monsoon (EWM) and peak winter monsoon (PWM) and (ii) To 

evaluate their relationship with TEP’s. 
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2A.2 Materials and Methods 

2A.2.1 Description of the study site  

The present study is part of the Ocean Finder program. Two cruises 

were undertaken under this program in the NEAS. The first cruise was from 

23rd November 2012 to 11th December 2012, corresponding to EWM (SSK 

# 41). The second cruise was conducted in the PWM from 22nd January 2014 

to 3rd February 2014 (SSK # 60). The study area is located off the Gujarat 

coast of the NEAS (Fig. 2A.1). The physical signatures such as temperature 

and salinity results during EMW revealed that the front and filament sections 

were distinct from the surrounding waters (Vipin et al., 2015). Similar 

signatures with enhanced nutrient concentrations were evident during PWM 

(Roy and Anil, 2015; Sarma et al., 2015). The front and filament sections in 

NEAS were dominated by nanoplanktonic Prymnesiophytes and 

Prasinophytes, and the non-frontal section showed the dominance of 

picoplankton (Prochlorococcus). 

  

2A.2.2 Sampling 

A total of 26 stations were sampled during EWM and PWM cruises in 

the NEAS region. Seawater samples were collected using 10 L Niskin bottles 

fitted to the rosette frame (Model: ODF; SBE32) with Sea-Bird Electronics 

(SBE) 9plus Conductivity-Temperature-Depth (CTD) probe (ODF #381) 

consisting of a dual temperature (SBE3plus), dual conductivity (SBE4) 

sensor, dissolved oxygen (SBE43), transmissometer (Wetlabs C-Star) and 

fluorometer (Sea point Sensors). During the EWM cruise, 20 CTD stations 
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were sampled for the total bacterial count (TBC), HNA bacteria, LNA 

bacteria, TEP’s, protists, and dissolved inorganic nutrients between (69.2 ºE, 

18.85 ºN) to (69.2 ºE, 20.50 ºN) as depicted in Fig. 2A.1. During the PWM 

cruise, 6 CTD stations were sampled for similar parameters in the same 

region, (Fig. 2A.1) that includes 2 frontal (T1-F and T2-F) and 4 non-frontal 

stations (T1-NF and T2-NF) from two transects between 69.34 ºE, 19.67 ºN 

- 68.74 ºE, 20. 24 ºN. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2A.1 Map showing sampling stations (EWM and PWM cruise — Ocean 

Finder program) in the northeastern Arabian Sea (NEAS). 
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2A.2.3 Dissolved inorganic nutrient analyses 

The dissolved inorganic nutrient samples were collected at different 

depths from surface to 100 m. Sub-samples were quick-frozen on board in 

Liquid Nitrogen and stored at -80 °C until analyzed in the laboratory (not 

more than three weeks). The frozen subsamples were thawed to room 

temperature before being analyzed for dissolved inorganic phosphate, nitrate, 

nitrite, and silicate using an automated nutrient analyzer (SKALAR San Plus 

8505 Interface version 3.331, Netherland) following the method described by 

Grasshoff et al. (1983). Before sample analyses, the detectors were calibrated 

for linearity using a series of standards that includes potassium nitrate, 

sodium nitrite, potassium dihydrogen phosphate, sodium hexafluorosilicate 

for the estimation of nitrate, nitrite, phosphate and silicate, respectively. 

 

2A.2.4 Enumeration of total bacterial count, high and low nucleic acid 

content bacteria, and protists 

Aliquots of 4.5 mL were taken in triplicates (n = 3) from each CTD 

cast for TBC and protists analyses and fixed with 0.22 µm filtered 

paraformaldehyde (1% final concentration) and stored at -80 °C until samples 

could be processed onshore (not more than a month). In the laboratory, the 

samples were thawed at room temperature and subsequently stained with 

SYBR Green I nucleic acid stain (1:10000 final concentration Molecular 

Probes, USA) and incubated in the dark for 15 min before measurement. 

Flow cytometric absolute cell counting was achieved using Becton Dickinson 

(BD) FACS Aria II instrument equipped with a 488nm blue laser using 1μm 

size fluorescent beads (Polysciences, USA) as an internal standard. The 
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sheath fluid was BD FACS flow (BD-342003). Emitted light signals from 

the stained cells were detected with the following filter sets: 488/10 bandpass 

filter for side scatter (SSC/RALS) and 530/10 bandpass filter for FL 1 (green 

fluorescence). All the samples were recorded at < 500 events S-1. The specific 

gain settings for the instrument were as follows: forward scatter (FSC) =286; 

SSC/RALS =311; FL 1 = 467. A single gating on SSC versus FL 1 plot 

allowed the enumeration of TBC and expressed as cells mL-1. HNA and LNA 

bacteria were demarcated by green fluorescence intensity on FL 1 channel 

that is proportional to the amount of DNA in the cell (Fig. 2A.2). The cells 

having higher cellular DNA content (HNA) falls above the 3-order 

magnitude of log scale in SSC vs. FL 1 plot, and vice versa was observed for 

the low DNA content cells, i.e., LNA (Fig. 2A.2). The data visualization, 

gating process, event recording, and flow rate calibration was done using the 

built-in BD FACS Diva 6. 2 software (Khandeparker et al., 2018). 

 

 

 

 

 

Fig. 2A.2 Flow cytometry contour (a) and dot plots (b) obtained after SYBR 

Green I staining of the water samples. 

For protists enumeration, the photomultiplier tube (Detector) was 

standardized by reducing the voltage concerning SSC vs. green fluorescence 

so that bacteria would be below the detection threshold as described by 
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Christaki et al. (2011). Emitted light was collected through the following 

filter sets: (1) 488/10 band pass for SSC, (2) 530/30 band pass for green 

fluorescence, and (3) 695/40 for red fluorescence. Further, the heterotrophic 

bacteria and protist abundance were integrated over the depth by adding the 

areas of rectangles with the base equal to the difference in depth between two 

sample points and length equal to the abundance of the deepest sampled depth 

(Chin-Leo and Benner, 1992). 

 

2A.2.5 Enumeration of bacterial production 

5-Bromo-2-Deoxyuridine (BrdU) was used for estimating bacterial 

production (BP) in the NEAS samples, which were collected during the 

PWM cruise. Various studies have successfully applied BrdU in measuring 

the metabolically active cells and BP in aquatic environments (Steward and 

Azam, 1999; Pernthaler et al., 2002; Hamasaki et al., 2004; Nelson and 

Carlson, 2005). BrdU is an analog of thymidine and binds to actively 

synthesizing DNA in place of thymidine. BrdU was added to the water 

samples (1µM final concentration; BD-Biosciences, USA) and incubated for 

3 hr in the dark at in situ temperature. After incubation, the samples were 

fixed with 0.22 µm filtered paraformaldehyde (1 % final concentration) and 

stored at -80 °C until BrdU immunofluorescence detection. 

Immunofluorescence staining was performed using FITC labelled anti-BrdU 

with DNase (BD-Biosciences, USA). BrdU fixed samples were thawed to 

room temperature and stained with FITC labelled anti - BrdU with DNase 

(BD-Biosciences, USA as per manufacturer’s instructions) for 30 min in dark 

and analysed using a BD FACSAriaTM II flow cytometer equipped with a 
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488nm nuclear blue laser (Fig. 2A.3). Control samples were also prepared 

without the addition of anti-BrdU. Emitted light and fluorescence signals 

were collected through different filter sets: (1) 488/10 band pass for RALS, 

(2) 530/30 band pass filter for green fluorescence signal from anti-BrdU (Fig. 

2A.3a-c; Eswaran and Khandeparker, 2017). Further bacterial carbon 

production was calculated using 11 fg C per bacterium as a cell-to-carbon 

conversion factor and expressed as µg C L-1 h-1 (Garrison et al., 2000). 

 

 

 

 

 

 

 

 

 

 

Fig. 2A.3 Measurement of BP using flow cytometric analysis. (a) Dot plot 

showing the anti-BrdU stained actively dividing cells, which is converted to 

BP and expressed as µg C L-1 h-1; (b) Histogram plot showing the positive 

signal from FITC-labelled anti-BrdU, (c) Histogram plot showing the signal 

from 1 µm yellow-green stained beads, which are used as an internal 

standard. 
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2A.2.6 Transparent exopolysaccharides estimation 

TEP’s were estimated by using the colorimetric method described by 

Klein et al. (2011). Briefly, 100 mL of seawater samples were filtered in 

triplicate onto 0.4 μm polycarbonate filters (Millipore). After filtration, 

particulate material present on the filter papers were immediately 

resuspended in 5mL of glass fibre/filter (GF/F) filtered seawater and 

centrifuged for 10 min at 3200 × g. After centrifugation, pellets were stored 

at –20 °C until analysis. During the analysis, the pellets were treated with 2 

mL of 0.02 % Alcian blue prepared in 0.06 % acetic acid. Subsequently, the 

samples were centrifuged (3200 × g, 20 min) to remove the excess dye. The 

pellets were then rinsed several times with 1 mL of distilled water and 

centrifuged until a clear supernatant was obtained. A volume of 4 mL of 80 

% H2SO4 was then added to the pellets. After 2 hr, the absorption of the 

supernatant was measured by a spectrophotometer at 787 nm. TEP’s values 

are expressed as microgram Xanthan Gum equivalent (μg XG eq. L–1), 

calculated by using Xanthan Gum standard calibration curve. For a standard 

calibration curve, Gum Xanthan was dissolved in absolute ethanol followed 

by serially diluting to known concentrations, stained with Alcian blue, and 

analyzed as mentioned above. Depth integrated TEP’s concentration was 

calculated as described in 2A.2.4. 

 

2A.2.7 Statistical analyses 

The data were log-transformed to meet the normality assumption. 

Before data analyses, log-transformed data were tested for normality using 

Shapiro-Wilk’s W test using STATISTICA 8.0 software. The datasets 
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fulfilling the assumptions for parametric analysis were analyzed through a 

one-way analysis of variance (ANOVA) for evaluating significant variations 

between the front, filament, and non-frontal regions, followed by post hoc 

Tukey’s HSD test (Bonferroni corrected). Further, a correlation matrix 

(STATISTICA 8.0) was used to determine the relationship among the biotic 

(bacterial abundance, HNA, LNA, and protists TEP’s, and Chl a) and abiotic 

(temperature, salinity, nitrate, nitrite, phosphate, and silicate) parameters 

wherein Bonferroni correction was also applied to avoid false-positive results 

at the significance level of ≤ 0.01.  

 

2A.3 Results 

2A.3.1 Environmental variables during early winter monsoon and peak 

winter monsoon 

During EWM, a warm parcel of water was encountered on the southern 

side of transect between 18.85 - 19.25 °N from station 1 to 9 (Fig. 2A.4a-b). 

However, towards the north, the CTD data showed two relatively cold parcels 

of water between 19.25 - 19.48 °N and 19.95 - 20.20 °N with a temperature 

decrease of 0.5 to 1.0 ºC (Fig. 2A.4b).  

Based on their physical characteristics, the first feature was identified 

as a filament between stations 10 to 14 and the second one as a front from 

stations 19 and 20 (Fig. 2A.4b). Similar to temperature, salinity was also low 

and ranged from 35.7- 36.55 PSU at the surface in the filament and front 

region (Fig. 2A.4b).  

Chl a was high in the filament (0.85 mgm-3), followed by the front (0.58 

mgm-3) and relatively low in the warm patch region (0.48 mgm-3) (Fig. 



 

28 
 

2A.4b). The mixed layer depth (MLD) was fairly deep and ranged from 15 

to 70 m (Fig. 2A.4b). 

  

 

 

 

 

  

  

 

 

 

 

 

 

 

 

Fig. 2A.4 (a) Satellite sea surface temperature (SST; temperature) image 

illustrating the formation of filament (denoted by red curve) and front 

(denoted by pink curve); (b) Vertical profiles of temperature (°C, first panel), 

salinity (PSU, second panel) and chlorophyll a (mg m−3, third panel) 

measured during the EWM CTD transect. The sampling locations are marked 

by inverted triangles on the top axis of the temperature panel in the warm 

patch region, the black asterisks designate stations in the filament, and the 

circles designate stations in the frontal region. The dashed lines in these three 

panels denote the base of the mixed layer.  
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Fig. 2A.5 Spatial and vertical profiles of (a) nitrate, (b) nitrite, (c) phosphate, 

and (d) silicate during EWM cruise. Dots indicate the sampled depth and 

dotted line indicates the variability in the MLD along the cruise section. 

Similar to physical characteristics, the dissolved inorganic nutrient 

concentrations also varied significantly between the front, filament, and 

warm patch region (Fig. 2A.5a - d). The nitrate, phosphate, and silicate 

concentrations were relatively low in the surface waters of the warm patch, 

i.e., south and elevated marginally towards the northern side, i.e., front (Fig. 

2A.5a, c, and d). The nitrate levels were low in subsurface layers of frontal 

areas and higher below the MLD. A similar trend was also observed for 

phosphate. Whereas, nitrite was high in the warm patch and decreased 

towards the filament and the front (Fig. 2A.5b). For the entire sampled depth 

(0 - 100 m), the nitrate ranged between (0 and 25 µM), nitrite (0 and 2.5 µM), 

phosphate (0 and 8 µM), and silicate (0 and 30 µM) during the study (Fig. 

2A.5a-d). 

In the case of PWM, the SST in the frontal stations were 0.56 – 1.02 

°C lower than the surrounding water column (Fig. 2A.6a-b).  
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Fig. 2A.6 (a) Satellite SST image illustrating the formation of fronts (denoted 

by red and blue line); (b) Vertical profiles of temperature (°C, first panel), 

salinity (PSU, second panel) and chlorophyll a (mg m-3), third panel) 

measured during the PWM CTD transects (T1 and T2). The sampling 

locations are marked by inverted triangles on the top axis of the temperature 

panel in the non-frontal region; the circles designate stations in the frontal 

region. The dashed lines in these three panels denote the base of the mixed 

layer. 

The salinity variation between fronts and non-fronts ranged from 0.03 

to 0.13 PSU (Fig. 2A.6b). Chl a, which is an indicator of phytoplankton 
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biomass, was high in the frontal stations (T1 and T2-F) and significantly 

varied when compared with non-frontal stations (df – 2; F – 13.73; p – 0.000) 

(Fig. 2A.6b). The surface water Chl a value in the T1-F station was 0.90 

mgm-3, which marginally increased to 1.15 mgm-3 in the sub-surface layers. 

A similar pattern was also observed in the frontal station of T2-F, and 

concentration ranged between 1.65 and 2.1 mgm-3 (Fig. 2A.6b). The MLD 

was fairly deep as that of EMW and ranged from 22 to 83 m during PWM 

(Fig. 2A.6b).  

 

 

 

 

 

 

Fig. 2A.7 Spatial and vertical profiles of (a) nitrate, (b) nitrite, (c) phosphate, 

and (d) silicate during PWM cruise. Dots indicate the sampled depth and 

dotted line indicates the variability in the MLD along the cruise section. 

In the case of dissolved inorganic nutrients, nitrate, nitrite, phosphate, 

and silicate concentrations were relatively high in the frontal surface water 

(Fig. 2A.7a-d). A significant increase in phosphate and silicate concentration 

were evident below MLD, especially in T2-F (20.14 °N) and adjacent non-

frontal stations (Fig. 2A.7c, d). While nitrite and nitrate concentration were 

significantly high in the entire water column of T2-F. For the entire frontal 

water column (0 - 100 m), the nitrate ranged between (2.16 and 6.57 µM), 
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nitrite (0.73 and 1.26 µM), phosphate (0.94 and 2.99 µM), and silicate (0.96 

and 17.5 µM).  

 

2A.3.2 Early Winter Monsoon 

2A.3.2.1 Total bacterial count, high and low nucleic acid content bacteria, 

and protist abundance 

The TBC in the warm patch, filament, and frontal waters ranged 

between 1.63 × 107 and 1.85 × 109 cells L-1 (Fig. 2A.8a), was higher in the 

filament (3.64× 108 cells L-1) and the front (3.33x× 108 cells L-1) and low in 

the warm patch region (2.47× 108 cells L-1) (Fig. 2A.8a). High TBC in the 

filament and the frontal stations was negatively related to TEP’s (Table. 

2A.1a). The depth-integrated bacterial abundance was calculated as 

described in 2A.2.4. The integrated bacterial abundance was significantly 

higher at station nine, which is located close to the filament when compared 

to other stations (Fig. 2A.9a). Similar to TBC, the HNA bacterial abundance 

was also high in the front (8.96 × 107 cells L-1) and the filament (7.30 × 107 

cells L-1) and decreased in the warm patch region (6.81 × 107 cells L-1) (Fig. 

2A.8b). The one-way ANOVA also indicated that the HNA bacterial 

abundance significantly varied from south to north frontal region (df – 2; F – 

3.245; p – 0.04), and their high abundance was positively related to TBC and 

chl a indicating that most of the populations in the fronts and filaments were 

metabolically active when compared to the warm patch (Table.2A.1a). HNA 

bacteria also showed a significant negative relationship to dissolved nutrients 

(Table.2A.1b). Whereas, LNA bacteria were higher in the warm patch 
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(7.56x× 107 cells L-1) and least in the frontal region (6.77 × 107 cells L-1) (Fig. 

2A.8c). 

Protist abundance in the warm patch, filament, and frontal waters was 

typically 107 cells L-1. It varied between 5.93 × 106 and 8.53 × 107 cells L-1 

(Fig. 2A.8d). The abundance was higher in the front (2.33 x107 cells L-1) when 

compared with the filament (1.63 x107 cells L-1) and positively related to HNA 

bacterial abundance (Table.2A.1a). The depth-integrated protist abundance 

was also higher in the frontal region (Fig. 2A.9b). The ratio between bacteria 

and protist was higher in the MLD of the filament and frontal regions 

indicating a high abundance of heterotrophic bacteria in these regions (Fig. 

2A.8e). 

 

 

 

 

 

 

 

 

 

Fig. 2A.8 Spatial and vertical profiles of (a) Total Bacterial Count (TBC), (b) 

High nucleic acid content (HNA) bacteria, (c) Low nucleic acid content 

(LNA) bacteria, (d) Protist abundance, (e) Ratio of bacteria: protists, and (f) 
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Transparent exopolysaccharides (TEP’s). Cell abundance expressed as cells 

L-1 during the EWM cruise. Dots indicate the sampled depth and dotted line 

indicates the variability in the MLD along the section. 

Table 2A.1 Results of correlation analyses (‘r’), between (a) biotic (HNA & 

LNA bacteria, Chl a, protists and TEP’s), and (b) abiotic variables 

(Bonferroni corrected with significance at p (≤ 0.01)) during EWM.  

(a) Biotic variables 

TBC – Total Bacterial Count; TEP’s – Transparent exopolysaccharides; 

HNA – High nucleic acid content bacteria; LNA – Low nucleic acid content 

bacteria; Chl a – Chlorophyll a  

 

   

                                                                                                            

Table 2A.1 continued 

  

 

S. 

No 

Parameters Warm patch  

(N = 55) 

Filament 

  (N = 30) 

Front  

(N = 12) 

  r P 

 (≤ 0.01) 

r P  

(≤ 0.01) 

r P 

(≤ 

0.01) 

1 TBC 

 vs 

TEP’s 0.14 0.31 - 0.50 0.005 - 0.70 0.01 

HNA 0.22 0.12 0.48 0.007 0.75 0.004 

LNA 0.06 0.68 0.08 0.69 - 0.45 0.14 

Protists - 0.05 0.71 0.29 0.11 0.84 0.001 

2 Protists vs HNA 0.01 0.96 0.42 0.02 0.70 0.01 

LNA - 0.00 0.96 - 0.14 0.44 - 0.55 0.06 

TEP’s 0.08 0.52 0.02 0.89 - 0.51 0.08 

3 Chl a vs TBC - 0.03 0.18 0.17 0.41 0.94 0.000 

Protists 0.10 0.44 0.12 0.30 0.81 0.002 

HNA - 0.01 0.92 0.38 0.07 0.76 0.004 

TEP’s 0.07 0.58 0.31 0.09 - 0.66 0.019 

4. TEP’s vs HNA 0.05 0.67 -0.07 0.72 -0.38 0.22 

LNA -0.06 0.62 0.02 0.90 0.11 0.72 

Protists 0.08 0.53 0.02 0.89 -0.51 0.09 

Chl a 0.07 0.58 0.31 0.09 -0.66 0.02 
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(b) Abiotic variables 

 

 

TBC – Total Bacterial Count; HNA – High nucleic acid content bacteria; 

LNA – Low nucleic acid content bacteria; Chl a – Chlorophyll a 

 

2A.3.2.2 Transparent exopolysaccharides 

TEP’s ranged from 84 – 1086 μg XG eq. L–1 along the transect (Fig. 

2A.8f). The concentration was higher in the surface waters of the filament. 

However, below MLD and in the mixed layer waters of warm patch region 

patches of TEP’s were evident, where depth-integrated values for protists and 

HNA bacteria were lower (Fig. 2A.9c). Besides, depth-integrated TEP’s 

S. 

No 

Parameters Warm patch  

(N = 55) 

Filament 

  (N = 30) 

Front  

(N = 12) 

  r P 

 (≤ 0.01) 

r P  

(≤ 0.01) 

r P 

(≤ 0.01) 

1. Temperature 

vs 

TBC - 0.00 0.96 0.43 0.01 0.77 0.003 

HNA 0.22 0.11 0.47 0.01 0.76 0.004 

LNA 0.08 0.55 - 0.00 0.96 - 0.45 0.14 

Protists 0.33 0.01 0.37 0.04 0.59 0.03 

Chl a 0.03 0.80 0.72 0.000 0.75 0.005 

2. Nitrate 

vs 

TBC 0.094 0.51 - 0.38 0.03 - 0.72 0.008 

HNA - 0.20 0.16 - 0.32 0.07 - 0.80 0.002 

LNA - 0.07 0.50 - 0.06 0.75 0.66 0.02 

Protists - 0.35 0.01 - 0.27 0.14 - 0.69 0.12 

Chl a 0.10 0.47 - 0.56 0.001 - 0.73 0.007 

3. Phosphate 

vs 

TBC 0.21 0.12 - 0.13 0.47 - 0.70 0.01 

HNA - 0.15 0.30 - 0.46 0.009 - 0.77 0.003 

LNA - 0.01 0.90 0.04 0.81 0.63 0.02 

Protists - 0.23 0.10 - 0.32 0.08 - 0.63 0.02 

Chl a 0.15 0.26 - 0.53 0.003 - 0.69 0.01 

4. Silicate 

vs 

TBC - 0.09 0.48 - 0.32 0.09 - 0.73 0.006 

HNA - 0.30 0.03 - 0.20 0.32 - 0.70 0.01 

LNA - 0.00 0.96 - 0.28 0.12 0.46 0.13 

Protists - 0.23 0.09 - 0.34 0.06 - 0.66 0.01 

Chl a 0.00 0.96 - 0.42 0.02 - 0.72 0.007 

5. Nitrite 

vs 

TBC 0.03 0.78 - 0.26 0.16 - 0.16 0.61 

HNA - 0.22 0.11 - 0.47 0.009 0.06 0.84 

LNA 0.25 0.06 0.03 0.83 - 0.02 0.95 

Protists 0.12 0.37 - 0.23 0.23 - 0.17 0.59 

Chl a 0.07 0.57 - 0.26 0.15 - 0.05 0.85 
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concentration did not show variation from warm patch to the frontal section, 

except at station 1 at the southern side of the warm patch (Fig. 2A.9c). 

Interestingly, TEP’s and HNA signatures were also seen towards the edge of 

the filament at 19.55 °N at high concentration at the surface; the depth of 

MLD was very shallow (~20 m) (Fig. 2A.9a, c). A significant inverse relation 

was observed between depth-integrated TBC and TEP’s in the filament (r = 

- 0.98, p = 0.002). 

 

 

 

 

 

 

 

 

 

 

Fig. 2A.9 Depth integrated values of (a) TBC, HNA bacteria and LNA 

bacteria, (b) Protist abundance, (c) TEP’s and Chl a concentration during the 

EWM cruise. 
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2A.3.3 Peak Winter Monsoon 

2A.3.3.1 Total bacterial count, high and low nucleic acid content bacteria, 

and protist abundance 

In the case of PWM, the TBC and HNA bacteria values were higher 

when compared with EWM. During PWM, TBC abundance in the frontal 

and non-frontal region was significantly different (df – 1; F – 8.36; p – 0.006) 

and ranged between 4.35 × 108 and 6.65 × 109 cells L-1 (Fig. 2A.10a). 

Similarly, HNA and LNA bacteria were also twice as high during PWM 

wherein frontal stations were dominated by HNA bacteria (ANOVA: df – 1; 

F – 10.66; p – 0.02) and adjacent non-frontal stations by LNA bacteria (Fig. 

2.10c, e). Further, high HNA abundance in the frontal region was positively 

correlated with Chl a (r = 0. 43; p = 0.006; n = 16). The values for the depth-

integrated TBC, HNA and LNA bacteria were one-fold higher during PWM 

as compared to EWM (Figs. 2A.11a and 2A.9a). 

The variations in the protist abundance with reference to fronts differed 

between the seasons. Their abundance ranged from 106 to 108 cells L-1 (Fig. 

2A.10d) and was high during PWM. It varied between 9.11 × 106 and 1.03 × 

108 cells L-1, was higher in the non-frontal region. The depth-integrated 

values were high during EWM. During PWM, protists were high outside the 

frontal regions and among the fronts were more abundant near the front, T2-

F (Fig. 2A.11b). 

 

2A.3.3.2 Relationship between HNA bacteria and Bacterial Production 

In order to elucidate the relationship between HNA bacteria and BP, 

samples were analysed during PWM. BP was significantly higher in the 



 

38 
 

frontal regions, especially in the T2-F (ANOVA: df -1; F - 43.55; p – 0.000) 

(Fig. 2A.10b). Further, BP showed a strong positive correlation with HNA 

bacteria, which indicated that these populations could be used as a proxy for 

enumeration of active populations in the NEAS water column (r = 0. 49; p = 

0.01; n = 16). Overall, BP ranged between 0.09 - 10.04 µg C L-1 h-1 in the 

non – frontal and 1.45 - 21.54 µg C L-1 h-1 in the frontal stations, respectively. 

The production rate was approximately two to four-fold higher in the fronts 

as compared to non - fronts (Fig. 2A.10b). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2A.10 Spatial and vertical profiles of (a) TBC, (b) BP, (c) HNA bacteria, 

(d) Protists, (e) LNA bacteria, (f) Bacteria: Protists ratio and (g) TEP’s during 

PWM cruise. Cell abundance is expressed as cells L-1. Dots indicate the 

sampled depth and dotted line indicates the variability in the mixed layer 

depth along the section. 
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2A.3.3.3 Transparent exopolysaccharides  

TEP’s ranged from 314 - 1212 μg XG. eq. L-1 and were significantly 

high during PWM (Fig. 2A.10g). Low levels of TEP’s in the T1-F frontal 

stations were consistent with the elevated BP and HNA bacteria (Fig. 

2A.10b, c, and g). The depth-integrated TEP’s values were higher during 

PWM at T2-F and NF (Fig.2A.11c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2A.11 Depth integrated values of (a) TBC, HNA bacteria and LNA 

bacteria, (b) Protist abundance, (c) TEP’s and Chl a concentration during the 

PWM cruise. 
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2A.4 Discussion 

In the present study area, i.e., NEAS, the bacterial populations were 

categorized into HNA and LNA bacteria. The occurrence of HNA and LNA 

bacteria in different water masses and seasons could be related to nutrient 

availability. Overall, the nutrients were high at the surface in the frontal 

regions during both the seasons. Moreover, during the PWM, an increase in 

nitrate, phosphate, and silicate at the surface was evident as compared to 

EWM (Roy and Anil, 2015). The metabolically active HNA bacteria were 

dominant in the frontal regions when compared with the non - frontal regions 

irrespective of the seasons. In the aquatic environments, heterotrophic 

bacteria are almost universally distributed into HNA and LNA bacterial cells 

(Gasol et al., 1999; Huete-Stauffer and Moran, 2012). Phylogenetic analyses 

also indicate that HNA and LNA groups are distinct (Schattenhofer et al., 

2011). Not all cells are active within the bacterial community, especially in 

low nutrient ecosystems where resources are scarce, and several diverse 

survival strategies take place (Morita, 1997). HNA bacteria are considered to 

be metabolically active members of a given community, highly dynamic, 

responsible for around 95% of total bacterial carbon production and are 

significant in biogeochemical processes in the various aquatic ecosystems 

(Lebaron et al., 2001; Servais et al., 2003), while the cell-specific activity of 

LNA bacteria is low and thus are regarded as inactive (Lebaron et al., 2001; 

2002). These inactive or dormant cells can resume growth if placed in a 

nutrient-rich or favorable environment (Wang et al., 2009).  

In this study, BP was also higher in the frontal regions. The production 

rate was approximately two to four-fold higher in the frontal regions and 
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showed a significant positive relation with HNA bacteria. This observation 

leads to the conclusion that HNA bacteria are more active than LNA and can 

be used as a proxy for measuring the active cells. A study by Longnecker et 

al. (2006) off the Oregon coast also observed high cell-specific leucine and 

thymidine incorporation rates in HNA bacteria. The HNA bacteria are known 

to incorporate leucine at a faster rate, increase in cell size, and contribute 

significantly to BP in the aquatic environments (Morán et al., 2011). The 

TBC, HNA bacteria, and BP were higher in the frontal regions during PWM. 

These points out that seasonal driven change in nutrient concentrations 

influence and regulates the bacterial populations in the NEAS region.  

Nutrient injections in the frontal zones often support BP via an increase 

in primary production by the larger size phytoplankton (Videau et al., 1994). 

A study carried out by Roy et al. (2015) and Sarma et al. (2015) during the 

same period in the NEAS frontal region reported the dominance of larger 

phytoplankton (Prymnesiophytes) as well as high autotrophic and 

heterotrophic activity. Likewise, a few studies at the frontal regions of 

Northern Pacific subtropical gyres and California Current Ecosystem fronts 

also revealed the presence of larger phytoplankton cells (Diatoms and 

Prymnesiophytes), elevated primary and BP in the fronts (Leonard et al., 

2001; Juranek et al., 2012; Landry et al., 2012). In the present study, high 

HNA bacterial abundance and BP in the frontal regions of NEAS with high 

chlorophyll and nutrients indicate the importance of organic matter released 

by phytoplankton as quality substrates for the sustenance of their population. 

The DOM released by the algal cells has long been recognized as high-

quality food for bacteria (Cole et al., 1982). The factors such as DOM and 
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temperature tend to limit bacterial growth rates (Kirchman et al., 1993). 

Moreover, the temperature has a more significant effect on bacterial growth 

when compared to substrate supply (Yokokawa and Nagata, 2005; 

Longnecker et al., 2006). A few studies have reported that an increase in 

bacterial abundance, growth rate, and phytoplankton biomass was related to 

nutrients, which are also temperature-dependent variable (Behrenfeld et al., 

2006; Boyce et al., 2010). The present observations under the Ocean Finder 

program identified the frontal regions by observing changes in the salinity 

and SST. During EWM, two relatively cold parcels of water were evident 

from the CTD data between 19.25 - 19.48 °N and 19.95 – 20.20 °N; in both 

cases, the temperature decrease was 0.5 to 1.0 °C (Vipin et al., 2015). In the 

case of PWM, the difference in SST between fronts and non-fronts was about 

0.56 to 1.02 °C (Sarma et al., 2015; 2018). However, this subtle change in 

temperature may not be significant in influencing the bacterial growth as 

observed in the temperate oceans, where the cross-frontal differences in SST 

and sea-surface salinity (SSS) are as large as 10 to 15 °C and 2 to 3 PSU 

respectively (Belkin et al., 2009).  

In the present study area, warm patch/non-frontal regions showed a 

high abundance of LNA bacteria along with low phytoplankton biomass 

irrespective of the seasons. A possible reason for this could be that LNA 

bacteria are less dependent on phytoplankton substrates (Scharek and Latasa, 

2007) as most of the population includes dead, dormant, or low active cells. 

An increase in the Chl a signature in the filament region showed the 

availability of the nutrients for micro heterotrophs, which resulted in the 

decrease of metabolically inactive LNA cells. A study by Belzile et al. (2008) 
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observed a quick response of HNA over LNA bacteria during the 

phytoplankton biomass accumulation in Beaufort Shelf waters.  

A significant increase in TEP’s, TBC, and BP from EWM to PWM was 

observed in this study. A significant negative correlation between TBC and 

TEP’s in the filament, as well as the frontal regions, indicate a possible role 

of bacteria in the fast turnover of the carbohydrate-rich organic matter present 

in the frontal zones during both the seasons. Besides, an increase in HNA 

bacteria led to the depletion of TEP’s, possibly indicating their active 

utilization. It has been reported that different microorganisms like viruses, 

bacteria, protists, and zooplankton attach to TEP’s in which heterotrophic 

bacteria have a significant role in remineralization (Cho and Azam, 1988). 

Aggregate/particle-associated bacteria may contribute to a significant 

fraction of BP and remineralization in the surrounding water column 

(Kiørboe and Jackson 2001). They solubilize particulate organic matter by 

expression of various enzymes depending on the substrate availability 

(Hollibaugh and Azam 1983). A study by Arnous et al. (2010) has reported 

that TEP’s are also involved in the dynamics of bacteria and protozoa 

abundance in freshwater pelagic environments.  

Earlier studies have reported the distribution and influence of TEP’s on 

bacterial activity and their role in the biogeochemical processes in the marine 

environment (Passow and Alldredge, 1994; Dam and Drapeau, 1995). A 

study by Ramaiah et al. (2000) during the summer monsoon in the Arabian 

Sea region also suggested that bacterial metabolism could be supported by 

the availability of the TEP’s in the Arabian Sea. In the present study, a 
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positive relationship between TEP’s and Chl a in the front indicate the role 

of in situ production in generating TEP’s.  

In this study, a low-saline surface patch was seen in the EWM-CTD 

section around 19.55 °N where no corresponding signatures of temperature 

and chlorophyll were observed. Interestingly, in this region signatures of 

TEP’s and HNA bacteria were seen. Vipin et al. (2015) suggested that this 

could be due to the rainfall event at (69.90 °E, 16.50 °N) and was related to 

advection. Long-distance advection of low-salinity patches is reported earlier 

from the central part of the Indian west coast (Shankar et al., 2005). The 

present study supports this hypothesis as the abundance of bacteria especially 

HNA bacteria and TEP’s were high, and the coastal production, which is 

mainly dominated by bacteria during the rainfall, might have been advected 

with the water parcel. The presence of this biological signature could also be 

due to the fronts that crossed this transect in the region earlier and could be a 

signature of a trailing front. 

The standing stock of bacteria was similar up to 100 m depth in both 

frontal and non-frontal zones. Ducklow (1999) also pointed out, while 

explaining the pattern in the bacterial variability, that the bacterial standing 

stocks are similar in the euphotic zones ranging 35 - 135 m deep throughout 

the world oceans, while production rates vary more widely. This can be 

attributed to the differences in the metabolic activity of the bacterial 

population, as evident in this study.  

In pelagic ecosystems, predaceous protists are ubiquitous and range in 

size from 2 μm flagellates to >100 μm ciliates and dinoflagellates (Sherr and 

Sherr, 2002). Sherr and Sherr (2002) also stated that predation by protists is 
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a significant source of mortality for both autotrophic as well as heterotrophic 

bacteria. A significant positive correlation between protists and HNA 

bacteria was observed in the front during EWM. A previous study by 

Krstulović et al. (1998) also reported a strong positive relationship between 

bacteria and protists. In general, the standing stocks of aquatic bacterial 

communities are governed by two major factors, i.e., resource supply (both 

inorganic and organic nutrients), and predation (either by bacterivores or 

viral mortality) (Sherr and Sherr, 2002). In the case of predation, bacterial 

cell size has a vital role in determining bacterial susceptibility to predation 

pressure (Gude 1989; Hahn and Hofle 2001). It has been reported that size-

selective grazing by protists mainly bacterivorous nanoflagellates (HNF) 

exerts strong grazing pressure on medium and larger sized cells (Lampert, 

1987; Montagnes et al., 2008). This could be one of the reasons for the 

preference of protists for HNA bacteria, as their size is larger than LNA 

bacteria, thereby facilitating energy transfer to higher trophic levels. Other 

than cell size, taxonomic composition, cell morphology, and activity also 

have a pronounced role in predator-prey interactions (Gasol et al., 1999; 

Gasol and del Giorgio, 2000; Gerea et al., 2013).  

 

2A.5 Conclusions 

 The present study reported the occurrence of bimodal distribution of 

heterotrophic bacteria for the first time in NEAS frontal region. The 

distribution pattern was influenced by hydrographic conditions and nutrient 

variability. Among the bacterial metabolic types, HNA bacteria were 

dominant in front and filament stations coupled with high BP, whereas, LNA 
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bacteria were abundant in non-frontal stations, irrespective of the seasons 

(Fig. 2A.12). This supports our hypothesis that the response of bacteria 

would be different in frontal and non-frontal regions (Fig. 2A.12). Likewise, 

Chl a was also higher in filament and frontal stations (Fig. 2A.12) and 

positively related to HNA bacteria suggesting that these fractions are more 

dependent on phytoplankton derived organic matter (TEP’s). This was also 

evident from the negative relationship observed between HNA and TEP’s. 

Whereas LNA bacteria did not correlate significantly with Chl a or BP and 

were less dependent on phytoplankton derived organic matter. Overall, the 

differentiation in bacterial metabolic types points out organic matter 

enrichment in the fronts, and that fuels higher productivity.  

 

 

 

 

 

 

 

 

 

 

Fig. 2A.12 Schematic illustration of cumulative variation observed in the 

non-front, filaments and frontal water column; All values are expressed as a 

depth-integrated; X-axis indicate the non-front/warm patch, filament, and 

front; Different Y-axis represent the units for different variables; Different 

colored bubble represents different variables, and the size of the bubble 

indicates the concentration/abundance.   
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2B Evaluation of organic matter degradation through ectoenzyme 

activities in the Northeastern Arabian Sea frontal regions 

2B.1 Introduction 

The preceding chapter (2A) points out that the heterotrophic bacteria 

showed a distinct metabolic response in front, filament, and non-frontal water 

column (Fig. 2A.12). Higher heterotrophic bacterial biomass in the front and 

filament was fuelled by TEP’s. Further, changes that were evident in bacterial 

abundance or chlorophyll a concentration were correlated with the 

hydrographic conditions of the different water masses. Earlier studies carried 

out in the frontal regions of the Gulf of Genoa, Ligurian Sea (Misic and 

Fabiano, 2006), and Gulf of Manfredonia, Southern Adriatic Sea (Monticelli 

et al., 2014), have reported enhanced recycling processes via stimulated 

bacterial abundance, bacterial production (BP) and high ectoenzymatic 

activities as compared to the non-frontal water column. A similar 

enhancement in BP was also evident in the Oran frontal area (Fernández et 

al., 1994) and the California Current System (Samo et al., 2012). Since the 

age of the front is also known to influence their food web dynamics (Sarma 

et al., 2018), assessment of bacterial response and ectoenzymatic activities 

could be pertinent. The ectoenzymes are synthesized/expressed mainly by the 

heterotrophic bacteria. They are either cell surface-attached or occur outside, 

or in periplasmic space of the bacterial cell. Among the ectoenzymes, ɑ-

glucosidases (AGases) act on the fresh, labile, and storage polymers. In 

contrast, β-glucosidases (BGases) influence aged, detrital, and structural 

polymers (Pugnetti et al., 2005; Monticelli et al., 2014). Furthermore, 
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changes in their ratio indicate the enrichment and utilization of organic matter 

(OM) types in a particular ecosystem. Therefore, assessing the ectoenzyme 

activities in different aged fronts could provide information on OM types, 

which can relate to the heterotrophic bacterial activities and TEP’s cycling. 

In this context, five different aged transects were sampled in the coastal, 

shelf, and open ocean regions of NEAS. The objectives of the present chapter 

(2B) were to (i) examine the variations in TEP’s, ectoenzymatic activities, 

and bacterial metabolic types (HNA and LNA bacteria) and (ii) elucidate 

their role in the ecosystem functioning of different aged frontal regions. 

 

2B.2 Materials and methods 

2B.2.1 Study area and sampling 

A cruise on-board RV Sindhu Sankalp (SSK # 060) was undertaken 

under the Ocean Finder program from 22nd January 2014 to 3rd February 2014 

in the NEAS (Fig. 2B.1). A total of five transects, which includes two open 

ocean (T-1 & T-2), one shelf (T-3) and two coastal regions (T-4 & T-5) were 

sampled in the NEAS, and depending on the differences in SST, the front and 

non-frontal stations were identified in each of the transects. To evaluate the 

age of the front, a sequence of 12-hourly SST images from different weather 

forecasting satellites, i.e., NOAA-18, NOAA-19, and MetOp-B were made 

available in near real-time by Indian National Centre for Ocean Information 

Services (INCOIS).  
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Fig. 2B.1 Map showing sampling stations in the northeastern Arabian Sea 

(NEAS). Different colored dots indicate different transects. 

Based on the SST, firstly, the fronts were mapped followed by its 

formation and movement monitored six times a day for about 10-15 days. 

The age of each front was determined based on the day on which it initially 

appeared and the day on which it was sampled. Furthermore, the changes in 

the size and shape of the fronts, and their movements were considered 

cautiously for defining the age (Vipin et al., 2015; Sarma et al., 2018). 
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Among the transects, coastal T-5 consisted of 0.5-day old fronts followed by 

open ocean T-1 (3.3 days old) and T-2 (6 days old), while another coastal 

transect, i.e., T-4 and shelf transect T-3 were 9 and 11 days old, respectively 

(Fig. 2B.1). Seawater samples were collected at different depths using 

Seabird Conductivity – Temperature – Depth (CTD) rosette system fitted 

with 10 L Niskin bottles. The vertical profiles of salinity and temperature 

from different transects were obtained using a Seabird CTD probe, and data 

were processed using the Sea save V7 software. The phytoplankton biomass 

was measured in terms of Chl a using High-Performance Liquid 

Chromatography as described in Roy and Anil (2015). Dissolved nutrient 

concentrations such as nitrite, nitrate, phosphate, and silicate were analyzed 

using an automated nutrient analyzer (Skalar SAN PLUS 8505 Interface 

v3.31, Netherland), as described in Grasshoff et al. (1983).   

 

2B.2.2 Flow cytometry analyses 

2B.2.2.1 Enumeration of total bacterial count, high and low nucleic acid 

content bacteria 

The detailed methodology has been described in chapter 2A and section 

2A.2.4. 

 

2B.2.2.2 Enumeration of protist abundance  

The detailed methodology has been described in chapter 2A and section 

2A.2.4. 
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2B.2.2.3 Enumeration of bacterial production 

The detailed methodology has been described in chapter 2A and section 

2A.2.5. 

 

2B.2.3 Transparent exopolysaccharides estimation 

The detailed methodology has been described in chapter 2A and section 

2A.2.6. 

 

2B.2.4 Measurement of ectoenzyme activity 

Ectoenzyme activities (AGases, BGases, and chitinases) were 

measured using 4-methylumbelliferyl (MUF) -α-D-glucoside, 4-MUF-β-D-

glucoside, and 4 -MUF-N-acetyl-β-D-glucosaminide (1 µM final 

concentration) as described by Hoppe (1993). The working standard was 

prepared by diluting the fluorescently tagged substrate in sterile water with 

the addition of methyl cellosolve. The standard curve was established using 

a series of known substrate concentrations (50 nM – 5 µM) and incubated 

with the seawater samples (25 mL) for a period ranging from 30 min to 24 

hr. Based on the standard curve and the saturation point of the fluorescent 

substrate, 1 µM substrate concentration, and 2-hour incubation time was 

chosen for the present study. After incubation, ectoenzyme activities were 

measured using a fluorescence spectrophotometer (Shimadzu RF5031) 

equipped with 365 – 440 nm excitation and emission wavelength. 
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2B.2.5 Statistical analyses 

 Before the statistical analyses, overall data sets were log-

transformed and normalized using the Shapiro-Wilk’s W test. The datasets 

fulfilling the assumptions for parametric analysis were subjected to a one-

way analysis of variance (ANOVA) for assessing the significant variation 

between the frontal and non-frontal regions (SPSS statistics V.22; IBM). 

Further, the relationship between biotic (TBC, BP, HNA, LNA bacteria, 

AGases, BGases, and chitinase) and environmental variables (salinity, 

temperature, Chl a, TEP’s, and dissolved inorganic nutrients) was evaluated 

using redundancy analysis (RDA). Before the RDA, the linear characteristics 

of the data sets were assessed using detrended correspondence analysis 

(DCA; length of first DCA axes < 2 SD units) and standardized. The above 

statistics were performed using CANOCO version 4.5 for Windows software 

package (ter Braak and Smilauer, 2002), and the contours were plotted using 

Ocean Data View (ODV 5.1.0) software. 

 

2B.3 Results 

2B.3.1 Environmental variables  

SST varied from 23.83 to 24.81 °C and 24.66 to 25.04 °C in the front 

and non-frontal stations, respectively (Fig. 2B.2a). The average temperature 

was relatively high in most of the non-frontal stations, irrespective of 

transects. Salinity ranged between 35.49 and 36.58, and 35.50 and 36.50 in 

the front and non-frontal stations, respectively (Fig. 2B.2b). Among the 

transects, salinity was low in T-5, which was sampled in the coastal region. 
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Fig. 2B.2 Spatial and vertical profiles of (a) temperature, (b) salinity, (c) 

nitrate, (d) nitrite, (e) silicate, and (f) phosphate along the cruise transect. 

Dots in the contour plots indicate the sampled depth. Different symbols on 

the top of the contour plots represent the frontal stations in each transect. 

In the case of dissolved inorganic nutrients, nitrate and phosphate 

showed a similar trend (Fig. 2B.2c, f), which was high in T-2 (9.8 and 3.69 

µMol L-1, respectively) and decreased significantly in T-5 transect (5.04 and 

1.56 µMol L-1, respectively). Whereas, nitrite was high in T-5 (3.96 µMol L-

1) and decreased in T-3 (0.39 µMol L-1) (Fig. 2B.2d). The concentration of 

silicate was low in the surface waters (Fig. 2B.2e), irrespective of the 

transects, and was negatively correlated to Chl a.  

 

 

 



 

54 
 

 

 

 

 

 

 

 

 

 

Fig. 2B.3 Spatial and vertical profiles of Chl a along the cruise transect in 

the NEAS. Black dots indicate sampled depths in the contour plot. Different 

symbols on the top of the contour plots represent the frontal stations in each 

transect. 

Chl a, which is an indicator of phytoplankton biomass, showed 

significant difference between the fronts and non-fronts, with high values 

observed in the surface waters of open ocean (T-2) and coastal (T-5) frontal 

stations (Fig. 2B.3). The depth-integrated Chl a was also high in the open 

ocean (58.91 mg m-2) followed by shelf (54.82 mg m-2) frontal stations (Fig. 

2B.4a). However, some of the non-frontal stations also showed high depth-

integrated Chl a, which were located close to the frontal stations (Fig. 2B.4a). 

This could be due to the signature of the trailing front. A similar residual Chl 

a signature was reported earlier in the NEAS frontal region even after the 

front had moved away (Roy and Anil, 2015; Vipin et al., 2015), suggesting 

that this residual signature is factual. 
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Fig. 2B.4 Depth-integrated profiles of (a) Chl a and TEP’s, (b) TBC, HNA 

bacteria, and LNA bacteria, (c) protists, and (d) BP along the cruise section. 

Different symbols on the top of the bars represent the frontal stations in each 

transect. 
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2B.3.2 Variation in total bacterial count, high and low nucleic acid content 

bacteria, bacterial production, and protist abundance 

The sampled transects were sub-divided into three regions depending 

on the locations, i.e., open ocean (T-1 and T-2), shelf (T-3), and coastal 

regions (T-4 and T-5).  

The total bacterial count (TBC) in the upper 100 m water column 

ranged from 3.18 × 108 to 9.39 × 109 cells L-1, which was high in the open 

ocean (T-2) followed by coastal (T-5) and shelf region (Fig. 2B.5a). The 

abundance of HNA bacteria was higher in the coastal region (T-5; 3.55 × 109 

cells L-1) and was significantly different from the non-frontal stations of the 

other two regions, as indicated by ANOVA (Fig. 2B.5b; F - 30.74; p - 

0.0001). Likewise, the depth-integrated HNA abundance was also higher in 

the coastal followed by shelf and open ocean regions, respectively (Fig. 

2B.4b). Although the abundance of HNA bacteria was low in aged open 

ocean frontal stations (T-2), their SSC and FL 1 fluorescence values were 

significantly higher when compared to the other frontal stations indicating 

higher granular (SSC and FL 1) bacteria to dominate the open ocean regions 

(Fig. 2B.6a-d). Hereafter, SSC and FL 1 are referred to as cell granularity 

and DNA content, respectively. The LNA bacteria were high in the open 

ocean non-frontal stations (Fig. 2B.5c) and significantly differed with the 

frontal stations (ANOVA: F - 4.10; P - 0.04). The BP ranged from 0.07 to 

30.67 µg C L-1 h-1, was high in the open ocean frontal station (T-2) followed 

by coastal and shelf frontal stations of the transects (Fig. 2B.5d). Depth-

integrated BP was also high in the open ocean regions (Fig. 2B.4d). One-way 
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ANOVA indicated the BP to vary significantly between the front and non-

frontal stations of all the three regions (ANOVA: F – 11.09; P - 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2B.5 Spatial and vertical profiles of (a) TBC, (b) HNA bacteria, (c) LNA 

bacteria, (d) BP, (e) Protists, (f) Bacteria: Protists, (g) TEP’s, (h) AGases, (i) 

BGases, (j) Chitinase, and (k) AGases: BGases along the cruise transect. 
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Black dots indicate sampled depth. Different symbols on the top of the 

contour plots represent the frontal stations in each transect. 

 

 

 

 

 

 

 

 

 

 

Fig. 2B.6 Spatial and vertical profiles of (a) HNA-granularity (SSC), (b) 

LNA-granularity (SSC), (c) HNA- DNA content (FL 1), (d) LNA-DNA 

content (FL 1) along the cruise transect. See Fig. 2B. 5 for additional details. 

Protist abundance ranged from 2.66 × 106 to 2.99 × 108 cells L-1, was 

higher in the shelf (T-3) followed by the open ocean (T-2) and coastal frontal 

(T-5) stations and significantly varied when compared with the non-frontal 

stations of the transects (Fig. 2B.5e; ANOVA: F - 6.71; P - 0.01). A similar 

trend was also observed in depth-integrated protist abundance (Fig. 2B.4c). 

Although the depth-integrated protist abundance was high in some of the 

non-frontal stations, it was seen that those stations were located adjacent to 
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the frontal stations; thus, it could be a signature of the trailing front (Fig. 

2B.4c). 

The RDA analyses were performed to elucidate the relationship 

between biotic and abiotic variables along the cruise transects. In the RDA 

tri-plot, the length and ordination (angle) of the environmental vectors 

(brown arrows) indicate their relative importance and relations to the RDA 

axes. The position of colored dots in the plots represent the sample points and 

their orientation with species and environmental variables.  

The RDA result indicated a clear difference in all three regions (Fig. 

2B.7a-b) in which 3.3 and 6 days old open ocean frontal stations (T-1 and T-

2) were separated along the RDA axes 1 and related to high granularity, DNA 

content, and BP (Fig. 2B.7a). The RDA axes 1 and 2 explained 35.27 % and 

20.4 % of the variance in the frontal stations, respectively. In open ocean 

stations, an inverse relationship was observed between BP and TEP’s and 

can be related to the dominance of high granular and DNA content cells in 

this region (Fig. 2B.7a). While in the aged shelf (T-3) and coastal (T-4) 

regions, high HNA bacteria were positively related to the TEP’s (Fig. 2B.7a). 

Likewise, the protists in the open ocean and shelf frontal stations showed a 

significant positive relationship with BP, TEP’s, and HNA bacteria (Fig. 

2B.7a). In the case of non-front, RDA axes 1 and 2 explained 25.7 % and 

14.6 % of the variance, respectively. However, a non-significant relationship 

was evident between BP, HNA bacteria, protists, and TEP’s (Fig. 2B.7b). 

 

 



 

60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2B.7 Redundancy analysis (RDA) showing the relationship between 

biotic and abiotic variables in (a) fronts and (b) non-frontal stations of NEAS. 

Blue and brown arrows indicate biotic and abiotic variables, respectively. 

Different coloured symbols indicate the different stations. 
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2B.3.3 Variation in transparent exopolysaccharides and ectoenzyme 

activities  

Overall, TEP’s concentration ranged from 145 to 2341 μg XG eq. L–1, 

which was high and almost equal in coastal non-front and shelf frontal 

stations (Fig. 2B.5g). Whereas, the depth-integrated TEP’s concentration was 

higher mainly in the shelf frontal stations (189.21 mg XG eq. m-2; Fig. 

2B.4a). One-way ANOVA indicated the TEP’s concentration to significantly 

differ between all the front and non-frontal stations (ANOVA: F - 9.03; P - 

0.004). Patches of TEP’s were observed in coastal non-frontal stations and 

related to low protist abundance and located adjacent to the frontal stations 

(Fig. 2B.5g, e).  

Three different ectoenzyme activities, i.e., AGases, BGases, and 

chitinase, were measured along the cruise transect. The AGases and 

chitinases activities ranged from 4.2 to 79.6 and 5.6 to 95.46 nM C L-1 h-1, 

were high in young coastal front (T-5), and significantly differed with non-

frontal stations of the transects (Fig. 2B.5h, j; ANOVA: F - 4.81; P - 0.03). 

Whereas, BGases activity was high in the aged shelf (T-3) and open ocean 

frontal stations (T-2) and ranged from 4.85 – 59.43 nM C L-1 h-1 (Fig. 2B.5i). 

The AGases/BGases ratio was calculated by dividing the Vmax values of 

AGases and BGases that provides the information on substrate types (labile 

or refractory) available in the environment. High AGases/BGases ratio (> 1) 

indicates the presence of more labile carbohydrate-rich polymers in the water 

column. In the present study area, the AGases/BGases ratios differed 

between all the five transects of front and non-frontal stations (Fig. 2B.5k). 

The average AGases/BGases values ranged from 0.98 to 1.3, was high in the 
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coastal fronts (AGases/BGases = 1.0 – 1.3) when compared with the non-

frontal stations (AGases/BGases = 0.93 - 1.06).  

In RDA, both AGases and BGases activity showed a strong coupling 

with TEP’s in which AGases activity (RDA score: 0.62) was more related to 

TEP’s in coastal frontal stations (T-5; Fig. 2B.7a), and BGases activity (RDA 

score: 0.50) in the shelf (T-3) and open ocean (T-2) frontal water column 

(Fig. 2B.7a). The BGases activity also showed a positive relationship with 

BP, but only in the shelf frontal stations (Fig. 2B.7b). In addition to AGases, 

a significant and positive relationship was evident between TEP’s and 

chitinases activity in the coastal frontal stations (Fig. 2B.7a). 

                             

 

 

 

 

 

 

 

 

 

 

                                                      

Fig. 2B. 8a Schematic illustration of cumulative variation observed in the 

open ocean (a) front and non-frontal regions; All values are expressed as a 

depth-integrated; X-axis indicate the non-front and different aged fronts; 

Different Y-axis represent the units for different variables; Different coloured 

bubble represents different variables, and the size of the bubble indicates the 

concentration/abundance. 
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Fig. 2B. 8b-c Schematic illustration of cumulative variation observed in the 

shelf (b) and coastal (c) front and non-frontal regions; See Fig. 2B.8a for 

additional details. 

 

 

 



 

64 
 

2B.4 Discussion 

In the present study, the approximate age of the fronts varied from a 

minimum of 0.5 (T-5) to a maximum of 11 days (T-3) (Fig. 2B.8). The RDA 

analyses indicated that different aged transects (includes fronts and non-

fronts) clustered separately and were associated with different variables. 

High TBC and BP were observed in the open ocean transect (T-2). The 

frontal evaluation by Sarma et al. (2018) stated that the responses of different 

biological components in different frontal regions are not similar and 

determined by different factors such as age, background conditions, seasonal 

and intra-seasonal variability. Further, Sarma et al. (2018) suggested that 

high TBC in the open ocean transects could be due to the upwelling and 

mixing of nutrient and bacteria-rich deeper water to the surface as evidenced 

by the deeper mixed layer in the open ocean region. The changes in the 

bacterial physiological states were evident in the present study (Fig. 2B.8), 

which could be another possible reason for the increase in TBC and BP in 

the frontal stations of the transects. It is widely reported that bacteria pose 

different characteristics in the natural environment depending on the 

nutrients and other environmental conditions and are referred to as LNA 

bacteria and HNA bacteria (Gasol et al., 1999; Lebaron et al., 2002). 

Members of HNA bacteria tend to have a larger genome and more active, 

while LNA bacteria with a smaller genome are considered as a less active or 

inactive fraction of the bacterial community (Schattenhofer et al., 2011). In 

this study, metabolically less active-LNA bacteria were abundant in the non-

fronts, while frontal stations of the transects showed the dominance of highly 

active HNA bacteria and related to BP. Within the fronts, the cell granularity 
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and DNA content of bacteria showed a significant variation, which was 

dependent on the frontal age in this study. For instance, the younger coastal 

front (T-5) was dominated by smaller sized cells (Low granularity and DNA 

content) when compared with the aged open ocean (T-2) and shelf (T-3) 

frontal regions (High granularity and DNA content). The transition between 

LNA and HNA bacteria in fronts describes the nutrient availability and 

hydrographic conditions in this study. The frontal stations often showed high 

nutrients, Chl a, and well-mixed water column (Roy et al., 2015; Vipin et al., 

2015), which could have accelerated the proliferation of HNA bacteria along 

with BP. 

Similar to the physiological state, a significant variation in the 

ectoenzymatic activities was evident in the frontal regions of the NEAS. In 

the present study area, both glucosidases (AGases and BGases) activities 

were significantly correlated to TEP’s, and this relationship varied with the 

age of the fronts (Fig. 2B.8). For example, AGases activity was correlated to 

TEP’s in the younger frontal region of the coastal transect (T-5 – 0.5 days 

old), whereas a significant positive relationship of TEP’s was observed with 

BGases activity in aged open ocean (T-2 – 6 days old) and shelf frontal 

stations (T-3 – 11 days old) (Fig. 2B.8). Likewise, the average 

AGases/BGases ratio was higher in young coastal frontal stations (1.19) 

when compared with the aged open ocean front (1.08). Generally, 

AGases/BGases ratio is an indicator of organic matter composition in 

different environments. For instance, enzyme ratios >1 are related to fresh 

organic materials and include substances like starch, and AGases are known 

to hydrolyze starch and maltose, whereas BGases mainly targets glucose 
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dimer linkages (Somville, 1984; Chrost, 1992). It has been reported that two 

different processes enrich the extracellular organic carbon in the aquatic 

environments; 1) release during the growth/production cycle of 

phytoplankton, and 2) the presence of detritus material/phytoplankton decay 

via viral lysis or grazing (Evans and Brussaard, 2012; Monticelli et al., 2014). 

When organic matter is released during the growth cycle of phytoplankton, 

it enhances the AGases activity, while when the OM is derived from detritus, 

BGases activity is accelerated (Pugnetti et al., 2005). Similarly, an earlier 

study by Monticelli et al. (2014) in the frontal region of the Southern Adriatic 

Sea observed higher AGases activities during the initial phase of a 

phytoplankton bloom. When bloom crossed the later stage, the BGases 

activity gradually increased and peaked during the bloom collapse. A similar 

trend was evident in the NEAS front wherein younger front with healthy 

phytoplankton dominance (Sarma et al., 2018) showed higher AGases 

activity, whereas, BGases activity proliferated in the aged front. It seems that 

both healthy and dead phytoplankton produces OM, while the chemical 

composition differs with their physiological state (Biddanda and Benner, 

1997). Moreover, glucosidases are glycoconjugate (including alpha- or beta-

linked) specific enzymes (Barman, 1969); the observed relationship in the 

present study points out that sources and chemistry of carbohydrates differed 

with the age of the fronts and that influences the enzymatic activities in 

NEAS.  

It was interesting to note that high TEP’s concentration in coastal 

frontal stations (T-4) showed a positive relationship with chitinases activity 

in this study (Fig. 2B.7a). Chitinases are glycosyl hydrolases that break down 
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glycosidic bonds in chitin biopolymer (Gooday, 1990). Zooplankton excretes 

(molts and carcasses) are one of the significant sources of chitin in the marine 

environment, and colonization of bacteria on the chitin surface plays a role 

in carbon and nitrogen cycling (Gooday, 1990; Tang et al., 2010; Beier and 

Bertilsson, 2013). The average annual chitin biopolymer production by 

crustaceans in the marine environments is estimated to be 40 mg m−2 yr−1 

(Cauchie, 2002). However, there are also some genera of centric diatoms, 

such as Thalassiosira and Skeletonema, which produce chitin biopolymer 

(Smucker and Dawson, 1986; Brunner et al., 2009; Durkin et al., 2009). No 

earlier studies have compared TEP and chitinases activities, but the formation 

of TEP’s is often mediated via dissolved organic matter (DOM) excreted by 

zooplankton communities (Thornton, 2004; Dutz et al., 2005; Prieto, 2006). 

Also, the ingestion of TEP’s by zooplankton (mainly copepods) potentially 

releases surface-active precursor material for TEP’s formation (Schuster and 

Herradl, 1995; Ling and Alldredge, 2003; Croot et al., 2007). A concurrent 

study on zooplankton communities indicated on an average three times 

higher biomass of zooplankton in the coastal fronts (2316 ± 930 mg m-2) 

when compared to the other frontal regions (741 ± 233 mg m-2) (Sarma et al., 

2018). Similarly, isotopic study at NEAS frontal regions indicated that both 

phytoplankton and zooplankton biomass predominantly contributed to OM 

(Krishna et al. 2018). This suggests that other than glucosidases, chitinases 

also play an essential role in the recycling of TEP’s in the frontal regions of 

NEAS.  

The chemical composition of TEP’s depends on the source (species 

composition) and environmental drivers (turbulence, salinity, and nutrients) 
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in the water column (Passow, 2002; Pedrotti et al., 2010). The 

microphytoplankton community analyses in the present study area revealed 

the presence and dominance of different diatoms (Bacteriastrum furcatum, 

Chaetoceros spp., Thalassiosira spp., Navicula spp., and Pseudo-nitzschia 

seriata) and dinoflagellates (Scrippsiella trochoidea, Prorocentrum micans, 

Tripos furca, and T. fusus) in the frontal regions which varied with the age of 

the fronts (Chitari, 2019). It has been reported that exopolysaccharides (EPS) 

produced by the diatoms can be sulfated polysaccharides (Brown, 1991; 

Bhaskar et al., 2005; Gügi et al., 2015; Helbert, 2017), and possess different 

combinations of monomer linkages, which provides them a vast diversity that 

may be species-specific (Gügi et al., 2015). For instance, structural 

characterization of EPS derived from Chaetoceros spp. revealed presence of 

glucose, fucose, rhamnose, and galactose, whereas, in Thalassiosira spp., 

mannose, xylose, glucuronic and galacturonic acid were dominant 

(Myklestad et al., 1972; Smestad et al., 1975; Giroldo et al., 2003; Størseth 

et al., 2006). TEP’s are often enriched in different precursors such as fucose, 

rhamnose, arabinose, galactose, glucose, mannose, glucuronate and O-

methylated sugars (Mopper, 1995; Janse et al., 1996; Holloway and Cowen, 

1997), which indicates species-specific sugar composition, which possibly 

affects their enzymatic degradation in different aged fronts. 

In our dataset, a positive relationship was evident between TEP’s and 

BP in aged shelf frontal stations suggesting that heterotrophic prokaryotes 

also could be a possible source of TEP’s other than phytoplankton. Ortega-

Retuerta et al. (2010) and Nosaka et al. (2017) observed a similar positive 

relation between BP and TEP’s earlier in the Mediterranean Sea and the 



 

69 
 

Western Subarctic Pacific region, respectively. Further, high BP and TEP’s 

in aged frontal stations were also related to BGases activity in this study. A 

long-term study carried out by Ortega-Retuerta et al. (2018) in the coastal 

NW Mediterranean Sea reported a similar relation between TEP’s and 

BGases and suggested that high TEP’s concentration might stimulate high 

BGases production which is involved in the degradation of TEP’s thereby 

increasing the bacterial biomass/production. Likewise, Bar Zeev and Rahav 

(2015) have reported that during the proliferation stage, bacteria mainly HNA 

subgroup frequently release dissolved and particulate organic matter and act 

as a precursor material for TEP’s, which may be later hydrolyzed. The 

inference from our cytometry data also suggested that larger/growing HNA 

cells (high SSC and DNA fluorescence values) dominated in aged fronts and 

influenced BP, TEP’s, and BGases activity.  

TEP’s dynamics and related bacterial activities (bacterial production 

and enzyme activities) in NEAS also co-varied with the protist abundance. 

Khandeparker et al. (2018) also observed a correlation between protists, 

HNA bacteria, and TEP’s during early winter monsoon in this region 

(Chapter 2A), and the protists size ranged from 1 - 5µm. A few studies have 

shown that 2 – 5 µm size HNF are more effective bacterivores in the marine 

pelagic zone (Sanders et al., 1992; Rgens and Massana, 2008). In our dataset, 

the depth-discrete and depth integrated protist abundance, was seen 

increasing with the increase in the age of the front. Further, a high abundance 

of protists showed a positive loading with TEP’s, BP, BGases, and HNA 

bacteria in the aged open ocean (T-2) and shelf (T-3) fronts. However, no 

relation was seen in the non-front (Fig. 2B.7b). One of the possible reasons 
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could be that the protists may get benefit from grazing on TEP/TEP-attached 

bacterial communities in aged fronts. It has been reported that older or aged 

TEP’s contain more attached bacteria, flagellates, microplankton, and are 

palatable than newly formed TEP’s (Ling and Alldredge, 2003). The impact 

of grazing on bacterial populations is also dependent on other factors such as 

size selectivity, substrate supply, and bacterial competition (Hahn and Hofle, 

2001). Pernthaler et al. (1996) suggested within size-selective grazing, mid-

size cells (0.4-1.6 µm) are grazed more effectively than small (< 0.4 µm) and 

larger ones (> 2.4 µm). A recent field study by Ballen-Segura et al. (2017) in 

a Lake Redon also found that the flagellates elude smaller size bacteria as a 

food source. There could be other possible reasons for the increase of protists 

in the aged fronts that were dominated by bacteria with high granularity and 

DNA content. A higher abundance of protists in older fronts is also due to 

the lag period in response (Fig. 2B.8a-c). Earlier studies by Šimek et al. 

(2013) and Sintes and del Giorgio (2014) reported that the protists, especially 

HNF, are known to have distinctive lag phases and growth responses when 

grazing on different bacterial taxa which are indirectly related to prey quality. 

Thus, high grazing pressure on actively growing bacteria and TEP’s by 

protist populations could enhance the energy transfer to a higher trophic level 

and allow the fronts to be more productive. 

 

2B.5 Conclusions  

The present study indicated clear physiological shifts in bacteria with 

a high abundance of LNA bacteria in non-fronts, shifted to the dominance of 

HNA bacteria in the frontal regions, which was influenced by frontal age and 
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hydrographic conditions (Fig. 2B.8a-c). Likewise, substrate availability and 

substrate composition determined the rate of enzymatic activities in different 

aged fronts (Fig. 2B.8). TEP’s in younger fronts showed a positive 

relationship with AGases activity, whereas, BGases activity was related to 

TEP’s in the older fronts. Similar to enzymatic activities, protists also showed 

a distinct lag period that was influenced by the frontal age. The abundance of 

protists was low in younger coastal fronts, and an increase in substrate 

concentration (i.e., HNA bacteria with higher granularity) influenced their 

proliferation in aged open ocean and shelf fronts. Thus, the active recycling 

of TEP’s by metabolically active bacteria and protists enables a stronger 

microbial loop, which results in the frontal system to be more productive 

irrespective of the spatial differences.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

72 
 

2C Ecological relevance of high nucleic acid content and low nucleic acid 

content bacteria in a monsoon influenced tropical Zuari estuary 

2C.1 Introduction 

Estuaries are interfaces between the marine and freshwater systems, 

which show environmental gradients in variables such as temperature, 

salinity, nutrients, and organic matter (OM). Heterotrophic bacteria are quick 

respondents to many of these gradients, thereby influencing the estuarine 

food webs (Azam et al., 1983). Various studies have reported that the 

bacterial populations are not entirely active; rather, some of the bacterial 

populations appear to be highly active, less or inactive at any phase in their 

growth cycle (Button et al., 1996). In the last two decades, the combination 

of flow cytometry (FCM) with nucleic acid stains routinely showed the 

occurrence of two bacterial fractions, which are distinct in cell size, 

complexity, and DNA content. They are named as low nucleic acid content 

(LNA) and high nucleic acid content (HNA) bacteria (Button et al., 1996; 

Gasol et al., 1999; Lebaron et al., 2001). Among the two, HNA bacterial 

fractions are considered as highly active and dynamic because of their high 

cellular complexity and DNA content. Whereas LNA bacteria are depicted 

as inactive or dormant (Lebaron et al., 2001). However, subsequent studies 

have highlighted that LNA bacteria are also part of an active fraction and 

possess metabolic activities similar to HNA bacteria in selected ecosystems 

(Longnecker et al., 2005; Wang et al., 2009; Gözdereliler et al., 2013), 

especially in stressed environmental conditions (Bouvier and Maurice, 

2011). During stress conditions, LNA bacteria enable reduced metabolism 
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and a distinct membrane constitution that helps to overcome unfavorable 

environments (Salcher et al., 2011; Ramseier et al., 2011). The HNA bacteria 

outcompete LNA bacteria in productive coastal and oceanic frontal systems 

and are positively related to high bacterial production (BP) and chlorophyll 

a (Chl a) (Bouvier et al., 2007; Santic et al., 2012; Khandeparker et al., 2018) 

(Chapter 2A). Many recent studies have suggested that the shifts in HNA and 

LNA bacterial fractions may indicate the change in bacterial bulk activities 

as well as community composition (Segovia et al., 2018; Sharuddin et al., 

2018; Santos et al., 2019). Likewise, studies on HNA and LNA bacteria in 

different marine and freshwater systems found that their distribution pattern 

is controlled by nutrients, substrate availability, temperature and salinity 

(Joux et al., 2005; Wang et al., 2009; Santic et al., 2012; Liu et al., 2017; 

Khandeparker et al., 2018). However, of the studies in marine and freshwater 

environments, the majority occur in temperate systems with few in tropical 

systems, especially in monsoon-influenced estuaries. Generally, freshwater 

input in monsoonal estuaries far exceeds the total volume of the estuary 

during the peak discharge period, while in temperate estuaries, it acts as a 

primary driver of the long-term circulation (Eyre and Balls, 1999). Seasons, 

rainfall, and turbidity are also reported to have distinct roles in temperate and 

tropical ecosystems resulting in different biological productivity (Qasim and 

Gupta, 1981; Mallin et al., 1992; Wilson, 2002; Kim et al., 2017). Therefore, 

elucidating the changes in bacterial abundance and activity on a spatial and 

seasonal scale is essential to understand the functioning of the estuarine 

ecosystem, especially in the tropics.  
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The present was carried out in the Zuari estuary, which is a monsoon-

influenced tropical system, showing highly stratified conditions during the 

monsoon and is well mixed during the non-monsoon season (Vijith et al., 

2009; Sundar et al., 2015). Periodic flushing and tidal action have been 

reported to influence the chemistry and biology of this estuary (Rao et al., 

2011; Anand et al., 2014; Suja et al., 2016; Khandeparker et al., 2017a). 

Freshwater inflow increases fluxes of terrigenous materials and riverine 

microorganisms, thereby altering the OM and bacterial community 

composition (Eswaran and Khandeparker, 2017). A significant portion of 

estuarine OM is mainly composed of carbohydrates and occurs as simple 

sugars or complex polymers and widely known as transparent 

exopolysaccharides (TEP’s) (Decho, 1990). These TEP’s are heterogeneous 

nature; their degradation processes are mediated by a set of bacterial 

originating hydrolytic enzymes, i.e., α – glucosidases (AGases) and β – 

glucosidases (BGases) (Chróst, 1989). Among the two, BGases are inducible 

ectoenzymes and mainly involved in the degradation of structural 

polysaccharides. Further, they are expressed or suppressed by bacterial 

communities depending on the substrate availability. Few of these functional 

hydrolytic enzymes have been used as indicators of bacterial metabolic 

activities (Coolen and Overmann, 2000). However, understanding the links 

between metabolic activities and bacterial nucleic acid content was not 

attempted earlier in the tropical estuaries. We hypothesized that the shifts in 

HNA and LNA populations, which indicate their metabolic activities, is 

governed by the monsoonal discharge, and can influence the cell-associated 

BGases expression. In order to address this, the following objectives were 
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laid 1) Spatio-temporal variations in the composition of HNA and LNA 

bacteria in this estuary and 2) Elucidating the influence of environmental 

factors on the dynamics of HNA and LNA bacteria 3) Understanding the 

relationship between bacterial abundance and BGases expression.  

 

2C.2 Materials and Methods  

2C.2.1 Study Area and Sampling  

The Zuari estuary is located along the west coast of India (Goa) and 

connected to the central Arabian Sea (Fig. 2C.1). It is one of the economically 

important estuaries in Goa, and the amount of household/industrial effluent 

discharged into this estuary is approximately about 30 million litres per day 

(Pangare et al., 2006). The main channel of the Zuari estuary is about 50 km 

long, and about 5 km wide at the mouth, which decreases towards the 

upstream (0.05 km). This estuary experiences an annual seasonal cycle: 

premonsoon (PreM; February to May) followed by southwest monsoon 

(henceforth referred to as monsoon-MON; June - September), and post-

monsoon (PostM; October to January), and remains well mixed during the 

PreM and stratified during the MON. The stratification is mainly caused by 

high freshwater discharge (>400 m3 s-1 during MON) from different rivers 

(Kushavati, Sanguem) that are located upstream of this estuary (Shetye et al., 

2007). The high freshwater discharge during MON results in significant 

changes in the physicochemical characteristics of this estuary (Shetye et al., 

2007). Tides in this estuary are mixed semidiurnal type, appear twice a day, 

and the tidal ranges are ~ 2.5 and 1.5 m during spring and neap tides, 

respectively (Shetye et al., 2007).   
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 Fig. 2C.1 Map showing sampling stations along the Zuari estuary. Mouth 

(S-1 and S-2), Lower mid (S-3 and S-4), Upper mid (S-5 and S-6), and 

Upstream (S-7 and S-8) 

Surface and near-bottom (NB) water samples were collected using 5 L 

Niskin bottle from eight stations (S1-S8; Fig. 2C.1; Table 2C.1) along the 

salinity gradient of 0 to 35 in the Zuari estuary on a monthly basis from 

November 2013 to December 2014 during flood tide conditions except for a 

few months during ebb tide (Table 2C.2). The sampled locations were 

defined based on the salinity as the mouth (MU; S1 and S2; >30), lower 

middle (LM; S3 and S4; 30 to 15), upper middle (UM; S5 and S6; 15 to 0.5) 

and upstream (US; S7 – S8; < 0.5 / freshwater). Triplicate samples were 

collected for all the parameters during each sampling. After collection, the 
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samples were stored on ice in dark conditions and transported to the 

laboratory. 

Table 2C.1 Details of sampling stations located at the Zuari estuary 

 

 

 

 

 

 

 

Table 2C.2 Tidal phase (in meters) and rainfall (in millimetres) for the sampling 

days. LT – Low Tide; HT – High Tide 

 

 

 

 

 

 

 

 

 

 

 

 

Station No. Station name Distance from mouth (km) Depth (m) 

S-1 Dona Paula 0 16 

S-2 Chicalim 5.8 5 

S-3 Cortalim 13 9.6 

S-4 Loutulim 19.7 10.5 

S-5 Borim 23.9 12.9 

S-6 Shiroda 31.4 9.1 

S-7 Khusavati 38.4 9.9 

S-8 Sanvordem 42.2 4.9 

Sampling 

dates 

(d-m-y) Tidal phase 

Calculated tidal range 

during sampling period 

(m) 

Rainfall 

data 

( mm) 

16-11-2013 LT (Neap tide) 1.85 – 0.27 0 

05-12-2013 HT (Spring tide) 1.21 – 1.98 0 

16-01-2014 HT (Spring tide) 1.48 – 1.55 0 

28-02-2014 HT (Spring tide) 0.77 – 2.13 0 

31-03-2014 HT (Spring tide) 0.73 – 1.95 0 

30-04-2014 HT (Neap tide) 0.37 – 1.68 0 

30-05-2014 HT (Spring tide) 0.76 – 1.93 0 

13-06-2014 HT (Spring tide) 1.10 – 2.19 57.4 

14-07-2014 HT (Spring tide) 1.13 – 2.33 126.4 

14-08-2014 HT (Spring tide) 1.09 – 2.11 11.7 

05-09-2014 LT (Neap tide) 1.75 – 1.22 42.7 

01-10-2014 HT (Neap tide) 0.99 – 1.66 2.2 

07-11-2014 LT (Spring tide) 1.61 – 1.58 0 

02-12-2014 LT (Neap tide) 1.83 – 1.06 0 
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2C.2.2 Environmental parameters 

The water column temperature and salinity were determined using a 

portable Seabird Conductivity-Temperature-Depth probe (CTD; Model: SBE 

19 plus). The stratification factor (ΔS) was calculated as a difference between 

surface water (SW) and NB salinity for the entire study period. Estimated 

tide values were retrieved from the tide table, Marmagao region, India. 

Rainfall data for the study region (Goa) was obtained from the India Weather 

Forecast Bulletin 2013 and 2014 (Indian meteorological department (IMD), 

New Delhi; Table 2C.2). For dissolved inorganic nutrients (nitrate, nitrite, 

silicate, and phosphate), subsamples were collected in 5 mL vials in triplicate 

and frozen at -80 °C. Within three weeks of collection, samples were 

analysed using an automated nutrient analyzer (SKALAR San Plus 8505 

Interface version 3.331, Netherlands) following the method described by 

Grasshoff et al. (1983). Chl a estimation was carried out using a standard 

method described by Parsons et al. (1984). For suspended particulate matter 

(SPM) analysis, 250 mL of water samples were filtered using 300 - 400 

mmHg vacuum pressure in triplicate through preashed, weighed 25 mm glass 

fiber filter (GF/F) papers (Whatman, USA) and dried in an oven at 60 °C for 

48 hr. Filter papers with the retained material were re-weighed, and the 

concentration expressed as mg L-1. 

 

2C.2.3 Flow cytometry analyses  

2C.2.3.1 Enumeration of total bacterial count, high and low nucleic acid 

content bacteria 

 Detailed methodology is provided in chapter 2A and section 2A.2.4 
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2C.2.3.2 Enumeration of bacterial production 

Detailed methodology is provided in chapter 2A and section 2A.2.5  

 

2C.2.3.3 Enumeration of cells expressing β-Glucosidases 

The number of cells expressing BGases were enumerated using 

Fluorescein di-β-D-glucopyranoside (FDGlu; Molecular Probes) coupled 

with FCM. Before sample analysis, this method was validated using a 

BGases-positive pure strain (Exiguobacterium indicum; NCBI accession 

number KR047884). Briefly, non-fluorescent FDGlu substrate was 

hydrolyzed by BGases via a 2-step process: first to fluorescein 

monoglucoside (FMG), and then to highly fluorescent fluorescein. Previous 

studies have used FDGlu in measuring BGases activity of yeast and 

recombinant bacterial strains (Kohen et al., 1993; Cid et al., 1994). 

 

2C.2.3.3.1 Isolation and identification of β – Glucosidases producing 

bacteria 

The water samples were collected from the Zuari estuary, and one mL 

of sub-samples were serially diluted and spread plated on Zobell Marine Agar 

2216 (ZMA 2216) and incubated for 24 hr. After incubation, pure cultures 

were isolated from the agar medium and screened for BGases activity. 

Briefly, isolates were streaked on an agar plate containing 0.5% arbutin and 

0.02 % Ammonium ferric (II) citrate (which was filter-sterilized and added 

to the autoclaved medium) and incubated at 30 °C for 24 hr. BGases positive 

isolates hydrolyse the arbutin substrate, and a dark brown color zone 
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develops in the agar plates (Fig. 2C.2a). Based on the biochemical 

characterization and protein profile using MALDI-TOF/TOF (Bruker) with 

biotyper software, the strain was identified as Exiguobacterium indicum. 

Further, bacterial genomic DNA was extracted using pure link genomic DNA 

extraction kit (Invitrogen, USA) and 16S rRNA gene amplification was 

carried out by PCR using the universal primer set 27F (5’- AGA GTT TGA 

TCC TGG CTC AG-3’) and 1492R (5’-GGT TAC CTT GTT ACG ACT T-

30). The sequence obtained by analyzing with an automated DNA sequencer 

(Applied Biosystems) was aligned with Clustal X, and MEGA 4 software 

was used to build the phylogenetic tree (NCBI accession number: 

KR047884). The analysis of the isolated strain’s 16S rRNA confirmed the 

taxonomy obtained from biochemical and protein profiling (Eswaran and 

Khandeparker, 2017). 

 

2C.2.3.3.2 Standardization of flow cytometric analyses for β – Glucosidases 

activity 

For FCM analysis, pure culture of E. indicum was inoculated in the 

broth containing 0.5 % of arbutin, and incubated for 24 hr at 30 °C. After 

incubation, cells were washed and diluted with 0.05M sodium acetate buffer 

(pH 5.5), and subsequently stained with FDGlu for 30 mins in the dark (2mM 

final concentration; Molecular Probes, USA). Control samples were also 

prepared without FDGlu and FDGlu-sample without bacteria to cut off the 

background noise. After incubation, the samples from both the sets were 

analyzed using a BD FACSAriaTM II flow cytometer equipped with a 488nm 

nuclear blue laser using the following detector settings (FSC –286; SSC – 
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310; FL1 – 464) at a threshold rate of 200 (FITC). Emitted light was collected 

through different filter sets: (1) 488/10 bandpass for right-angle light scatter 

(RALS), (2) 530/30 bandpass filter for green fluorescence signal from the 

fluorescein hydrolysis product of FDGlu (Fig. 2C.2b-e). 

 

 

 

 

 

 

 

 

 

Fig. 2C.2 Validation of flow cytometric analysis (a) BGases positive pure 

culture Exiguobacterium indicum isolated from Zuari estuary; (b) Dot plot 

showing control (I) - sample without addition of FDGlu; (c) Dot plot showing 

control (II) – addition of FDGlu without bacteria; (d) Dot plot showing 

positive sample; (e) Histogram plot. 

 

2C.2.3.3.3 Analysis of environmental samples for β – Glucosidases activity 

Prior to staining, the surface and NB water samples were passed 

through a cell strainer cap (40 µm mesh size, BD Biosciences) to remove 

larger particles. For BGases activity, one set of samples (n = 3) were 

incubated with FDGlu (2 mM final concentration; Molecular Probes). The 

FDGlu working stock solutions were always stored on ice to prevent 
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hydrolysis. Control samples (n = 3) were also prepared without the addition 

of FDGlu. Subsequently, the stained and control samples were incubated for 

30 min at 30 °C in the dark. After incubation, the samples were analyzed 

using a BD FACS AriaTM II flow cytometer (BD Biosciences) equipped with 

a 488 nm nuclear blue laser as mentioned in 2C.2.3.3.2. Fluorescent beads (1 

µm; Polysciences) were used as internal standards for calibrating the detector 

voltage. Gating was done against green versus RALS signals to determine 

the number of cells expressing BGases (Eswaran and Khandeparker, 2017). 

 

2C.2.4 Transparent exopolysaccharides estimation 

Detailed methodology is provided in chapter 2A and section 2A.2.6 

 

2C.2.5 Data analyses 

Multivariate analysis of variance (MANOVA) was conducted to assess 

the seasonal, spatial, and temporal variations in TBC, HNA, LNA bacteria, 

BP, and the number of cells showing BGases, followed by Tukey's posthoc 

test for the pairwise comparisons of different variables between the months 

(n=14), and sites (n=8). Since most of the environmental variables did not 

show a significant variation between the surface and NB-water, the data were 

pooled for further statistical analyses. Redundancy analyses (RDA) were 

performed to depict the interrelationships among the set of biotic and abiotic 

variables along the estuary. The biotic data were checked for linear 

characteristics and standardized (length of first DCA axes < 2 standard 

deviation units) before RDA, and the Monte Carlo test was used to assess the 

significance of the RDA method (p < 0.05; 999 permutations; ter Braak and 
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Smilauer, 2002). Concurrently, generalized linear models (GLM) in a 

stepwise manner followed by F-statistics were used to predict the response 

of biotic variables (HNA, LNA bacteria, BP, and the number of cells 

expressing BGases) to environmental ordination axes in RDA. Since 

different environmental variables constrained each RDA axes, the GLM 

analyses helped in predicting the driving factors for each of the biotic 

variables along the estuary during different seasons. The above statistical 

analyses were performed using IBM SPSS statistics (MANOVA; Windows 

Version 22) and CANOCO 4.5 for Windows (RDA and GLM analyses), and 

the contours were plotted using Surfer v. 13 (GOLDEN software).   

 

2C.3 Results  

2C.3.1 Seasonal variation in environmental variables   

The variations in different environmental variables along the Zuari 

estuary during the sampling months are presented in Figs. 2C.3 and 2C.4, 

respectively. The water temperature was higher during PreM (30.11 ± 1.86 

°C) and showed a significant monthly variation (MANOVA; F= 105.24; p = 

0.00001), while the difference among the sites (MANOVA; F = 1.23; p = 

0.28) and depth (MANOVA; F = 0.20; p = 0.65) was not significant (Fig. 

2C.3a, b). Similarly, salinity was high during PreM and PostM, while it 

decreased significantly during the MON (MANOVA; F = 5.22; p = 0.0001; 

Fig. 2C.3c, d). During the onset of MON, the water column was strongly 

stratified (∆S: 4.03 to 11.7; Fig. 2C.4a). Among the sites, salinity was high 

at the mouth and decreased gradually towards the upstream, irrespective of 

the months (MANOVA; F = 5.22; p = 0.0001; Fig. 2C.3c, d). Likewise, SPM 
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was high at the mouth and decreased significantly towards the upstream 

region irrespective of the months as well as depth (Fig. 2C.3e, f). Further, 

SPM was significantly higher at the NB-water than in surface water 

(MANOVA; F = 5.76; p = 0.01; Fig. 2C.3e, f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2C.3 Seasonal variation in temperature (a, b), salinity (c, d), and 

suspended particulate matter (SPM; e, f) in surface (SW) and near-bottom 

(NB) waters, respectively.  
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Fig. 2C.4 Seasonal variation in stratification (a), nitrate (b), nitrite (c), 

phosphate (d), and silicate (e) in surface (SW) and near-bottom (NB) waters, 

respectively. 
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Similar to physical characteristics, the dissolved inorganic nutrients 

i.e., nitrate (MANOVA: F = 18.83; p = 0.0001), nitrite (F = 16.25; p = 

0.0001), and silicate (F = 6.34; p = 0.0001) showed a strong seasonal 

variation (Fig. 2C.4b-e), except phosphate, which showed a significant 

variation between the sites (MANOVA; F = 2.77; p = 0.01). The nitrate 

concentration ranged between 0.04 and 13.17 µMol L-1, was high during 

December 2013 in NB (Fig. 2C.4b). In the case of nitrite, higher 

concentration was observed during April 2014 (PreM) in surface water (Fig. 

2C.4c). It ranged from 0.01 to 6.73 µMol L-1. Whereas, phosphate and silicate 

concentrations were high during MON, especially Aug 2014 irrespective of 

the depth (Fig. 2C.4d, e). Their concentration ranged from 0.19 to 8.49 and 

0.27 to 106.57 µMol L-1, respectively (Fig. 2C.4d, e). 

The average Chl a in PreM (2.68 ± 1.61 mg m3) > PostM (1.55 ± 1.17 

mg m3) > MON (1.21 ± 1.34 mg m3), showing a significant seasonal variation 

(Fig. 2C.5a, b; MANOVA F = 32.82; p = 0.0001). Among the months, June 

2014 showed significantly higher concentration when compared to other 

months, irrespective of the depth (Fig. 2C.5a, b). Likewise, TEP’s also 

showed a strong seasonality (F = 20.72; p = 0.001), with higher average 

values during PostM (500.15 ± 305.71 µg XG eq. L-1 ) followed by PreM 

(340.89 ± 212.10 µg XG eq L-1) and MON months (274.18 ± 163.51 µg XG 

eq. L-1) (Fig. 2C.5c, d). Within PreM, the concentration was high during 

April 2014 (Fig. 2C.5c. d).  
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Fig. 2C.5 Seasonal variation in Chl a (a, b), HNA and LNA bacteria (a, b), 

TEP’s (c, d), number of cells expressing BGases (c, d), and BP (e) in surface 

(SW) and near-bottom (NB) waters, respectively. 
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Fig. 2C.6 Seasonal variation in TBC (a, b) in surface water (SW) and near 

bottom (NB) water, respectively. 

 

2C.3.2 Seasonal variation in total bacterial count, high and low nucleic 

acid content bacteria, bacterial production, and the number of cells 

expressing β – Glucosidases 

During PreM, TBC (cumulative of HNA and LNA bacteria) ranged 

from 1.56 × 105 to 1.14 × 107 cells mL-1. It was low in February 2014, and 

increased significantly in May 2014, irrespective of the depth (Fig. 2C.6a, b; 

MANOVA: F = 28.38; P = 0.00001; Table. 2C.3a). The abundance of HNA 

and LNA bacteria ranged from 7.19 × 104 to 5.39 × 106, and 8.54 × 104 to 

6.41 × 106 cells mL-1, respectively (Fig. 2C.5a, b). Both showed a significant 

temporal variation (MANOVA: HNA: F = 25.67; P = 0.00001; LNA: F = 

25.645; P = 0.00001; Table 2C.3a), and were lower in February 2014, while 

the variation among the sites and depth was not significant during PreM 
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(Table 2C.3a). However, cell granularity (SSC), DNA content (FL 1), and 

the relative distance between cell granularity (SSC) and DNA content (FL 1) 

of HNA and LNA showed a significant difference between the sites and 

seasons (Fig. 2C.7a-f). Further, the variation in cytometry properties of HNA 

was positively correlated to Chl a (spearman's: r = 0.41; p < 0.01), and 

salinity (spearman's: r = 0.67; p < 0.001). In the case of percentage 

contribution, HNA bacteria were either higher (53%) or equal (48 to 50%) to 

LNA bacteria along the estuary, irrespective of the depth (Fig. 2C.8a-d). The 

BP ranged from 0.09 to 27.52 µg C L-1 h-1, was significantly higher in NB 

when compared to the surface water (MANOVA: F = 5.118; P = 0.027; Table 

2C.3a; Fig. 2C.5e). However, the number of cells showing BGases activity 

followed a similar trend as that of TBC and HNA bacteria, i.e., maximum 

during April and May 2014 (Fig. 2C.5c, d; Table 2C.3a).  

During MON, a significant decrease in TBC, HNA bacteria, number of 

cells showing BGases, DNA content of HNA was evident as compared to 

PreM (Figs. 2C.5a-d; 7d and 8a-d; Table 2C.3b). TBC and HNA bacteria 

ranged between 1.49 × 106 to 9.24 × 106 cells mL-1 and 4.02 × 105 and 4.98 

× 106 cells mL-1, respectively (Fig. 2C.5a, b). Whereas, LNA bacteria 

increased during the MON, irrespective of the depth (Fig. 2C.5a, b; Table 

2C.3b). Their abundance ranged from 3.75 × 105 to 8.89 × 106 cells mL-1. 

Among the MON months, July 2014 showed significantly higher LNA 

bacteria as compared to June, August, and September 2014 (Fig. 2C.5a, b), 

which is the peak freshwater discharge period in this estuary as evidenced by 

rainfall data (Table 2C.2). During this time, LNA bacteria contributed 58 to 

61% of TBC (Fig. 2C.8a-d). However, the variation between the depth and 
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sites was not significant except for BP, which showed higher production in 

NB-waters (MANOVA; F = 5.2; P = 0.02; Table 2C.3b; Fig. 2C.5e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  2C.7 Temporal (a-c) and spatial (d-f) changes in DNA content (FL 1), 

Granularity (SSC), and variance between granularity and DNA content of 

HNA and LNA bacteria in the Zuari estuary. The box represents the range 

from 25 to 75 percentiles (%), whisker lines represent the outlier 

percentiles, and the middle line in the box indicates the median values, 

respectively. 
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Table 2C.3 Results of MANOVA between months, stations, and depth for different biotic variables in Zuari estuary during PreM, MON, PostM 

and an annual cycle. Significant values are highlighted in bold. 

  (a) PreM  (b) MON  (c) PostM  (d) Annual cycle 

Variables   Factors df F p  df F p  df F p  df F p 

HNA bacteria 

Months 3 25.67 0.00001 

 

3 10.55 0.0001 

 

5 5.15 0.010 

 

13 11.74 0.0001 

Stations 7 1.36 0.240 7 1.08 0.384 7 2.15 0.059 7 2.85 0.020 

Depth 1 0.223 0.638 1 0.03 0.847 1 5.81 0.020 1 7.64 0.006 

LNA bacteria 

Months 3 25.64 0.00001 3 16.78 0.0001 5 8.23 0.001 13 14.99 0.0001 

Stations 7 1.286 0.274 7 0.28 0.954 7 1.30 0.275 7 0.93 0.401 

Depth 1 0.518 0.475 1 0.01 0.894 1 4.01 0.051 1 10.09 0.002 

TBC 

Months 3 28.38 0.00001 3 14.91 0.0001 5 9.36 0.0001 13 14.83 0.0001 

Stations 7 1.449 0.205 7 0.47 0.851 7 0.93 0.498 7 1.38 0.250 

Depth 1 0.364 0.549 1 0.04 0.827 1 7.68 0.008 1 9.31 0.003 

BGases 

expression 

Months 3 4.06 0.031 3 13.16 0.0001 5 4.80 0.01 13 8.72 0.0001 

Stations 7 1.674 0.138 7 2.13 0.059 7 1.37 0.242 7 2.92 0.010 

Depth 1 0.972 0.328 1 0.07 0.782 1 3.81 0.057 1 0.76 0.382 

BP 

Months 3 2.92 0.04 3 2.13 0.051 5 7.27 0.002 13 1.97 0.022 

Stations 7 1.864 0.093 7 2.10 0.054 7 0.44 0.867 7 2.10 0.021 

Depth 1 5.118 0.027 1 5.21 0.026 1 6.64 0.013 1 33.23 0.0001 
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Fig. 2C.8 Seasonal variation in percentage contribution of HNA bacteria 

a n d  L N A  b a c t e r i a  to TBC in SW (a, b), and NB water (c, d) of 

Zuari estuary; SW – Surface water; NB – Near bottom. 

The PostM season, which is a recovery period of this estuary, showed 

higher TBC, HNA, LNA bacteria, BP, and the number of cells expressing 

BGases when compared to PreM and MON, especially during November and 

December 2013 (Figs. 2C.5a-e and 6a, b). For example, TBC varied from 
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1.80 × 105 to 3.41 × 107 cells mL-1, which was high during November and 

December 2013 (Fig. 2C.6a, b). However, the percentage contribution of 

HNA and LNA bacteria to TBC showed a similar trend as that of PreM (Fig. 

2C.8a-d).  

 

2C.3.3 Factors influencing high and low nucleic acid content bacteria and 

their relationship with the number of cells expressing β – Glucosidases in 

the Zuari estuary 

In the present study, RDA analyses were performed to elucidate the 

environmental drivers that influence bacterial populations in this estuary. The 

RDA axes 1 and 2 were cumulatively explained by 50.9 %, 66.95 %, and 

36.0 % of the variance during PreM, MON, and PostM, respectively (Fig. 

2C.9a-f). The RDA triplot revealed that an increase in the abundance of HNA 

bacteria, TBC and the number of cells expressing BGases during April and 

May 2014, was positively related to salinity, Chl a, and TEP's, while LNA 

bacteria were influenced by temperature and phosphate (Fig. 2C.9a; Table 

2C.4a). Likewise, the percentage contribution of HNA and LNA bacteria to 

TBC was influenced by TEP's (RDA score = HNA: 0.56 and LNA: - 0.61), 

irrespective of the depth (Fig. 2C.9a). Similar to PreM, an increase in HNA 

bacteria were positively related to BP, Chl a, and TEP's, and negatively with 

rainfall, especially during December 2013 (Fig. 2C.9e-f; Table 2C.4c).  

In the case of MON, the higher abundance of LNA bacteria along with 

the simultaneous decrease in HNA bacteria and the number of cells 

expressing BGases have coincided with high rainfall (Table 2C.2) and 

stratification (Fig. 2C.4a), irrespective of the depth (Fig. 2C.8a-d).  
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Fig. 2C.9a-b RDA showing the relationship between biotic and abiotic 

variables in the Zuari estuary during PreM; (a) Triplot; (b) Response curve 

analysis between the species and RDA axes; Black arrows indicate 

environmental variables; dotted black lines are highly significant (Monte 

Carlo test, p < 0.05); Blue arrows indicate species variables; Different 

colored symbols denote the sampled stations during different months from 

the mouth to upstream of the Zuari estuary. 
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Fig. 2C.9c-d RDA showing the relationship between biotic and abiotic 

variables in the Zuari estuary during MON; (c) Triplot; (d) Response curve 

analysis between the species and RDA axes; See Fig. 2C.9a-b for additional 

details. 

The response curve analysis also indicated that the persistence and 

increase of LNA bacteria during MON was positively related to RDA axes 

1, confirming the monsoon’s effect in altering the bacterial nucleic acid 
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content in this estuary (Fig. 2C.9c, d; Table 2C.4b). Such a shift in the nucleic 

acid content significantly influenced the number of cells showing BGases 

activity, irrespective of the depth (Figs. 2C.8a-d and 2C.9c, d).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2C.9e-f RDA showing the relationship between biotic and abiotic 

variables in the Zuari estuary during PostM; (e) Triplot; (f) Response curve 

analysis between the species and RDA axes; See Fig. 2C.9a-b for additional 

details.
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Table 2C.4 RDA associated statistics; Species response to RDA axes during PreM, MON and PostM seasons in Zuari estuary. Significant 

relationships are highlighted in bold. 

(a ) PreM (b) MON (c) PostM 

S. 

No Dependent F p RDA 1 RDA 2  F p RDA 1 RDA 2  F p 

          

RDA  1 RDA 2 

1 HNA bacteria 52.90 < 0.0001 -0.819 0.183 

 

9.16 <0.001 -0.464 0.488 

 

46.88 <0.00001 0.617 -0.011 

2 LNA bacteria 44.80 < 0.0001 -0.767 -0.187 78.07 <0.0001 0.787 0.142 12.18 <0.001 0.557 -0.328 

3 %HNA 36.25 <0.001 0.042 0.561 272.77 <0.000001 -0.847 0.210 4.45 <0.01 0.017 0.486 

4 %LNA 36.25 <0.001 0.053 -0.610 272.77 <0.000001 0.884 -0.142 4.45 <0.01 -0.177 -0.575 

5 HNA:LNA ratio 36.79 <0.001 -0.054 0.610 129.76 <0.000001 -0.883 0.142 4.32 <0.01 0.178 0.575 

6 TBC 92.61 <0.00001 -0.848 0.024 18.65 <0.001 0.492 0.330 37.83 <0.00001 0.608 -0.198 

7 BGases expression 8.07 <0.005 -0.430 -0.041 14.39 <0.001 -0.513 0.683 18.45 <0.001 0.514 0.123 

8 BP 4.18 <0.05 0.229 -0.414 7.19 <0.01 0.173 -0.354 5.96 <0.01 0.349 0.058 
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2C.4 Discussion 

The enumeration of heterotrophic bacteria based on their nucleic acid 

content revealed the occurrence of HNA and LNA bacteria in all the samples, 

irrespective of the depth and seasons. A significant variation in the cytometry 

mean values of granularity (SSC) and DNA content (FL 1) in the case of 

HNA and LNA was evident irrespective of the season and sites (Fig. 2C.7). 

Various studies have suggested that the geometric mean or cytometry 

characteristics (SSC and FL 1) of heterotrophic bacteria change significantly, 

within the ecosystems, e.g., in lakes or across environmental gradients 

(Nishimura et al., 2005; Liu et al., 2016; 2017), suggesting that the bimodal 

distribution is a widespread feature in the bacterial communities. Likewise, 

the ratio between cell granularity and DNA content of HNA and LNA 

bacteria showed significant spatial and temporal variation within this 

estuary. Such variability in the cytometry properties indicates the seasonal 

induced changes in bacterial cell size and activity (Worden et al., 2004). It is 

also clear from the present study that different environmental factors 

influenced the variability in cytometry parameters. For instance, granularity 

(SSC) and DNA content (FL 1) of HNA bacteria showed a significant positive 

correlation to Chl a, and salinity, but similar relation was not evident for 

LNA bacteria in this study. Corzo et al. (2005) also reported a similar result 

in the Antarctic waters, mainly during the summer. Likewise, a study carried 

out by Gomes et al. (2015) in the northwest Mediterranean waters observed 

that the variability in SSC of HNA was more related to phytoplankton bloom 

conditions, which infers that HNA and LNA cytometry properties are 

controlled differently. In the present study, it was also interesting to note a 
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gradual decrease in cell granularity (SSC) and DNA content (FL 1) from the 

saline mouth to upstream freshwater region, irrespective of the population 

type (Fig. 2C.7d). According to earlier studies this scenario may be related 

(1) to cell membrane properties changes due to increase/decrease in salinity 

(Ramseier et al., 2011), (2) to a shift in the phylogenetic composition 

(Zubkov et al., 2001; Tamburini et al., 2009), and (3) to viral-induced 

mortality or predation on LNA and HNA bacteria (Šimek et al., 2001; 

Montagnes et al., 2008). The heterogeneity between the granularity and 

DNA content of HNA and LNA suggests that these two populations might 

have distinct ecological roles in the tropical estuarine ecology.  

In terms of abundance, both HNA and LNA bacteria showed clear 

seasonal variation in this estuary. Similarly, HNA and LNA bacteria changed 

seasonally at Adriatic (Šantić et al., 2012; 2014), and the Mediterranean Sea 

(Joux et al., 2005). In this study, we observed that HNA bacteria showed a 

slightly higher (53%) or equal share (48 to 50 %) with LNA bacteria during 

PreM and PostM, irrespective of the depth. During this time, TBC, BP, and 

BGases expression were also high and coupled significantly with HNA 

bacteria. Their short-term variability can be linked to salinity, Chl a, and 

TEP’s, as evidenced by their positive correlation. Generally, the tropical 

estuaries experience high saline conditions during non- monsoon due to low 

riverine discharge and a well-mixed water column (Qasim and Gupta, 1981; 

Sundar et al., 2015). Such water column mixing initially supports primary 

producers and later heterotrophic bacteria (Weithoff et al., 2000). A study by 

Joux et al. (2005) in the Rhone river plume pointed out that HNA bacterial 

distribution was significantly correlated with the salinity. A recent study in 
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the Haihe river showed that changes in temperature and salinity reflects 

the seasonal dynamics and also notably affect the HNA and LNA distribution 

and their cytometric characteristics (Liu et al., 2016). High Chl a, and TEP’s 

during non-monsoon (PreM and PostM) indicated the presence of actively 

growing phytoplankton and release of TEP’s by these primary producers in 

this estuary. An earlier study by Bhaskar and Bhosle (2006) also reported 

that the organic matter (OM) generated during summer/non-monsoon 

periods is majorly derived from freshly grown phytoplankton and have a low 

carbon: nitrogen ratio (C: N - 2.4) that probably support the growth of 

bacteria. Likewise, Silva et al. (2018) reported that the high growth rate of the 

HNA in the Red sea was related to the presence of labile organic matter (low 

C: N ratio), especially during summer. The present study also corroborated 

with Silva et al. (2018) wherein an increase in TBC and HNA bacteria during 

peak summer/PreM (April and May 2014) was related to an increase in Chl 

a concentration, and thus production, suggesting the role of freshly 

generated OM in regulating the short-term bacterial variability in this 

estuary. It is known that heterotrophic bacterial communities actively 

consume OM produced by the phytoplankton via enzymatic degradation 

(Cole et al., 1982). Specifically, HNA bacteria respond quickly to 

phytoplankton aided OM and nutrient enrichment (Servais et al., 1999; 

Lebaron et al., 2001; Khandeparker et al., 2018). However, the relationship 

between HNA, LNA bacteria, and enzymatic activity was not addressed 

earlier. In our study, an increase in the number of cells showing BGases 

activity was significantly related to HNA bacteria. When the BGases 

expression was high, the ratio between HNA: LNA bacteria was also high 
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(>1). Earlier studies have suggested that the HNA: LNA ratio provides an 

indirect indication that most of the populations are considered to be active 

(Bar-Zeev and Rahav, 2015). The RDA analyses indicated that the HNA was 

more related to BGases expression rather than LNA bacteria. Similarly, field 

and laboratory experiments have pointed out elevated hydrolysis of 

polysaccharides by HNA bacteria (Servais et al., 2003; Piontek et al., 

2014). Morán et al. (2011) study revealed a significant positive relationship 

between HNA and phytoplankton-derived organic matter and proposed a 

strong bottom-up control of HNA bacteria. Bar-Zeev and Rahav (2015) have 

reported elevated BGases activity along with high HNA bacterial abundance 

in Qishon estuary, Israel. Recently, Muller et al. (2018) also reported that the 

enrichment of dissolved organic matter increased HNA bacterial abundance 

that contributed more than 77% to TBC. Consequently, the percentage 

contribution of HNA bacteria to TBC is mainly correlated to the productivity 

index of the environment, such as chlorophyll or BP (Corzo et al., 2005; 

Moran et al., 2007). Also, the dissolved organic matter produced by 

phytoplankton, which structures the succession of the bacterial taxon and 

their specific metabolic functions (Sarmento and Gasol, 2012; Teeling et al., 

2012), probably stimulated the growth of HNA bacteria along with the 

number of cells showing BGases activity during PreM and PostM in this 

estuary, irrespective of the depth.  

However, the average contribution of HNA bacteria reduced to 38% 

with the simultaneous proliferation of LNA bacteria (62 %) during MON, 

especially during July 2014, which is a peak discharge period. RDA revealed 

that rainfall and stratification were the main driving factor and accounted for 
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53.35 % variation in July 2014, which suggests the influence of large salinity 

variations on bacterial dynamics and activity. Similar to Zuari estuary, 

earlier studies from Lake Biwa, Japan, and the Mediterranean Sea also 

reported low numbers of HNA bacteria during the high stratification period 

(Nishimura et al., 2005; Van wambeke et al., 2011). Likewise, the 

ectoenzyme activities (Specifically BGases) are also affected by salinity 

change (Cunha et al., 2000). It is known that salinity is a prime factor 

affecting the bacterial component of an estuary, and this mainly depends on 

the tidal cycle and riverine inflow (Devanathan et al., 2010; Khandeparker et 

al., 2017). The persistence and proliferation of LNA bacteria during MON 

possibly indicate their distinct ecological role in freshwater conditions 

in this estuary. Liu et al. (2017) also observed a high percentage of LNA 

at the river catchment site and concluded that the persistence of these 

bacteria might relate to their higher viability and role in the microbial loop in 

the freshwater region. Similarly, a study by Nishimura et al. (2005) reported 

that LNA bacteria contribute a significant portion of the total community in 

freshwater environments. Likewise, Wang et al. (2009) study showed that 

LNA bacteria constitute a viable fraction of indigenous freshwater 

communities and maintain a unique characteristic feature. In addition to 

rainfall and stratification, OM composition also seems to play an important 

role in controlling the distribution of HNA and LNA bacteria in this estuary. 

In RDA, when HNA bacteria were high, TEP’s was coupled with Chl a, 

whereas it was related to SPM during the MON (high LNA bacteria), 

irrespective of the depth. Organic matter in monsoonal estuaries are 

influenced by an annual seasonal cycle, wherein, the contribution of in situ 
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production is high during non-monsoon, while allochthonous terrestrial 

organic materials are dominant during MON (Harji, 2011; Bardhan et al., 

2015). Such a change in OM quality and quantity is often reported to have a 

differential effect on bacterial dynamics, phylogenetic composition, and 

HNA: LNA ratio, especially in coastal transition systems (del Giorgio and 

Bouvier, 2002; Kaartokallio et al., 2016). 

 

2C.5 Conclusions 

From this study, it is clear that the monsoon-induced changes in water 

column conditions significantly altered the bacterial abundance and activity 

in the tropical estuary. The contribution of HNA bacteria was high or equal 

to LNA during the well-mixed period, while LNA bacteria were dominant 

during the high stratification and rainfall period. A similar change was also 

evident in BGases expression and was significantly related to the abundance 

of HNA bacteria. Furthermore, the cell granularity and DNA content of 

HNA and LNA bacteria differed significantly between the seasons and 

sites. Such heterogeneity in granularity, DNA content, and the abundance 

of HNA and LNA is possibly linked to their distinct ecological roles in the 

tropical estuarine microbial food web dynamics as that of frontal ecosystems. 
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3A Elucidation of bacterial community composition and β – 

Glucosidases expression in a monsoon influenced tropical Zuari estuary 

3A.1 Introduction 

Estuaries are considered as a resource pool of diverse microorganisms 

(Hu et al., 2014). The mixing between fresh and marine waters results in 

significant changes in structure and growth rates of the bacterial communities 

in an estuarine system (Henriques et al., 2006; Campbell and Kirchman, 

2013). These biological communities often respond to changes in the input 

of different substrates due to riverine influences and land run-off, thereby 

resulting in an alteration in organic matter (OM) quality and composition.  

Carbohydrates, which form a significant portion of estuarine and 

marine OM, are released as simple sugars or complex polymeric forms 

(Hedges et al., 1988; Decho, 1990). TEP’s are such polymers and are 

abundant in estuarine and oceanic waters (Passow, 2002). In estuaries, either 

they play a prominent role in OM cycling through degradation, aggregate 

formation, or sedimentation processes (Simon et al., 2002; Barrera-Alba et 

al., 2009; Mari et al., 2012). A group of hydrolytic ecto- or extracellular 

enzymes mainly mediates microbial degradation of TEP’s and other 

polymeric forms; the hydrolysis is a rate-limiting step in the aquatic 

environment (Hoppe, 1983; Chróst, 1990). β-glucosidases (BGases; EC 

3.2.1.21) are hydrolytic enzymes produced by bacteria to cleave beta (1–4) 

glycosidic linkages of complex carbohydrates. The production of these 

ectoenzymes is regulated by the composition, concentration, and availability 

of OM (Chróst, 1991). Other environmental factors that can alter ectoenzyme 

activity are temperature, salinity, dissolved oxygen, nutrients, and pH (Hoppe 
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et al., 1996; Riemann et al., 2000; Cunha et al., 2001; Arrieta and Herndl, 

2002). Few researchers have observed a direct relationship between BGases 

activity, bacterial abundance, and primary production (Chróst, 1989; Romaní 

and Sabater, 1999; Cunha et al., 2000); rather, the focus was mainly on total 

bacterial population and its activity with less emphasis on bacterial 

community structure.  

Recent developments in molecular methods have revealed enormous 

bacterial diversity, which is capable of producing an array of hydrolytic 

enzymes, and have established a link between bacterial community 

composition (BCC) and their metabolic activity (Lämmle et al., 2007; Kielak 

et al., 2013). Many studies relating BCC and hydrolytic activity have been 

carried out in estuarine and coastal waters, but all are restricted to temperate 

and sub-tropical regions (Kirchman et al., 2004; Haynes et al., 2007; 

D’Ambrosio et al., 2014; Li et al., 2015), and only few have been explored 

in tropical monsoonal estuaries. Quantitative PCR (qPCR) and flow 

cytometry (FCM) are promising and cost-effective techniques in such 

community expression studies and relate to functional diversity (Deepak et 

al., 2007; Steenbergh et al., 2011). Few studies have used FCM in 

differentiating cells, which express different hydrolytic enzymes (e.g., 

chitinases, phosphatases), from total bacterial populations and linked to 

environmental variables (Steenbergh et al., 2011; Beier et al., 2012). 

However, the studies involving the use of these tools in elucidating the 

relationship between the number of cells expressing BGases and BCC are 

limited, and this was addressed in the present study.  
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The study area, Zuari, is a monsoonal estuary influenced by high runoff 

periods and shows a non-steady state (Vijith et al., 2009). Freshwater 

discharge occurs in high magnitude during the southwest monsoon (hereafter 

referred as monsoon (MON)) season, which regulates the hydrodynamics of 

this system on an annual scale. Hence, it is expected that along with changes 

in biogeochemical processes, major bacterial taxa would significantly differ 

from those present in the dry season. We hypothesized that high 

allochthonous inputs during the MON would influence and alter bacterial 

populations and trigger an increase or decrease in BGases gene expression. 

The aim of the present work was to assess the influence of seasons on major 

bacterial taxa with an emphasis on BGases expressing populations and relate 

this to environmental variables, which trigger their expression. 

 

3A.2 Materials and Methods 

3A.2.1 Sampling sites and collection 

Surface water samples were collected along the Zuari estuary during 

premonsoon (PreM; 20 February 2015 and 21 April 2015), southwest 

monsoon (MON; 24 August 2015 and 3 September 2015), and post monsoon 

seasons (PostM; 16 October 2015 and 23 October 2015) during spring−neap 

tidal cycles (Fig. 3A.1). The Zuari estuarine system exhibits large salinity 

variations ranging from 34 to 0 salinity. Based on salinity, sampling stations 

were divided into 4 areas representing the mouth (S1, S2), lower middle (S3, 

S4), upper middle (S5, S6), and upstream (S7, S8) (Fig. 3A.1).  
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Fig. 3A.1 Map showing sampling stations along the Zuari estuary. Mouth 

(S1 & S2); Lower middle (LM; S3 & S4); Upper middle (UM; S5 & S6); and 

Upstream (S7 & S8).  

Samples from eight different stations were collected using 5 L Niskin 

bottles, transferred to acid-washed carboys, and stored on ice until brought 

to the laboratory. 

 

3A.2.2 Physico-chemical parameters 

Water temperature and salinity were recorded in situ using a portable 

conductivity-temperature-depth (CTD) probe (Seabird 19 plus) with an 

accuracy of 0.005 °C and 0.005 PSU, respectively. Concentrations of 

dissolved nutrients such as nitrite, nitrate, phosphate, and silicate were 



 

108 
 

measured using an automated nutrient analyzer (Skalar SAN PLUS 8505 

Interface V.3.31). Total phytoplankton biomass was estimated as total 

chlorophyll a (Chl a). Briefly, 500 mL of water samples were filtered through 

GF/F filter papers; subsequently, overnight extraction was carried out using 

90 % acetone and the raw fluorescent units (RFU) were measured using a 

fluorometer (Turner). Similarly, surface water samples were filtered on pre-

ashed and pre-weighed filter papers (GF/F) in triplicate for measuring 

suspended particulate matter (SPM). To analyze dissolved organic carbon 

(DOC) content, pre-ashed GF/F filtrates were also collected in pre-

combusted glass vials (450 °C for 3 hr) and acidified using 2 % H2SO4. Filter 

papers with the particulate materials were dried in an oven at 60 °C and 

reweighed on a weighing balance for SPM (Mettler Toledo). TOC and DOC 

were measured using a total organic carbon analyzer (Shimazu; Model TOC-

L). Particulate organic carbon (POC) values were calculated from the mean 

difference between the total and DOC, and are expressed as mg L−1. For 

TEP’s analysis, 250mL of water samples were filtered on 0.4 µm filter papers 

(HTTP; Millipore) and analyzed as described in chapter 2A.2.6. Xanthan 

gum was used as a standard, and TEP values are expressed as µg xanthan 

gum equivalent litre-1 (µg XG. eq. L−1). 

 

3A.2.3 Flow cytometry analyses 

3A.2.3.1 Enumeration of cells expressing β – Glucosidases 

Detailed methodology is provided in chapter 2C and section 2C.2.3.3 
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3A.2.3.2 Enumeration of total bacterial count 

Detailed methodology is provided in chapter 2A and section 2A.2.4 

 

3A.2.3.3 Enumeration of bacterial production 

Detailed methodology is provided in chapter 2A and section 2A.2.5 

 

3A.2.3.4 Enumeration of protist abundance 

Detailed methodology is provided in chapter 2A and section 2A.2.4 

 

3A.2.4 Extraction of environmental DNA  

Water samples collected in the field were brought to the laboratory on 

ice. Subsequently, 2 L of samples were filtered onto 0.22 µm pore size filters 

(GSWP04700; Millipore) under low vacuum. The filters were then stored at 

– 20 °C until the extraction procedure. DNA extractions were performed 

using the power water DNA isolation kits (MOBio, USA) as per the 

manufacturer’s instructions. 

 

3A.2.5 Quantitative PCR analyses 

3A.2.5.1 Bacterial community composition 

3A.2.5.1.1 Calibration of standard curve 

Before environmental DNA analyses, the standard curves were 

obtained for different bacterial taxa using group-specific primers that are 

listed in Table 3A.1. qPCR standards were prepared using genomic DNA 
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(gDNA) that were extracted from different bacterial pure cultures, which are 

classified under different taxa (For instance, Exiguobacterium indicum used 

for Firmicutes and Serratia marcescens for Gammaproteobacteria primer 

set). Briefly, amplified PCR fragments were purified using pure link PCR 

purification kit (Invitrogen, USA) and pooled to a specific concentration that 

were diluted to six orders of magnitude ranging from 1010 to 103 gene copies 

µL-1, and used as standards. The standard curves were generated for each 

bacterial taxon by plotting the cyclic threshold (CT) values against the 

concentration of each diluted standard. The CT indicates the number of cycles 

taken for the fluorescence signal to exceed the threshold level. All the 

standard curves which were generated during the study were linear (Table 

3A.1) with efficiency ranging from 0.98 to 1.12.  

 

3A.2.5.1.2 Quantitative PCR assay of environmental samples 

The environmental samples were analysed in triplicates with Rotor-

Gene Q 5X HRM machine (Qiagen, Germany) using 2X Quantitech SYBR 

Green master mix in 20-µL reaction volume (Qiagen, Germany). The 

reaction mixture consisted of 10 µL of the master mix, 0.5 µL of each primer, 

1 µL of environmental DNA template, and 8 µL of RNase free water. qPCR 

cycling conditions are depicted in Table 3A.2. The raw fluorescence signals 

from amplification were captured through the green channel at 510 nm with 

gain settings of 5. Subsequently, data were analysed using built-in Rotor-

gene Q software wherein CT values of unknown samples were compared with 

a standard calibration curve. Further, high-resolution melt (HRM) curve 

analyses were performed to test the specificity of the primers with unknown 
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target samples by increasing the temperature from 70 to 90 °C with 1 °C 

interval. A single bell shape peak at 84 – 86 °C indicated the presence of site-

specific qPCR amplicon (Eswaran and Khandeparker, 2017). 

 

3A.2.5.1.3 Quantification of β-Glucosidases gene  

In the present study, the gene encoding BGases was quantified by 

qPCR using a set of degenerate primers (BgluF2/BgulR4; Table 3A.1) as 

described by Cañizares et al. (2011). The standard curve and CT were 

calculated by serially diluting a purified PCR amplicon of a BGases gene 

from E. indicum (Fig. 3A.2a). Further, the specificity of the primer set was 

evaluated using a HRM melt curve analysis (Fig. 3A.2b), and obtained data 

were processed using Rotor-Gene Q Software v.2.3.1.49 (Qiagen, Germany). 

 

3A.2.6 Statistical analyses 

Before statistical analyses, data were log (x + 1) transformed to meet 

assumptions of parametric tests. Shapiro-Wilk test proved normality of log-

transformed data. A three-way analysis of variance (3-way ANOVA) 

followed by post hoc Tukey’s HSD test was performed to assess the 

significant temporal and spatial variation in bacterial components and 

environmental variables along the estuary with tides, seasons, and stations as 

factors (SPSS Statistics V.22; IBM). The relationship between biotic (TBC, 

BP, protist abundance, BGases gene abundance, number of cells expressing 

BGases, and BCC) and environmental variables were evaluated using 

multivariate RDA.  
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Table 3A.1 Details of qPCR primer sets used in this study 

S.no Target group 

Target 

Gene Primer sequence (5ˈ----3ˈ) Reference 

qPCR standard curve 

(slope and Efficiency) 

1. Universal 16S rRNA 

8F: AGAGTTTGATCCTGGCTCAG 

1492R: GGTTACCTTGTTACGACTT Lane, 1991 Y = -3.413x + 34.101; R2 = 0.997; E = 0.98 

2. Actinobacteria 16S rRNA 

ACT920F3: ACGGCCGCAAGGCTA 

ACT1200R: TCRTCCCCACCTTCCTCCG 

De Gregoris et al., 

2011 Y = -5.013x + 49.596; R2 = 0.995; E = 1.12 

3. Alphaproteobacteria 16S rRNA 

ALF682F: CIAGTGTAGAGGTGAAATT 

ALF908R: CCCCGTCAATTCCTTTGAGTT 

De Gregoris et al., 

2011 Y = -3.100x + 32.011; R2 = 0.995; E = 1.1 

4. Betaproteobacteria 16S rRNA 

BETA359F: GGGGAATTTTGGACAATGGG 

BETA682R: ACGCATTTCACTGCTACACG Ashelford et al., 2002 Y = -3.232x + 30.936; R2 = 0.997; E = 1.04 

5. Gammaproteobacteria 16S rRNA 

GAM1080F: TCGTCAGCTCGTGTYGTGA 

GAM1202R: CGTAAGGGCCATGATG 

De Gregoris et al., 

2011 Y = -3.468 + 33.271; R2 = 0.996; E = 0.99 

6. Bacteroidetes 16S rRNA 

CFB798F: CRAACAGGATTAGATACCCT 

CFB967R: GGTAAGGTTCCTCGCGTAT 

De Gregoris et al., 

2011 Y = -3.065x + 34.067; R2 = 0.997; E = 1.1 

7. Firmicutes 16S rRNA 

FIRM928F: TGAAACTYAAAGGAATTGACG 

FIRM1040R: ACCATGCACCACCTGTC 

De Gregoris et al., 

2011 Y = -3.065x + 34.067; R2 = 0.996; E = 1.12 

8. BGases gene BGases gene 

BgluF2: TTCYTBGGYRTCAACTACTA 

BgluR4: CCGTTYTCGGTBAYSWAGA Cañizares et al., 2011 Y = -3.268 + 33.571; R2 = 0.998; E = 0.99 
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The RDA analyses were performed using CANOCO V.4.5 for 

Windows software package (ter Braak and Smilauer, 2002). Before RDA 

analyses, data were checked for linear characteristics and standardized 

(length of first detrended correspondence analysis axes < 2 SD units), and a 

Monte Carlo test was used to assess the significance of the RDA method (p 

< 0.05; 999 permutations). Meanwhile, generalized linear models (GLM) in 

a stepwise manner followed by F-statistics were performed to predict the 

species response to environmental ordination axes in RDA.

 

Table 3A.2 qPCR cycling conditions (' – Min; '' – Seconds). 

                                PCR REACTION COMPONENTS 

                                             2X SYBR green buffer containing taq polymerase 

                             0.5 µL of each primer 

                  DNA template 

                  Water to 20 µL 

             PCR THERMOCYCLE  

Universal Initial denaturation 95° C    5' 

  94° C    60'' 

 40 cycles 55° C   60'' 

  72° C   60'' 
 

  
Group specific Initial denaturation 95° C    5' 

  95° C    15'' 

 40 cycles 53° C    15'' 

  72° C   15'' 

  
 

BGases gene Initial denaturation 95° C    5' 

    95° C    60'' 

 40 cycles   53° C    60'' 

   72° C   45'' 
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(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

Fig. 3A.2 (a) qPCR standard calibration curve (b) Melt curve analysis; NTC – no template control 
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3A.3 Results 

3A.3.1 Environmental parameters, dissolved inorganic nutrients, 

Chlorophyll a and transparent exopolysaccharides 

The surface water temperature ranged between 27.90 and 32.48 ºC 

(Fig. 3A.3a, b), which was high during the PreM spring tide (32.48 ºC). 

Among the stations, upper mid estuary showed a higher temperature when 

compared to other stations, but the variation was not significant. Salinity 

ranged from 34 to 0 PSU, was high at the mouth, decreased from upper-mid 

to upstream during the PreM and PostM seasons, with a significant reduction 

during MON throughout the estuary (Fig. 3A.3c, d; ANOVA: F = 24.30, df 

= 3, p = 0.001).  

Similar to salinity, the dissolved inorganic nitrate also showed a 

decreasing trend from mouth to upstream, especially during the spring tide 

(Fig. 3A.3e, f). The nitrate ranged between 1.84 and 38.28 µMol L-1 and was 

high at the mouth during MON (38.28 µMol L-1) and PostM (29.84 µMol L-

1) (Fig. 3A.3e). Among the tides, the spring tide showed significantly higher 

nitrate than the neap tide (Fig. 3A.3e, f). The nitrite concentration varied from 

0.11 to 3.44 µMol L-1, was high at the mouth during PreM spring tide (Fig. 

3A.3g, h). The nitrite value was significantly low during MON neap tide 

(0.11 to 1.7 µMol L-1) and towards the upstream (Fig. 3A.3g, h). Whereas, 

phosphate and silicate concentrations were high at the upstream (4.62 and 

95.69 µMol L-1, respectively), and during MON and PostM (Fig. 3A.3i-l). 

Both the nutrients showed a gradual increase from mouth to upstream of the 

estuary, irrespective of the tides (Fig. 3A.3i-l). 
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Fig. 3A.3a-f Mean (±SD) values of (a, b) temperature, (c, d) salinity, and (e, 

f) nitrate in surface waters from the mouth to upstream regions of the Zuari 

estuary during spring and neap tides, respectively. Significant differences 

among the seasons and stations were evaluated using three-way ANOVA 

followed by post hoc Tukey’s HSD test at a significance level of α 0.05. 

Different letters (a−c) and numbers (1−7) above the bars denote significant 

differences among seasons and stations, respectively 
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Fig. 3A.3g-l Mean (±SD) values of (g, h) nitrite, (i, j) phosphate, and (k, l) 

silicate in surface waters from the mouth to upstream regions of the Zuari 

estuary during spring and neap tides, respectively. See Fig. 3A.3 a-f for 

additional details. 

The average Chl a concentration ranged between 0.12 and 3.44 mgm3, 

was high during PreM, irrespective of the tides (Fig. 3A.4a, b). During spring 

tide, the concentration was high at the mouth and lower mid estuary, and 
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decreased significantly towards the upstream stations (Fig. 3A.4a). Whereas, 

it did not vary significantly along the estuary during neap tide (Fig. 3A.4b). 

Similar to Chl a, SPM was also high during PreM (13.40 – 137.85 mg L-1), 

followed by PostM (29.60 and 121.00 mg L-1), and MON season (6.15 - 

39.40 mg L-1), irrespective of the tides (Fig. 3A.4c, d). Furthermore, SPM 

was high at the mouth and decreased significantly towards the upstream (Fig. 

3A.4c, d). Among the tides, spring tide showed significantly higher SPM 

when compared to the neap tide. During all the seasons, both SPM and Chl a 

increased with increasing salinity (Fig. 3A.4a-d). TEP’s values were high 

towards the upstream and peaked during spring tide of PostM (497.47 ± 

153.81 µg XG eq. L-1), and MON (345.10 ± 29.47 µg XG eq. L-1) (Fig. 3A.4e, 

f). In the case of neap tide, it was high at the lower mid estuary (Fig. 3A.4e, 

f). Although Chl a concentration was high at the mouth and during PreM, the 

low levels of TEP’s perhaps related to their active utilization. 

TOC ranged between 1.50 and 11.07 mg L-1 (Fig. 3A.4g, h), was high 

at lower-mid estuary during PostM spring tide (Fig. 3A.4g). Similar to TOC, 

POC also was high during PostM at lower-mid estuary (Fig. 3A.4i, j). It 

ranged from 0.24 to 8.40 mg L-1. Whereas, DOC was high during PreM along 

the estuary (Fig. 3A.4k, l). When compared between tides, spring tide 

showed significantly higher concentration (Fig. 3A. 4g, i, and k). 
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Fig. 3A.4a-f Mean (±SD) values of (a, b) Chl a, (c, d) SPM, and (e, f) TEP’s, 

in surface waters from the mouth to upstream regions of the Zuari estuary 

during spring and neap tides, respectively. See Fig. 3A.3a-f for additional 

details.  
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Fig. 3A.4g-l Mean (±SD) values of (g, h) TOC, (i, j) POC, and (k, l) DOC in 

surface waters from the mouth to upstream regions of the Zuari estuary 

during spring and neap tides, respectively. See Fig. 3A.3a-f for additional 

details. 
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3A.3.2 Variation in total bacterial count, bacterial production, protists, and 

their relationship with environmental variables 

In the present study, TBC varied from 2.07 × 106 to 2.10 × 107 cells 

mL-1 and 2.09 × 106 to 2.78 × 107 cells mL-1 during spring and neap tides, 

respectively. The abundance was high during PreM at the mouth (1.01 ± 0.4 

× 107 cells mL-1), lower-mid (1.74 ± 0.4 × 107 cells mL-1), and upper-mid 

(2.44 ± 0.7 × 107 cells mL-1) with a clear decrease during MON from the 

mouth to upstream of the estuary, irrespective of the tides (Fig. 3A.5a, b). 

During PostM, TBC increased throughout the estuary as compared to MON, 

irrespective of the tides (Fig. 3A.5a, b). RDA was performed to depict the 

relationship between the biotic and environmental variables (Fig. 3A.6a-d). 

In RDA tri-plot, the length and ordination (angle) of the environmental 

vectors (red arrows) indicate their relative importance and relations to the 

RDA axes (Fig. 3A.6a, c). The position of colored dots in the sample 

ordination plots represent the sample points and their orientation with species 

and environmental variables (Fig. 3A.6b, d). Eigenvalues of the first two axes 

represent the cumulative percentage of variance in the species data (Table. 

3A.3 and 3A.4). The RDA axes 1 and 2 explained 38.3 % and 13.2 % and 

48.5 % and 21.3 % of the variance during spring and neap tides, respectively. 

The TBC was positively related to temperature, salinity, and Chl a, and 

negatively related to TEP’s, especially during spring tide (Fig. 3A.6a, c; 

Table. 3A.4 and 3A.5).  
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Fig. 3A.5a-f Mean (±SD) values of (a, b) TBC, (c, d) BP, (e, f) Protist 

abundance in surface waters from the mouth to upstream regions of the Zuari 

estuary during spring and neap tides, respectively. See Fig. 3A.3a-f for 

additional details. 
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Fig. 3A.6a-b RDA is showing the relationship between biotic and abiotic 

variables during spring tide; (a) RDA triplots: red arrows indicate 

environmental variables, dotted red lines are highly significant (Monte Carlo 

test, p < 0.05), blue arrows indicate species variables; (b) Sample ordination 

plot: different colored dots represent sample points during different seasons. 
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Fig. 3A.6c-d RDA is showing the relationship between biotic and abiotic 

variables during neap tide; (c) RDA triplot; (d) sample ordination plot; See 

Fig. 3A.6a-b for additional details. 
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Unlike TBC, BP was high towards upstream during MON (7.61 ± 1.46 

µg C L-1 h-1) and PostM season (7.31 ± 1.46 µg C L-1 h-1) (Fig. 3A.5c, d). 

High BP during MON was negatively related to salinity, SPM, and Chl a, 

and positively related to TEP’s, especially during the spring tide (Fig. 3A.6a). 

However, a similar relationship between BP and environmental variables was 

not evident during the neap tide (Fig. 3A.6c). Overall, TBC and BP showed 

significant temporal variability (ANOVA; F = 13.14, df = 2, p = 0.0001 and 

F = 12.50, df = 2, p = 0.0001, respectively) when compared to tides. 

In the case of protist abundance, a significant temporal (ANOVA; F = 

31.00, df = 2, p = 0.0001), spatial (ANOVA; F = 8.13; df = 3, p = 0.0001), 

and tidal variation was observed (ANOVA; F = 32.16; df = 1, p = 0.0001) 

with higher abundance during neap tide of MON (3.76 ± 0.5 × 105 cells mL−1) 

and PostM (4.31 ± 0.4 × 105 cells mL−1) (Fig. 3A.5e, f). Their abundance 

increased with decreasing salinity during MON (mouth < lower mid < upper 

mid < upstream) and reversed during PreM (mouth > lower mid > upper mid 

> upstream) (Fig. 3A.5e, f). The protists were positively related to 

temperature, SPM, and TOC, and negatively related to Chl a and POC, 

especially during neap tide (F = 15.1, p = 0.0008; Fig. 3A.6c; Table. 3A.5). 

    

3A.3.3 Variation in β-Glucosidases gene abundance and number of cells 

expressing β-Glucosidases 

In general, BGases gene abundance and number of cells expressing 

BGases varied significantly among the sites (F = 10.85, df = 3, p = 0.0001 

and F = 19.57, df = 3; p = 0.0001, respectively) as well as seasons (F = 24.86, 
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df = 2, p = 0.0001 and F = 43.54, df = 2, p = 0.0001, respectively) (Fig. 

3A.7a-d). Tidal variation was not significant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3A.7 Mean (±SD) values of (a, b) no. of cells exp BGases, (c, d) BGases 

gene, and (e, f) 16S rRNA gene copies in surface waters from the mouth to 

upstream regions of the Zuari estuary during spring and neap tides, 

respectively. See Fig. 3A.3a-f for additional details.
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The number of cells expressing BGases increased during PreM (4.05 ± 

1.5 × 106 cells mL−1 and 49 % with respect to TBC), and a clear decrease was 

evident during MON (3.65 ± 1.3 × 105 cells mL−1 and 16% with respect to 

TBC) and PostM (1.62 ± 0.9 × 105 cells mL−1 and 4% with respect to TBC) 

from the mouth to upstream region, irrespective of the tides (Fig. 3A.7a, b). 

Whereas, BGases gene abundance showed a significant increase from PreM 

(3.18 ± 0.13 × 106 copies µL−1) to PostM (1.51 ± 0.16 × 108 copies µL−1) 

(Fig. 3A.7c, d). Gene abundance and the number of cells expressing BGases 

were high at the mouth and decreased towards upstream, but the opposite was 

observed in the case of BP. The uncoupling between BP, BGases gene 

abundance, and the number of cells expressing BGases was more pronounced 

during MON (Fig. 3A.5c, d; 3A.7a-d). BGases Gene abundance was 

positively related to salinity, TOC, and POC (Fig. 3A.6a, c; Tables 3A.3-

3A.5), while the number of cells expressing BGases were positively related 

to temperature, salinity, SPM, Chl a, and DOC, and negatively related to 

TEP’s (Fig. 3A. 6a, c; Tables 3A.3-3A.5). 
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Table. 3A.3 RDA Eigenvalues and results related to species-environment 

correlations, variation and cumulative percentage of species data and species-

environment relation for (a) spring and (b) neap tide samples 

 

Table 3A.4 Inter set correlations of environmental variables with RDA axes 

1 and 2 during spring and neap tides, respectively 

    Spring tide Neap tide 

S.no Variables RDA 1 RDA 2 RDA 1 RDA 2 

1   Temperature  0.73 0.01 -0.66 -0.37 

2   Salinity  0.41 0.47 0.09 -0.82 

3   Chl a 0.54 -0.07 0.75 -0.36 

4   TOC       -0.12 0.42 0.53 -0.65 

5   DOC       0.43 0.23 0.27 -0.76 

6   POC       -0.19 0.38 0.57 0.39 

7   SPM       0.66 0.17 -0.10 -0.73 

8   TEP’s       -0.65 -0.28 0.11 0.19 

9   Nitrite   0.65 0.36 0.55 -0.57 

10   Nitrate   0.22 0.69 -0.44 0.26 

11   Phosphate  -0.38 0.12 0.16 0.43 

12   Silicate  -0.71 -0.31 -0.31 0.72 

 

 

                        RDA 1 RDA 2 

Total 

variance 

(a) Spring tide    

 Eigenvalues 0.383 0.132 1 

 Species-environment correlations: 0.903 0.903  
 Cumulative percentage variance    
    of species data              : 38.3 51.5  
    of species-environment relation: 50.7 68.2   

 

(b) Neap tide    

 Eigenvalues 0.485 0.213 1 

 Species-environment correlations: 0.989 0.965  
 Cumulative percentage variance    
    of species data              : 48.5 69.8  
    of species-environment relation: 55.3 79.6   
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Table 3A.5 Species response on RDA environmental axes 1 and 2 using generalized linear model and F statistics; GLM – 

generalized linear model; NS – Not Significant 

 

 

 

 

 

 

 

 

 

 Surface water 

Spring tide  Neap tide 

GLM Score GLM Score 

S. No Dependent F P RDA 1 RDA 2  F P RDA 1 RDA 2 

1 Alphaproteobacteria 5.70 <0.01 -0.52 0.42 24.97 <0.0001 -0.72 -0.54 

2 Betaproteobacteria 16.17 <0.0005 -0.88 -0.02 5.5 <0.02 -0.34 0.54 

3 Gammaproteobacteria 23.0 <0.0001 0.40 0.71 19.9 <0.0001 0.37 -0.39 

4 Bacteroidetes 5.50 <0.02 -0.64 0.28 57.9 <0.00001 -0.94 -0.07 

5 Firmicutes 4.9 <0.01 -0.34 0.52 36.9 <0.0001 -0.84 -0.09 

6 Actinobacteria 16.95 <0.0001 -0.76 0.21 26.8 <0.0001 -0.89 -0.20 

7 TBC 16.20 <0.001 0.64 -0.18 11.3 <0.01 0.52 -0.77 

8 Protist abundance NS NS -0.13 0.31  15.1 <0.0005 -0.43 -0.43 

9 No. of cells exp BGases  15.50 <0.001 0.66 0.03  12.3 <0.001 0.64 -0.66 

10 BP 7.1 <0.01 -0.61 -0.37  NS NS -0.06 0.07 

11 BGases gene 4.10 <0.03 -0.22 0.45  47.52 <0.00001 -0.65 -0.47 
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3A.3.4 Variation in bacterial community composition and its relationship 

to β-Glucosidases gene abundance and number of cells expressing β-

Glucosidases 

Overall, a clear shift in BCC was evident between the seasons and sites 

(post hoc Tukey’s HSD p < 0.05; Fig. 3A.8a-l). Tidal variation was not 

significant. The RDA analyses showed that changes in BCC and 

environmental variables significantly influenced BGases expression (Monte 

Carlo test; p <0.05). In the sample ordination plot, three distinct season-wise 

clusters were evident on major bacterial taxa and BGases expression, and 

within each cluster upstream freshwater region was separated from the other 

three regions of the estuary, irrespective of the tides (Fig. 3A.6b, d). The 

mouth and lower mid estuary were dominated by Alphaproteobacteria and 

Gammaproteobacteria (Fig. 3A.8a, b, e, and f), which represent marine taxa, 

as evidenced by their significant positive relationship to salinity (3A.6a, c; p 

< 0.05). Both groups were abundant during non-monsoon seasons (PreM and 

PostM). Their copy numbers ranged between 3.37 × 103 and 7.05 × 108 and 

1.11 × 104 and 3.25 × 107 copies µL-1, respectively. The Betaproteobacteria 

dominated the upper mid and upstream regions of the estuary and were 

negatively related to salinity during MON (Fig. 3A.8c, d; 3A.6a, c; Table. 

3A.5). The copy numbers ranged from 9.02 ± 2.0 × 103 to 1.42 ± 0.09 × 106 

copies µL-1 (Fig. 3A.8c, d). Similar to Betaproteobacteria, the proportions of 

Firmicutes and Actinobacteria taxa were high in the upper-mid estuary, and 

their abundance increased during MON and PostM seasons (Fig. 3A.8i-j). 

Bacteroidetes taxa were observed in significant numbers along the estuary, 

irrespective of the seasons (Fig. 3A.8g, h). The RDA analyses showed a 

strong coupling between TBC, Chl a, SPM, DOC, number of cells expressing 
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BGases, and Gammaproteobacteria abundance during PreM (Fig. 3A.6a-d; 

Table 3A.3 – 3A.5; p < 0.001). Further, a decrease in Gammaproteobacteria 

abundance and the number of cells expressing BGases during MON was 

significantly related to protist abundance and salinity change. 

 

         

 

 

 

 

 

 

 

 

 

 

Fig. 3A.8a-f Mean (± SD) copy numbers of different bacterial groups (a, b) 

Alphaproteobacteria, (c, d) Betaproteobacteria, and (e, f) 

Gammaproteobacteria in surface waters from the mouth to upstream regions 

of the Zuari estuary during spring and neap tides. See Fig. 3A.3a-f for 

additional details. 
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Fig. 3A.8g-l Mean (± SD) copy numbers of different bacterial groups  (g, h) 

Bacteroidetes, (i, j) Firmicutes, and (k, l) Actinobacteria in surface waters 

from the mouth to upstream regions of the Zuari estuary during spring and 

neap tides. See Fig. 3A.3a-f for additional details. 
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BGases gene abundance was associated with diverse groups 

(Alphaproteobacteria and Gammaproteobacteria, Firmicutes, Actinobacteria, 

and Bacteroidetes) in which Alphaproteobacteria appeared to be most 

significant, especially during PostM (Fig. 3A.6a, c; Table 3A.5; p < 0.01). 

However, non-expression of the gene in Alphaproteobacteria taxa could be 

related to environmental factors, mainly SPM, salinity, and TOC (Fig.  

3A.6a, c; Table 3A.5; Monte Carlo test, p < 0.05). BP was strongly influenced 

by Betaproteobacteria abundance, which largely uncoupled with BGases 

gene abundance and the number of cells expressing BGases during MON 

(Table 3A.5). 

 

3A.4 Discussion 

In the present study, total bacterial abundance was high during the 

PreM season and was mainly driven by temperature, salinity, and TOC, 

whereas bacterial production was high during MON and PostM towards the 

upstream region of the Zuari estuary. A recent study by Kaartokallio et al. 

(2016) reported similar results in the inner estuarine regions of the west and 

south coast of Finland, which was related to the strong influence of riverine 

water mixing with an estuarine gradient. In the present study, the number of 

cells expressing BGases were high at the mouth (40 to 80% of the total 

abundance) and lower-mid estuary (10 to 50% of total abundance) with a 

seasonal pattern similar to that of total bacterial abundance. Both the number 

of cells expressing BGases and total abundance was positively related to Chl 

a and negatively related to TEP’s. The high Chl a (3.44 mg m3) level at the 

mouth of the estuary indicated high phytoplankton abundance. Most estuaries 



 

134 
 

are highly productive, and both autochthonous (in situ production) and 

allochthonous (external input) substrates influence bacterioplankton 

abundance and production (Coffin and Sharp, 1987). Heterotrophic bacteria 

are known to actively consume DOM produced by the phytoplankton cells 

(Cole et al., 1982; Petit et al., 1999). Phytoplankton produces carbohydrate-

rich polymers, either as low molecular weight or as polymeric forms that are 

degraded through enzymatic activity (Hama and Yanagi, 2001; Steen et al., 

2008). TEP’s are one of these organic polymers, and activity/expression of 

BGases is frequently used to describe the degradation of these carbohydrate-

rich polymers (Hoppe et al., 1998). Thus, low levels of TEP’s at the mouth 

of the estuary in the present study indicate their active breakdown by high 

numbers of BGases expressing bacteria. The TEP’s were also abundant in 

the upstream region, especially during the onset of the monsoon, and this can 

be related to low number of cells expressing BGases at the upstream. This 

relationship suggests an influence of the large salinity variations in our study 

area that occur between monsoon and non-monsoon seasons (i.e. < 5 PSU at 

the mouth and >15 PSU at the upstream). The low number of cells expressing 

BGases observed at the upstream freshwater end of the estuary can also be 

possibly related to higher abundance of LNA bacteria (Chapter 2C and 

section 2C.3.2). A study by Cunha et al. (2000) pointed out that 

ectoenzymatic activities are significantly related to temperature, salinity, and 

Chl a. Similarly, a study in the Baltic Sea region showed that the alteration 

in OM composition and salinity via high river loads resulted in a significant 

change in enzymatic activity (Figueroa et al., 2016). It is known that 

microbial processes in estuaries are also controlled by the nature, source, and 
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composition of particles in SPM. In the present study, a significant positive 

relationship was observed between SPM and the number of cells expressing 

BGases. Observation at the turbid Elbe estuary also reported a similar 

correlation between enzymatic activity and SPM and noted it to be a 

controlling factor for the distribution of organisms and nutrients (Bernát et 

al., 1994). A recent study by Boras et al. (2015) at Blanes Bay also reported 

a similar relationship with BGase activity. The suspended load in the present 

study area is influenced by an annual seasonal cycle with high inorganic 

mineral grains and allochthonous materials during MON compared to the dry 

season (Gonsalves et al., 2009). Thus, other than salinity, the decrease in the 

number of cells expressing BGases during MON could be due to a change in 

the SPM composition. 

In the present study, we used qPCR analysis to characterize the 

bacterial community structure along the salinity gradient and evaluated the 

community dynamics over the seasons for the first time in Zuari estuary. 

Many studies have shown the use of qPCR in monitoring bacterial 

communities in aquatic environments (Suzuki et al., 2000; Fierer et al., 2005; 

Smith and Osborn, 2009; De Gregoris et al., 2011; Tatti et al., 2016). One of 

the advantages of using qPCR is the requirement of a small amount of 

sample/template, sensitivity, and cost. The known limitations with qPCR 

analysis include the choice of primers, generation of the reproducible high-

quality standard curves, CT calculation, and nucleic acid quality (Smith and 

Osborn, 2009; Tatti et al., 2016). However, if carefully designed, qPCR is a 

robust and highly sensitive method. In the present study, clear seasonal and 

spatial shifts in the bacterial community structure were evident. Among the 
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sites, Alphaproteobacteria and Gammaproteobacteria were higher at the 

marine mouth, lower in the mid-region, and decreased gradually towards the 

upstream area. Similar findings have been reported in other estuarine regions 

such as the Gulf of Delaware (Cottrell and Kirchman, 2004; Elifantz et al., 

2005), Chesapeake Bay (Bouvier and del Giorgio, 2002), Columbia River 

estuary (Crump et al., 1999), Baltic Sea (Herlemann et al., 2011), and River 

Pearl estuary (Zhang et al., 2006). In our study, the mouth and lower-mid 

stations showed similar bacterial community composition and had similar 

physical characteristics, i.e., salinity. However, the upstream region was 

distinctly different and was dominated by Betaproteobacteria irrespective of 

the seasons. Earlier studies have also reported the dominance of 

Betaproteobacteria in freshwater and Alphaproteobacteria in salt-water areas 

(Bouvier and del Giorgio, 2002; Kan et al., 2006). TOC and POC were 

linearly related to Alphaproteobacteria abundance. The temporal variations 

in bacterial communities are linked to the changes in Chl a, temperature, 

salinity, and availability of OM (Murray et al., 1998; Crump et al., 1999; 

Bouvier and del Giorgio, 2002; Pinhassi et al., 2004; Kan et al., 2006). 

Other than environmental factors, grazers can also play a significant 

role in shaping the bacterial communities (Pernthaler et al., 2001). In the 

present study, an increase in protist abundance resulted in a significant 

decrease in the relative abundance of Gammaproteobacteria towards the 

upstream region and during the MON. Beardsley et al. (2003) also reported 

that selective grazing by heterotrophic nanoflagellates controlled the 

Gammaproteobacteria genera in the North Sea. The upper mid-estuary 

showed higher proportions of Actinobacteria and Firmicutes. Members of 
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these have been detected in the mesohaline waters (< 20 PSU) and related to 

freshwater taxa (Newton et al., 2011). Furthermore, members of this clade 

are sensitive to salinity changes and depend on a specific range of organic 

substrates (Sharp et al., 2009; Campbell and Kirchman, 2013). A study by 

Harji (2011) in this region showed that terrestrially derived OM mainly 

dominated the lower-mid estuary due to riverine influence. Thus, it seems 

that low saline conditions during MON and high input of riverine sources 

favored the proliferation of freshwater taxa with low BGase activity at the 

upper-mid estuary. However, Bacteroidetes were fairly persistent along the 

estuary, as has been observed in other estuaries, and their abundance was 

related to SPM and TEP’s (DeLong et al., 1993; Bouvier and del Giorgio, 

2002; Crump et al., 2004). Members of Bacteroidetes are known to be 

dominant in organic-rich particles and possess large amounts of hydrolytic 

enzymes to degrade complex polysaccharides (Azam and Malfatti, 2007; 

Dang et al., 2009; Edwards et al., 2010).  

Microbial degradation via ectoenzymes is one of the major sources of 

substrate addition in aquatic systems for bacterial utilization (Hoppe et al., 

1988). Although previous studies have hypothesized that the source of OM 

and the microbial community can significantly influence the seasonality of 

BGase compared to hydrography (Bhaskar and Bhosle, 2008; Boucher and 

Debroas, 2009), such links were not evaluated in the tropical monsoon 

influenced estuary such as this estuary. During this study, BGases gene 

abundance and the number of cells expressing BGases showed strong 

seasonality along with the changes in BCC. The number of cells expressing 

BGasess to gene abundance ratios were high during PreM and apparently 
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decreased during MON and PostM, as well as towards the upstream region. 

The BGases gene copies covaried with the relative abundance of 

Alphaproteobacteria and Gammaproteobacteria, Firmicutes, and 

Actinobacteria, irrespective of the tides. The number of cells expressing 

BGases and the relative abundance of Gammaproteobacteria were related and 

influenced by salinity, Chl a, TOC, and SPM. Most of the factors showed a 

positive loading on the number of cells expressing BGases and 

Gammaproteobacteria abundance, and negative with Alphaproteobacteria, 

Firmicutes, and Actinobacteria. In estuaries, Gammaproteobacteria, 

Alphaproteobacteria and Bacteroidetes play a significant role in the 

degradation of DOC and exo-polymers and have shown an association with 

microalgae (Hold et al., 2001; Grossart et al., 2005; Haynes et al., 2007). 

Specifically, members of Gammaproteobacteria benefit from algae and their 

derived OM (Puddu et al., 2003; Teeling et al., 2012). Furthermore, they 

contribute significantly to the decomposition of the OM produced by algal 

communities, suggesting that Gammaproteobacteria are the potential group 

expressing the BGases enzyme. A few exopolymer enrichment studies have 

revealed that members of Gammaproteobacteria (mainly Acinetobacter and 

Pantoea) possess genes for BGases production and can degrade 

polysaccharides (Tajima et al., 2001; Arora et al., 2012). Zoppini et al. (2005) 

also pointed out that OM enrichment favored Gammaproteobacteria growth 

in the northern Adriatic Sea. A previous study by Khandeparker et al. (2011) 

in this estuary showed that 65% of the bacterial isolates could produce 

complex carbohydrate-degrading enzymes and the majority of the strains 

included Vibrio, Alteromonas, Enterobacter, Marinobacter, Aeromonas, and 
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Exiquinobacterium — indicating a major contribution of 

Gammaproteobacteria taxa in the degradation of carbohydrate-derived OM. 

Similarly, a study by Yu et al. (2011) evaluated the degradation capability of 

glucosidase substrates and reported that it was mainly distributed in the 

Gammaproteobacteria and Bacteroidetes groups when compared to 

Alphaproteobacteria and Actinobacteria. A study by Moreno et al. (2013) 

also observed higher genetic diversity of BGases encoding genes in 

Proteobacteria followed by the representative members of Chloroflexi, 

Deionococci, Actinobacteria, Thermotogae, and Firmicutes. Likewise, 

Berlemont and Martiny (2013) analysed 5123 bacterial genomes sequences 

and reported that 79% of the genome contained the BGases gene, which 

included phyla such as Proteobacteria (2200), Cyanobacteria (70), 

Actinobacteria (514), Fusobacteria (33), Spirochetes (236), Aquificae (7), 

Chloroflexi (17), Planctomycetes (13) and Acidobacteria (9). Further, a 

transplant experiment by Lindh et al. (2015a) in Baltic Sea basin waters 

revealed a significant correlation between BGases activity and taxa such as 

Flavobacteriaceae, Chromatiaceae, and Verrucomicrobia. 

The proportions of Gammaproteobacteria decreased during the MON, 

along with a decrease in the number of cells expressing BGases throughout 

the estuary and changes in DOM. It is known that in this estuary along the 

salinity gradient, an upper freshwater region is dominated by terrestrial 

inputs, whereas phytoplankton-derived DOC dominates the saline mouth 

region (Mannino and Harvey, 2000; Harji, 2011). Although the present study 

did not measure DOM chemistry, the decoupling between BP, BGases gene 

abundance, and the number of cells expressing BGases could be related to 
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changes in OM composition, which influences the bacterial community. An 

increase in BP can be related to Betaproteobacteria and a decrease in salinity, 

but this increase influenced neither the BGases gene abundance nor the 

number of cells expressing BGases. An earlier study carried out in the Zuari 

estuary also indicated that BP is fuelled by allochthonous sources and 

behaves as a net heterotrophy system during the monsoon months (Pradeep 

Ram et al., 2007). A few studies also stated that a decrease in glucosidases 

activity could be explained by substrate composition or by a change in the 

bacterial community (Martinez et al., 1996; Jost and Pollehne, 1998). A sharp 

shift in BCC was observed during MON in this estuary. An increase in 

freshwater and a decrease in marine species was observed during MON and 

could be related to the high river run-off into the estuarine system. The co-

occurrence and existence of marine and freshwater bacterial taxa in brackish 

habitats are mainly mediated by the passive inflow of saline and freshwater 

(Piwosz et al., 2013). However, survival and active metabolism of these taxa 

are majorly influenced by intrinsic and extrinsic factors (Barcina et al. 1997). 

The physical and chemical factors partially control the ectoenzymatic 

patterns by indirectly controlling the bacterial community structure 

(Langenheder et al., 2005; Boucher and Debroas, 2009). Changes in the 

freshwater discharge influence salinity and DOM sources, leading to a string 

in prominent organic matter degraders in the estuaries (Crump et al., 1999; 

Garcia et al., 2015). 
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3A.5 Conclusions 

Overall, the results of the present study indicate clear seasonal shifts in 

BCC, with high proportions of Alphaproteobacteria and 

Gammaproteobacteria during PreM shifting to 

Actinobacteria/Betaproteobacteria/Firmicutes groups during MON (a period 

of high riverine influx), which then reverse to Alphaproteobacteria during the 

PostM recovery season. Although BGases gene abundance was related to the 

relative abundance of diverse phylogenetic groups, the number of cells 

expressing BGases was mainly related to the relative abundance of 

Gammaproteobacteria taxa. The higher ratio in the number of cells 

expressing BGases observed in saltwater, declining towards the freshwater 

region, could be related to changes in the spectrum of DOM input in this 

estuary. In conclusion, the number of cells expressing BGases was influenced 

by the shifts in the BCC that appear to be regulated by different 

environmental drivers.  
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3B Screening and characterization of β-Glucosidases-producing 

culturable bacterial diversity in a monsoon influenced tropical Zuari 

estuary 

3B.1 Introduction 

The preceding chapter (3A) indicated that the changes in freshwater 

discharge influence salinity and DOM sources, leading to shifts in estuarine 

bacterial community composition and BGases expression. High freshwater 

discharge during monsoon also inoculates a high density of 

freshwater/terrestrial bacteria, which are knowns as allochthonous forms to 

the estuaries (Menon et al., 2003). Such allochthonous populations also play 

an important role in the organic matter (OM) degradation. Their proliferation 

is controlled by local environmental conditions (Ho et al., 2012), and by the 

community composition (Logue et al., 2016). Earlier, Boucher and Debroas 

(2009) discussed the influence of such allochthonous populations on 

enzymatic activity in the Sep reservoir, France. Likewise, studies on different 

estuarine regions have reported that various factors such as salinity, light, 

temperature, organic matter quality, and bacterial community composition 

influence the organic matter modification (Crump et al., 2004; Logue et al., 

2016). However, among studies in estuarine regions, the majority are focused 

on environmental influence and few studies concerning occasional bacterial 

populations, especially in monsoonal estuaries. The monsoonal estuaries 

experience high short-term runoff when compared to other regions, and in 

such a scenario, allochthonous taxa have a pivotal role in estuarine ecological 

processes. In view of this, culturable bacteria were isolated along the 
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estuarine gradient during monsoon and non-monsoon seasons and 

phylogenetically characterized to evaluate the influence of seasons on 

culturable bacterial diversity with an emphasis on BGases producing 

bacteria.  

 

3B.2 Materials and methods 

3B.2.1 Isolation of total viable bacteria 

The surface water samples were collected from eight different stations 

along the estuarine salinity gradient (0 – 35 PSU) during non-monsoon 

(April) and monsoon (July) seasons (Fig. 3B.1). For the enumeration of total 

viable count (TVC), one mL of subsample was serially diluted to three orders 

of magnitude (10-1 to 10-3), spread plated on nutrient agar (NA for freshwater 

bacteria) and Zobell marine agar 2216 (ZMA 2216 for marine bacteria), and 

incubated for 24 h at room temperature. After incubation, the colony-forming 

units (CFU) were counted and expressed as CFU mL-1. The individual 

colonies that appeared on both agar plates were streaked separately to get 

pure cultures, and obtained isolates were maintained on the respective agar 

slants (either ZMA or NA) at 4° C. 
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3B.2.2 Enumeration of total bacterial count and the number of cells 

expressing β-Glucosidases 

For TBC analysis, 1 ml of paraformaldehyde-fixed (1% final 

concentration) water samples were stained with SYBR Green I nucleic acid 

stain (Molecular Probes, USA) at 1: 10000 final concentration (Marie et al. 

1996) and incubated for 15 min in the dark at room temperature. After 

incubation, the stained cells were counted using a BD FACSAriaTM II flow 

cytometer equipped with 488 nm nuclear blue laser. Emitted signals from the 

stained samples were recorded using 488/10 band pass (BP) for right angle 

light scatter (SSC) and 530/30 band pass (BP) for green fluorescence. 1μm 

fluorescent beads were used as an internal standard and for calibration of the 

detector voltage. Obtained data from the cytometer was processed using 

built-in BD FACS Diva 6.2 software and expressed as cells mL-1 

(Khandeparker et al., 2017). 

The enumeration of the number of cells expressing BGase from TBC 

was carried out by using Fluorescein di-β-D-glucopyranoside (FDGlu; 

Molecular Probes, USA) substrate, which is specific to BGases. The FDGlu 

is a non-fluorescent substrate and actively cleaved by BGases producing 

bacteria via a two-step process, i.e., initially to fluorescein mono glucoside 

(FMG) and later to highly fluorescent fluorescein. FDGlu was added to 1 mL 

of water samples (2mM final concentration) and incubated for 30 min in the 

dark. At the end of incubation, samples were enumerated using BD-FACS 

Aria II flow cytometer equipped with 530/30 BP filter and FL 1 (green 

fluorescence) detector, and obtained values were expressed as a percentage 

of cells expressing BGases to TBC. 
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Fig. 3B.1 Map showing the BGases-producing culturable bacterial diversity 

with respect to sampling locations along the Zuari estuary during non-

monsoon and monsoon seasons.  

 

3B.2.3 Screening and characterization of β-Glucosidases producing 

bacteria 

The obtained pure cultures were screened for BGases activity by 

streaking on an agar plate containing 0.5 % arbutin and 0.02 % Ammonium 

ferric (II) citrate, which was filter-sterilized and added to the agar under 

sterile condition. After streaking, the isolates containing agar plates were 

incubated at 30 0C for 24 to 48 h. At the end of incubation, BGases positive 

isolates were confirmed by the appearance of the dark brown color zone 
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(indication for arbutin hydrolysis) in the agar plates. Genomic DNA from 

BGases positive isolates were extracted using the Purelink Genomic DNA 

extraction kit (Invitrogen, USA) according to manufacturer’s protocol and 

16S rRNA gene was amplified by PCR using a primer set 27F (5ˈ- AGA GTT 

TGA TCC TGG CTC AG-3ˈ) and 1492R (5ˈ-GGT TAC CTT GTT ACG ACT 

T-3ˈ) (Lane, 1991). The reactions were carried out in a 50µL of volume; 

consisting of 2-µL template, 1 µL of each primer, and 46 µL of PCR master 

mix (Invitrogen, USA). The PCR cycling condition was 95 °C for 5 min 

followed by 35 cycles of 95 °C for 60 sec, 53 °C for 60 sec, 72 °C for 60 sec 

and a final elongation step at 72 °C for 7 min. The obtained PCR products 

were purified using the Purelink PCR purification kit (Invitrogen, USA) 

according to manufacturer protocol.  After purification, the sequence was 

obtained by analyzing with a DNA sequencer (Applied Biosystems). The 

processed sequences were aligned with Clustal X, and the phylogenetic tree 

was built by using the MEGA 7.0 software. The sequences obtained from the 

present study were submitted to GenBank with accession numbers from 

MH169189 to MH169207 and MH429906 to MH429949. 

 

3B.3 Results 

3B.3.1 Variation in total bacterial count, total viable count, and number of 

cells expressing β-Glucosidases 

In the present study, TBC ranged from 6.27 ± 5.45 × 106 to 1.39 ± 0.5 

× 107 cells mL-1, and 1.33 ± 0.5 × 106 to 1.58 ± 0.6 × 106 cells mL-1 during 

non-monsoon and monsoon, respectively (Fig. 3B.2a). High TBC was 

observed in the lower-middle estuary during non-monsoon, which decreased 
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one fold throughout the estuary during monsoon (ANOVA-F=19.39, p < 

0.001). In the case of TVC, the abundance ranged between 3.63 ± 0.52 × 103 

to 4.87 ± 1.1 × 104 CFU mL-1, and 780 ± 940 to 1.59 ± 2.2 × 104 CFU mL-1 

during the non-monsoon and monsoon, respectively (Fig. 3B.2b). The 

decrease in TBC and TVC was influenced by salinity. In the present study, 

salinity values ranged between 0 to 33.8 PSU, which was high during non-

monsoon and decreased significantly with the onset of monsoon throughout 

the estuary (ANOVA – F = 10.96, p < 0.01; Fig. 3B.2c).      

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3B.2 Average (± SD) values of (a) total bacterial count (TBC) (b) total 

viable count (TVC), (c) percentage of cells producing BGases with respect 

to TBC (c), and (d) percentage of culturable bacteria producing BGases with 

respect to TVC along the estuary during non-monsoon and monsoon seasons. 
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 The number of cells expressing BGases also followed a similar trend as 

that of TBC (Fig. 3B.2c). Their percentage to TBC was high during non-

monsoon at the mouth (68.52 %) and decreased gradually towards the 

upstream (3.67 %) and during monsoon (29.72 %) (Fig. 3B.2c). Likewise, 

the percentage of BGases producing culturable bacteria to TVC was high at 

the mouth and during non-monsoon (68.5 %), which decreased significantly 

during monsoon (27.5 %) as well as towards the upstream (Fig. 3B.2d). 

 

3B.3.2 Variation in β-Glucosidases producing culturable bacterial diversity 

In the present study, 63 bacterial isolates that showed BGases activity 

were characterized by using 16S rRNA sequence analyses. The sequencing 

results showed that the majority of the isolates were affiliated to 

Gammaproteobacteria and Firmicutes phyla (Fig. 3B.3a, b). However, their 

percentage contribution varied with the seasons (Fig. 3B.3a, b). During non-

monsoon, 58 % of the isolates were affiliated to Firmicutes, followed by 

Gammaproteobacteria, i.e., 42 % (Fig. 3B.3a). Whereas, the contribution of 

Gammaproteobacteria increased to 84 % with the subsequent reduction in 

Firmicutes (14%) during monsoon (Fig. 3B.3b). Besides, Bacteroidetes were 

also present during the monsoon (Fig. 3B.3b).  

Among Gammaproteobacteria (42 %), the majority of the isolates were 

classified under Pseudomonadales (26%) followed by Vibrionales (11 %) 

and Enterobacteriales (5%) (Fig. 3B.3c, 3B.4). In the case of Firmicutes (58 

%), Bacillales (53%) and Lactobacillales (5%) were dominant (Fig. 3B.3c, 

3B.4). Within Psedumonadales, Acinetobacter junii was dominant (Fig. 

3B.4). However, the percentage of BGases-producing Bacillales, 
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Pseudomonadales, and Vibrionales decreased significantly with the onset of 

monsoon (Fig. 3B. 3d). During monsoon, the majority of the 

Gammaproteobacteria were classified under Enterobacteriales (51 %), 

followed by Alteromonadales (12 %), Aeromonadales (9 %), 

Xanthomonadales (7 %) and Psedumonadales (5 %) (Fig. 3B. 3d). In the case 

of Firmicutes, members of Bacillales (14 %) were predominant (Fig. 3B.5). 

Within Bacillales, Bacillus subterraneus and Bacillus velezensis were mainly 

observed during monsoon (Fig. 3B. 5). Members of Flavobacteriales (2 %) 

were present in the case of Bacteroidetes (Fig. 3B. 3d, and 3B.5). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3B.3 BGases producing culturable bacterial diversity; (a and b) phylum-

wise distribution of BGases-producing culturable bacteria; (c and d) order-

wise distribution of BGases producing culturable bacteria along the estuary 

during non-monsoon (a, c) and monsoon (b, d), respectively.   
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Fig. 3B.4 Phylogenetic diversity of BGases-producing bacteria from Zuari 

estuary during the non-monsoon season based on 16S rRNA gene sequence 

analysis. The sequences obtained from this study are highlighted in red. 
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Fig. 3B.5 Phylogenetic diversity of BGases-producing bacteria from Zuari 

estuary during monsoon season based on 16S rRNA gene sequence analysis. 

The sequences obtained from this study are highlighted in red. 
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3B.4 Discussion 

In the present study, the TBC and TVC values ranged from 1.33 × 106 

to 1.39 × 107 Cells mL-1, and 780 to 4.84 × 104 CFU mL-1 respectively with 

a fold decrease during the monsoon season. Likewise, BGases producing 

culturable bacterial diversity also varied significantly from non-monsoon to 

monsoon season along the estuary. During non-monsoon, 70 % of the isolated 

bacteria produced BGases that decreased to 30 % during the monsoon, 

especially at the mouth coinciding with decreased salinity and high riverine 

inflow. It has been reported that salinity is a primary factor affecting the 

bacterial abundance of an estuary and this largely depends on the water 

currents, tidal cycle and riverine inflow (Hyun et al., 1999; Devanathan et al., 

2010; Khandeparker et al., 2017a). The study area, specifically the mouth to 

upper-mid region showed a significant variation in salinity between monsoon 

and non-monsoon during the study. The seasonal changes brought by 

monsoon splits this estuary into two different parts habituating the 

marine/brackish bacteria to be dominant in the mouth and lower mid, while 

the freshwater bacteria at the upstream. During such conditions, the shifts in 

dominant species or level of enzymes produced by the same species may 

suppress or modify the response to changes in the environmental variables 

(Martinez et al., 1996). A study by Frette et al. (2004) in Danish estuarine 

water also reported changes in bacterial metabolic functions with respect to 

hydrography of the sampled sites.  

In the present study, 16S rRNA gene sequence analyses of 63 isolates 

from different seasons revealed the occurrence of diverse populations, which 

showed high BGases activity throughout the estuary (Fig. 3B. 3a-d). The 
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majority of the isolates during the non-monsoon belonged to phylum 

Firmicutes (58%) followed by Gammaproteobacteria (42%). Among 

Firmicutes, members of Bacillales (53%) showed a higher contribution and 

dominated by Bacillus spp. (Fig. 3B.3), while members of Pseudomonadales 

(26%) and Vibrionales (11%) showed high BGases activity in the case of 

Gammaproteobacteria. A study by Khandeparker et al. (2011) reported 

cellulose and hemicellulose degradation by Bacillus and Vibrio spp. in this 

estuary. Similarly, carbohydrate metabolizing Bacillus spp. have been 

isolated earlier in a shallow estuary of Roskilde Fjord, and all of them showed 

BGases activity (Frette et al., 2004). However, the influence of seasons on 

their occurrence was not evaluated. In the present study, Bacillus spp. 

observed during different seasons were not the same and showed a strong 

seasonal variation. During non-monsoon, it was either moderate halophilic 

(B. halosaccharovorans) or marine habitat forms (B. horikoshii) and 

dominated towards the mouth of the estuary which is saline. Whereas, 

mineral reducing (B. subterraneus), plant-associated (B. velezensis) and 

halophilic (Halobacillus dabanensis) forms were prevalent along the estuary 

during the monsoon which could produce BGases. It is known that the genus 

Bacillus consists of diverse species that can grow in different environmental 

settings like terrestrial, freshwater, soil, and marine conditions (Hernández-

González et al., 2018). In the case of Gammaproteobacteria, Acinetobacter 

and Vibrio genera were dominant during non-monsoon (Fig. 3B.4). Earlier 

reports have indicated the role of Acinetobacter spp. in carbohydrates 

degradation in the estuarine sediment and benthic biofilms (Haynes et al., 

2007; Taylor et al., 2013). Likewise, Vibrio spp. are also known for their 
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carbohydrates degrading ability (Riemann and Azam, 2002; Imran and 

Ghadi, 2019). Most of the genera that were isolated during the non-monsoon 

showed > 99 % similarity with isolates obtained from the marine 

environment which indicated their autochthonous origin in this estuary.  

However with the onset of monsoon, the percentage of BGases 

producing Bacillales, Pseudomonadales, and Vibrionales decreased 

significantly. Whereas, a tenfold increase was evident in the members of 

Enterobacteriales from non-monsoon (5%) to monsoon (51%) and the 

majority of the observed genera belonged to either pathogenic forms or 

carbohydrase producers. For instance, Pantoea spp. which are capable of 

degrading a diverse range of carbohydrates from different sources such as 

phytoplankton (Arora et al., 2012), riverine organic matter (Kisand et al., 

2002), and benthic biofilms (Taylor et al., 2013) were present only during 

monsoon in this estuary (Fig. 4). Further, two of Pantoea isolates had a > 99 

% partial 16S rRNA identical similarity with P. dispersa and P. cypripedii 

that were isolated from groundnut leaf and Orchid respectively. Earlier, 

Gohel and Naseby (2007) have reported the chitinase production in P. 

dispersa that was isolated from the marine environment. Likewise, red-

pigmented Serratia marcescens that are known to be associated with 

different opportunistic infections in humans (Hejazi and Falkiner, 1997; 

Ghaderpour et al., 2014) were present in our study area during monsoon. 

Another yellow-pigmented isolate from the mouth of the estuary showed > 

99 % 16S rRNA identical similarity with Chryseobacterium sp. which is 

classified under Flavobacteriales order in Bacteroidetes phylum (Fig. 3B.5). 

BGases producing Chryseobacterium sp. have been isolated earlier from the 
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estuarine wetland (Park et al., 2013), diseased fish (Zamora et al., 2012) and 

hydrocarbon contaminated soil (Bernardet et al., 2011). These points out that 

the availability of organic matter from different anthropogenic sources 

possibly resulted in variation in the phylogenetic composition in this estuary. 

The 16S rRNA analyses of upstream freshwater samples showed the 

presence of Kosakonia sp. with BGases activity for the first time in this 

estuary (Fig. 3B.1 and 3B.5). Brady et al. (2013) have classified the genus 

Kosakonia under Enterobacteriales order, and this genus is often associated 

with plants as an endophyte (Meng et al., 2015). However, a study in the 

wastewater treatment plant, Colombia reported the presence of Kosakonia sp. 

with lipase activity (Silva Bedoya et al., 2016), and provides a clue for their 

ability in organic matter degradation. Likewise, a genus that was identified 

under the Xanthomonadales order showed a close similarity with isolates that 

was obtained earlier from plant roots and clinical samples. Xanthomonadales 

are one of the major phytopathogenic bacterial groups in which the genus 

Stenotrophomonas is an opportunistic multidrug-resistant human pathogen 

(da Silva et al., 2002; Looney et al., 2009). The upper mid Zuari estuarine 

region is fringed with dense mangrove plants; it is possible that the decaying 

mangrove parts and terrestrial materials enter the estuary through tidal 

activity and runoff that could act as a source for plant-associated microbes in 

this estuary. 

Other than Enterobacteriales, a significant increase in genera such as 

Alteromonadales (12%), Aeromonadales (9%), and Xanthomonadales (7%) 

was evident throughout the estuary during monsoon. Among 

Alteromonadales, Alteromonas macleodii was dominant and prevailed along 
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the salinity gradient from 0 to 35 psu. Sekiguchi et al. (2002) also reported 

the dominance of A. macleodii in Changjiang estuary, China. Few researchers 

have often observed the presence of A. macleodii in coastal and open ocean 

environments with the capability of producing different extracellular 

enzymes such as lipases and amylases (Acinas et al., 1999). In the case of 

Aeromonadales, four different species of Aeromonas (A. sobria, A. 

hydrophila, A. dhakensis, and A. media) were identified in the upstream 

region that showed a 16S rRNA gene identical similarity with aquaculture 

pathogens. The Aeromonas spp. are ubiquitous in fresh and brackish water, 

and co-exist as autochthonous or allochthonous Aeromonads originating 

from human activities or terrestrial run-off (Janda and Abbott, 2010; Chaix 

et al., 2017). A long-term study by Chaix et al. (2017) in the Seine macro-

tidal estuary reported the dominance of A. media in wastewater treatment 

samples as compared to copepod-associated, thus emphasizing their presence 

as an allochthonous form in the monsoonal estuary. This points out the 

occurrence of different pathogenic forms with carbohydrate metabolizing 

ability during monsoon in this estuary.  

The use of culturable bacteria as one of the indicators of bacterial 

diversity have some merits that include (1) they represent the viable and 

culturable state of the bacterial community in the sampled environment and 

has an ecological significance (2) also provides unique and novel bacterial 

subsets with a distinct metabolic ability (Montaser and Luesch, 2011). In the 

present study, the genera that are isolated through the classical plate method 

in particular during monsoon indicate their quick adaptation to the new 

environment because when allochthonous bacteria are inoculated to the new 
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environment, they swiftly lose their potential to grow on selective media and 

enter into the viable but not culturable state (Menon et al., 2003). Even 

though the culture-independent molecular approaches provide insights on 

these non-culturable fractions (Kumar and Ghosh, 2019), culture-based 

methods are still needed to understand the characteristic features and 

phenotypes of viable bacterial communities (Ito et al., 2019). 

 

3B.5 Conclusions  

Overall, the result of present study infers that the seasonal induced 

changes in salinity and riverine inflow significantly altered the culturable 

estuarine bacterial composition wherein high abundance of Firmicutes during 

non-monsoon was shifted to Gammaproteobacteria with the onset of 

monsoon in this estuary. Furthermore, the shift was not only at the phylum 

level, but occurred at the species level as well. For example, the appearance 

of genera such as Kosakonia, Serratia, Pantoea, Alteromonas, and Klebsiella 

during monsoon can be attributed to inoculation of terrestrial and lotic 

bacteria via high freshwater discharge and subsequent proliferation under 

favorable estuarine conditions. Such emergence of allochthonous pathogenic 

bacteria may also have an ecological relevance as well as impact on the 

estuarine health.  
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4 Elucidating bacterial ectoenzyme activity and their response to 

different nutritional conditions through laboratory experiments 

4.1 Introduction 

Estuaries are highly unique systems, where the mixing between the river 

and ocean water results in steep gradients of different abiotic components that 

include salinity, temperature, inorganic, and organic nutrients (Santos et al., 

2014). Also, such steep environmental gradients significantly influence the 

estuarine microbial communities either by altering their community 

composition (Campbell and Kirchman, 2013), or the metabolic functions 

(Cunha et al., 2001). Among the different bacterial metabolic functions, 

degradation of organic matter (OM) is one of the major pathways wherein 

the nutrients are actively reinstated to the food webs (Hu et al., 2014) and are 

catalyzed by different extracellular hydrolytic enzymes or ectoenzymes 

(Hoppe, 1983). However, the production of these ectoenzymes by estuarine 

microbial communities is regulated by the nature of substrate, concentration, 

as well as the community composition. Moreover, environmental conditions 

can also modify the enzymatic activities and community composition in 

which salinity is the prime factor (Cunha et al., 2001). In estuaries, salinity 

increase or decrease is known to influence the functional activities of the 

microorganisms. Furthermore, along the estuarine salinity gradient, the 

combination of marine and riverine influence results in higher bacterial 

diversity due to the replenishment of bacterial species (Herlemann et al., 

2014). Several previous studies have reported a salinity effect on 

ectoenzymes in both marine and freshwater environments (Cunha et al., 
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2001; Santos et al., 2009). Results from field and experimental observations 

show an influence of salinity on bacterial community composition (BCC) 

(Langenheder et al., 2003; Crump et al., 2004; Tang et al., 2012; Herfort et al., 

2017). For instance, Alphaproteobacteria, Gammaproteobacteria, and 

SAR11 were dominant. They efficiently assimilated OM in marine systems 

(Cottrell and Kirchman, 2000), while in the estuaries, Bacteroidetes played a 

dominant role in the degradation of the OM pool (Crump et al., 2004). 

Contrastingly, Betaproteobacteria efficiently consumes riverine OM and is 

predominant in freshwater environments (Herlemann et al., 2011). 

However, very few observations have simultaneously reported the effects of 

salinity fluctuations on BCC and the ectoenzymes, which they produce 

(Bullock et al., 2017; Cunha et al., 2000; Langenheder et al., 2003). Such 

studies are sparse in tropical estuaries. A recent study by Eswaran and 

Khandeparker (2017) reported that along the estuarine salinity gradient, 

bacterial abundance, and ectoenzyme expression were high at the saline 

mouth and during the dry season (Chapter 3A). Furthermore, high expression 

was related to Gammaproteobacteria taxa, specifically culturable 

Pseudomonadales. Whereas, during monsoon, culturable Enterobacteriales 

showed high expression (Eswaran and Khandeparker, 2019; Chapter 3B). 

The tropical estuaries are inimitable due to the short episodic monsoon spells, 

which bring high freshwater runoff resulting in the estuary to be in the non-

steady state when compared to the temperate estuaries (Vijith et al., 2009). 

Zuari estuary is one tropical estuary located at Goa, West Coast of 

India, which discharges into the Arabian Sea (Fig. 4A.1a). Salinity 

characteristics of this estuary differ significantly from the low run-off/dry 
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period during November - May to the high run-off period during the summer 

monsoon from June to September (Shetye et al., 2007). The run-off also 

contributes to the introduction of high numbers of allochthonous freshwater 

or terrestrial bacterial communities (Divya et al., 2009; Chapter 3B). During 

the transport in estuaries, increasing salinity could be a challenging factor for 

the proliferation of freshwater bacteria as compared to autochthonous 

estuarine bacteria. Other than bacterial communities, riverine discharge also 

deposits a high amount of allochthonous materials rich in carbohydrates. 

Among the carbohydrates, structural polysaccharides are at higher 

concentrations in estuaries due to their recalcitrant nature, when compared to 

storage polymers (Khodse et al., 2010), and β-Glucosidases (BGases) activity 

is a useful proxy in assessing their degradation. Our field observations have 

indicated a shift in the major bacterial taxa from low saline-monsoon to 

high saline-non monsoon seasons that influence BGases activity/expression 

in this estuary (Chapter 3A and 3B; Eswaran and Khandeparker, 2017, 

2019). Likewise, earlier del Giorgio and Bouvier (2002) reported that 

particular bacterial taxa markedly respond to salinity either by increase or 

decrease in growth and cell-specific activities. Therefore, controlling factors 

such as salinity fluctuations might act as a barrier to estuarine bacterial 

communities, resulting in either ‘perish’ of some species or ‘flourish’ of 

others, and that influence the organic matter degradation. In order to validate 

this hypothesis, we conducted a series of experiments wherein natural 

bacterial inocula from different locations of Zuari estuary were inter-

transferred in microcosms and examined the response of marine, brackish, 
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and freshwater bacteria to different salinity conditions with an emphasis on 

major bacterial taxa and BGases activity. 

 

4.2 Materials and methods   

4.2.1 Study area and field sampling 

 Water samples used in the present study were collected from Zuari 

estuary located in Goa, West coast of India (Fig. 4.1a). Surface water samples 

were collected using 5L Niskin water sampler from three different locations 

based on the salinity representing marine (bay - 32.23; 15° 25′ 16.9″ N 

73°47′ 36.9″ E), brackish (mid-estuary - 19.34; 15° 24′ 32.0″ N 73°54′ 50.2″ 

E), and freshwater (upstream - 0.06; 15° 16′ 01.1″ N 74° 06′ 36.0″ E) (Fig. 

4.1a, b). After collection, 200L of water samples from all three stations were 

passed through 20 µm mesh and stored in acid-washed Nalgene bottles 

(rinsed with 10% HCl followed by MilliQ water), transported to the 

laboratory, and used for microcosm experiments (Fig. 4.1b). 

 

4.2.2 Microcosm setup 

The culture media were prepared by filtering 20 L of water samples 

from each station (i.e., marine, brackish, and freshwater (n =3 × 3) through 

the manifold filtration system fitted with multiple polycarbonate filter 

papers, which has 0.22 µm pore size and 47 mm diameter (HTTP04700; 

Millipore, USA). Subsequently, the filtrates were autoclaved and kept in 

the dark. Meanwhile, filter papers with particulate materials were stored 

in sterile Petri dishes (GEN-TCD-60-S, Genaxy, India) at 4 ºC until the 
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filtrates were autoclaved. The particulate materials contained the particles 

which are smaller than 20 µm in size such as, nanophytoplankton (3 –20 μm), 

picophytoplankton (0.2 to 3 μm), bacteria (0.2 to 2 μm free- living; > 2 μm 

particle-associated), and suspended particles (inorganic and organic). In 

translocation experiment I, the marine bacterial inocula were transferred to 

filtered and autoclaved fresh, brackish, and marine waters. In experiment II, 

the brackish water bacterial inocula were transferred to filtered and 

autoclaved fresh, brackish, and marine waters, respectively. In experiment 

III, the freshwater bacterial inocula were transferred to filtered and 

autoclaved fresh, brackish, and marine waters, respectively (Fig. 4.1b). The 

bacterial inocula, which were retained in the water of the same station, were 

referred to as controls (Fig. 4.1b). Hereafter, for simplicity, the filtered and 

autoclaved fresh, brackish, and marine waters are referred to as fresh, 

brackish, and marine waters, respectively. The experiments were continued 

for 21 days under 12 hr light: dark cycle at a controlled temperature (26 ± 2 

°C). Further, incubated bottles were agitated periodically every day 

throughout the experiment to avoid the aggregation of suspended particles at 

the bottom.  
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Fig. 4.1 (a) Sampling locations in Zuari estuary (b) Schematic representation of the experimental setup.
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Before sub-sampling, the incubated bottles were mixed thoroughly and 2.1 

L of water from each experiment was transferred to clean beakers for the 

estimation of dissolved inorganic nutrients, transparent exopolysaccharides 

(TEP’s), suspended particulate matter (SPM), dissolved organic carbon (DOC), 

chlorophyll a (Chl a), total bacterial count (TBC), bacterial production (BP), 

major bacterial taxa, and BGase activity. Sub-samples were collected on days 0, 

1, 4, 7, 11, 17, and 21, respectively. 

 

4.2.3 Dissolved inorganic nutrient analyses 

Detailed methodology is provided in chapter 2A and section 2A.2.3 

 

4.2.4 Transparent exopolysaccharides estimation 

Detailed methodology is provided in chapter 2A and section 2A.2.6 

 

4.2.5 Suspended particulate matter, dissolved organic carbon and chlorophyll-

a analyses 

SPM was enumerated by filtering 100 mL of water samples through the 

pre-combusted, weighed GF/F (0.7 µm, Whatman) 25 mm filter papers, and 

subsequently retained materials were dried in an oven at 60 °C for 24 hr. After 

drying, the samples were reweighed, and values are expressed as mg L-1. Water 

samples for DOC analysis were filtered through 0.22 µm acetate cellulose filter 

papers and acidified with 2 % H2SO4 and analysed using a total organic carbon 

analyser (Shimazu; Model TOC-L), and the values are expressed as mg L-1. Chl 
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a was measured by filtering 100 mL of water samples through GF/F filter papers, 

followed by overnight extraction using 90 % acetone at 4 °C in the dark. After 

extraction, Chl a concentration was determined using a fluorometer (Turner, 10-

AU) that was standardized with Chl a standard (Sigma, USA). 

 

4.2.6 Flow cytometry analyses 

4.2.6.1 Enumeration of total bacterial count 

Detailed methodology is provided in chapter 2A and section 2A.2.4  

 

4.2.6.2 Enumeration of bacterial production 

Detailed methodology is provided in chapter 2A and section 2A.2.5 

 

4.2.7 Ectoenzyme analyses 

4.2.7.1 Total β - Glucosidases activity 

Total  BGases  activity  (includes  cell-associated  and  free  enzyme)  was  

estimated  by measuring the fluorescence released from 4-methylumbelliferyl 

(MUF) -β - D-glucosidase substrate as described by Hoppe (1983). The working 

stock was prepared by diluting the MUF tagged substrate in sterile seawater with 

the addition of methyl cellosolve. A standard curve was prepared using a series 

of MUF β - D-glucosidase substrate (Sigma, USA) concentrations ranging from 

10 nM to 500 nM, which were incubated in triplicates with 10 mL seawater for 

an incubation period ranging from 30 min to 24 hr. Based on the substrate 
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concentration and linearity of the observed fluorescence, the standard 

concentration of 50 nM and an incubation period of 3 hr were selected for this 

study. For sample analyses, 10 µL of the MUF substrates (50 nM final 

concentration) were added to 10 mL of experimental samples and incubated for 

3 hr. After incubation, 100 µL of Tris – HCl buffer was added to each 1 mL of 

the sample mixture, and fluorescence was measured using a fluorescence 

spectrophotometer (Shimadzu RF5031) equipped with 365-440 nm excitation 

and emission wavelength. The rate of enzyme activity is expressed as nM C L-1 

h-1. 

 

4.2.7.2 Enumeration of cells expressing β-Glucosidases 

Detailed methodology is provided in chapter 2C and section 2C.2.3.3 

 

4.2.8 Environmental DNA extraction 

For extraction of environmental DNA, 1.5 L volume of subsamples from 

each experiment were filtered through 0.22 µm pore size filter papers 

(GSWP04700; Millipore) under constant low vacuum pressure and stored at -20 

°C until the extraction. The DNA extractions were carried out in batches soon 

after the filtration (not more than 24 hr) using a power water DNA isolation kit 

(MOBio, USA) according to manufacturer’s instructions. 

 

4.2.9 Quantitative PCR analyses 

 
Detailed methodology is provided in chapter 3A and section 3A.2.5 
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4.2.10 Statistical analyses 

TBC, BP, total BGases activity, number of cells expressing BGases, and 

major bacterial taxa data were log (X + 1) transformed to normalize the data. The 

transformed data sets, which met the normality assumption, were subjected to 

parametric statistical analysis. A parametric two-way ANOVA followed by post 

hoc Tukey’s HSD test was performed to determine the significant variation in 

bacterial parameters between treatments (n = 3) and incubation days (n = 7) (IBM 

statistics, SPSS version 22.0). Furthermore, the relationship between major 

bacterial taxa, total BGases activity, number of cells expressing BGases, and 

environmental variables was evaluated using redundancy analysis (RDA). 

Before RDA, the biotic datasets were evaluated for linear characteristics by 

performing detrended correspondence analysis (DCA) (ter Braak and Smilauer 

2002). In DCA, the length of the first gradient axes was < 2 standard deviation 

(SD) units, which confirmed the linear characteristics, and thus RDA was 

applied. During RDA, firstly, scaling was focused on the inter-species 

correlations, and obtained species scores were divided by SD. Besides, species 

data sets were standardized by the error variance. Secondly, the significance of 

the RDA model was tested using a Monte Carlo permutation test with 999 

permutations and combination. The species response and relationship with 

environmental variables was predicted using generalized linear models (GLM) 

in a stepwise manner followed by F-statistics at the significance level of < 0.05. 

The above statistics were executed using CANOCO software version 4.5 for 

Windows. 
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4.3 Results 

4.3.1 Initial conditions 

During the sampling, salinity was 32.23, 19.34, and 0.06 for the stations 

representing marine, brackish, and freshwater, respectively (Table. 4.1). 

Silicate and nitrate concentrations were higher in freshwater (73.58 and 5.95 

µMol L-1) compared to brackish (28.94 and 1.23 µMol L-1) and marine (12.33 

and 0.56 µMol L-1). Whereas, nitrite concentration was high in marine (2.08 

µMol L-1) compared to brackish (0.80 µMol L-1) and freshwater (0.40 µMol L-

1) (Table 4.1). 

Phosphate  (4.47  µMol  L-1),  Chl  a  (0.88  mg  L-1),  and  SPM  (76.9  

mg  L-1) concentrations were higher in brackish water (Table. 4.1). The 

TEP’s concentration ranged between 397.2 to 518.7 µg XG. eq. L-1, and was 

high in freshwater (Table. 4.1). 

 

4.3.2 Microcosm experiments 

4.3.2.1 Environmental variables 

The nitrite concentration increased with the incubation days and peaked on 

day 21, irrespective of the treatments (ANOVA; F = 7.154; p < 0.001; Fig. 4.2a). 

Whereas, phosphate (F = 4.085; P < 0.002), Chl a (F = 3.05; P < 0.05), SPM 

(F = 2.85; P < 0.05), and TEP’s (F = 27.16; p < 0.0001) concentrations decreased 

significantly with respect to days (Fig. 4.2c and 4.3a, c, d).  
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Table 4.1 Background / Initial condition after passing through 20-µm mesh 

during the sampling in Zuari estuary  

  

 

 

 

Background/Initial conditions 

S.No Parameters 

Marine/ 

Bay 

Brackish/ 

Mid-estuary 

Freshwater/ 

Upstream 

 Abiotic components 

1. Salinity 32.23 19.34 0.06 

2. Chl a (mg L-1) 0.57 0.88 0.22 

3. SPM (mg L-1) 49.45 76.9 52.4 

4. DOC (mg L-1) 1.42 1.05 1.49 

5. TEP (µg XG eq. L-1) 397.20 444.44 518.70 

6. Nitrite (µMol L-1) 2.08 0.80 0.40 

7. Nitrate (µMol L-1) 0.56 1.23 5.95 

8. Phosphate (µMol L-1) 3.52 4.47 3.26 

9. Silicate (µMol L-1) 12.33 28.94 73.58 

 Biotic components 

10. TBC (cells mL-1) 1.95 × 106 3.11 × 106 2.09 × 106 

11. BP (µg C L-1 h-1) 25.91 14.20 11.97 

12. Total BGases activity (nM C L-1 h-1) 240.00 185.80 215.25 

13. No of cells exp BGases (cells mL-1) 4.21 × 105 2.34 × 105 7.56 × 104 

14. Alphaproteobacteria (copies µL-1) 2.40 × 105 4.13 × 104 1.37 × 104 

15. Betaproteobacteria (copies µL-1) 1.93 × 103 1.95 × 102 1.26 × 105 

16. Gammaproteobacteria (copies µL-1) 1.53 × 105 3.75 × 104 4.09 × 103 

17. Bacteroidetes (copies µL-1) 6.10 × 105 1.16 × 105 1.19 × 105 

18. Firmicutes (copies µL-1) 7.63 × 104 1.42 × 104 1.94 × 103 

19. Actinobacteria (copies µL-1) 6.41 × 104 6.80 × 104 4.26 × 104 
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The nitrate and silicate concentrations (F = 2.498; p < 0.05) also decreased 

in most of the treatments except when marine and brackish bacteria were 

translocated in freshwater (Fig. 4.2b). However, decrease in nitrate was not 

statistically significant (F = 1.165; P = 0.34). High levels of nitrate were seen on 

day 7 when brackish and marine bacteria were translocated in freshwater (Fig. 

4.2b). Likewise, silicate was high on day 11 when freshwater bacteria were 

translocated in marine and brackish waters, which could be due to the effect of 

the incubation (Fig. 4.2d). A gradual increase in the DOC concentration was 

evident until day 4, and vice versa was observed from day 7 to 21 when marine, 

brackish, and freshwater bacteria were translocated in different waters (F = 

9.944; P < 0.001; Fig. 4.3b). 

 

4.3.2.2 Marine bacteria 

 
When marine bacteria with high TBC were translocated to brackish and 

freshwater conditions, a significant decrease was evident from day 0 (1.28 × 106 

and 1.12 × 106 cells mL-1) to day 21 (4.09 × 105 and 1.93 × 105 cells mL-1; 

ANOVA - F = 9.17; p < 0.01; Fig. 4.4a) when compared to control (marine 

bacteria in marine water). Similar to TBC, BP also decreased except when 

marine bacteria were translocated in freshwater (Fig. 4 .4b). Whereas, the total 

BGases activity showed an increasing trend until day 1 in brackish, and was 

high throughout in freshwater translocation (Fig. 4.4c). The number of cells 

expressing BGases also showed a similar trend (Fig. 4.4d). 
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Fig. 4.2 Changes in concentrations of (a) nitrite, (b) nitrate, (c) phosphate, and 

(d) silicate during the translocation of MB, BB and FB to different waters; 

different color lines with filled circle indicate different treatments in each panel; 

error bars on top of the circle represents the standard deviation (n=3); the values 

are expressed as µMol L-1; D = days; See Fig. 4.1 for additional details. 
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Fig. 4.3 Changes in (a) Chl a (mg L-1), (b) DOC (mg L-1), (c) SPM (mg L-1), and 

(d) TEP’s (µg XG eq. L-1) during the translocation of MB, BB and FB to different 

waters; D = Days; See Fig. 4.1 for additional details. 

 



 

173 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Response of (a) TBC (cells mL-1), (b) BP (µg C L-1 h-1), (c) Total BGases 

activity (nM C L-1 h-1), and (d) No of cells expressing BGases (cells mL-1) 

during the translocation of MB, BB and FB to different waters; D = Days; See 

Fig. 4A.1 for additional details. 
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In the case of BCC, a clear shift was observed between the control and the 

treatments (ANOVA- F = 58.19; p < 0.0001; Fig. 4.5a-c). Q-PCR analyses of 

field samples showed that Alphaproteobacteria, Gammaproteobacteria, 

Bacteroidetes, and Firmicutes taxa were relatively high in marine inocula (Table. 

4.1). In marine water (control), the relative abundance of Gammaproteobacteria 

was high and coupled with BGases and BP (Fig. 4.5a, 4.6c; Table 4.2a). Their 

abundance was positively related to salinity, DOC, TEP’s and Chl a (Fig. 4.5a). 

However, the translocation of marine bacteria to brackish conditions resulted in 

a significant decrease in Gammaproteobacteria taxa, and the emergence of 

Bacteroidetes and Actinobacteria (Figs. 4.5b, 4.6c, and 4.7a, c). Their 

proliferation in brackish conditions was negatively related to salinity (Fig. 4.5b; 

Table. 4.2b). A similar trend was also evident when marine inocula were 

translocated to freshwater, wherein Betaproteobacteria and Firmicutes taxa were 

predominant and coupled with the number of cells expressing BGases (Fig. 4.5c; 

Table. 4.2c), which were negatively influenced by Chl a and TEP’s, and 

positively related to DOC (Fig. 4.5c, 4.6b, and 4.7b; Table 4.2c). 

 

4.3.2.3 Brackish bacteria 

 
When brackish water bacteria were translocated to marine water, TBC 

(ANOVA: F = 29.89, p < 0.0001) and BP (F = 13.26, p < 0.001) decreased 

compared to control (Fig. 4.4a, b). In the case of freshwater translocation, the 

decrease was evident in BP (Fig. 4.4b). While total BGases activity and the 

number of cells expressing BGases showed an increasing trend until day 4 and 
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vice versa observed from day 7 to 21 (Fig. 4.4c, d). However, the variation 

between the control and treatments were not significant (Fig. 4.4c, d). A similar 

trend was also evident in BCC wherein Bacteroidetes (1.16 × 105 copies µL-1), 

and Actinobacteria (6.80 × 104 copies µL-1) taxa were higher in brackish water 

(Table 4.1; Fig. 4.5b, 4.7a and c), and followed a similar trend in control as well 

as treatments. For instance, the relative abundance of Bacteroidetes, Firmicutes 

and Actinobacteria taxa increased from day 0 to day 21, irrespective of the 

treatments (Fig. 4.7). Although a significant difference in the abundance of 

Betaproteobacteria (F=13.92; p < 0.001) and Alphaproteobacteria (F=15.12; p < 

0.001) taxa was evident when brackish inocula were translocated to fresh and 

marine waters, it did not influence the BGases activity as evidenced from RDA 

tri-plot as well as species response to RDA axes 1 (Fig. 4.5a-c, 4.6a-b; Table 

4.2a). 

 

4.3.2.4 Freshwater bacteria 

The translocation of freshwater bacteria to marine and brackish conditions 

resulted in a decrease in TBC (1.36 × 106 and 7.04 × 105 cells mL-1, respectively) 

and BP (0.5 and 5.35 µg C L-1  h-1  respectively), irrespective of the treatments 

(Fig. 4.4a, b). However, total BGases activity and the number of cells 

expressing BGases showed an opposite trend wherein the activity increased 

significantly irrespective of the treatments (ANOVA F=33.951, P < 0.0001 and 

F = 10.17; p < 0.01; Fig. 4.4c, d). The increase in BGases activity was strongly 

related to the shift in the studied bacterial taxa, as observed in RDA (Fig. 4.5a-
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c). RDA axes 1 and 2 explained 77.08 % and 50.57  %  of  the  variance  in  

the  studied  bacterial  taxa,  when  freshwater  bacteria  were translocated in 

marine and brackish water, respectively. 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

Fig. 4.5a RDA showing the changes in major bacterial taxa and their relationship 

with environmental variables in marine water treatments; blue and red lines in 

RDA tri-plots indicate biotic (response variable) and abiotic variables 

(explanatory variables), respectively; Circles, boxes and up-triangle in RDA tri-

plots represent MB, BB, and FB in different waters, respectively; D = Days. 
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Fig. 4.5b RDA showing the changes in major bacterial taxa and their relationship 

with environmental variables in b r a c k i s h  water treatments. See Fig. 4.5a 

for additional details.  

The qPCR analysis showed that the Betaproteobacteria was dominant taxa 

in freshwater (Table 4.1). When Betaproteobacteria rich freshwater inocula were 

translocated to brackish, an increase in the relative abundance of Actinobacteria, 

Bacteroidetes, and Firmicutes taxa was observed on day 21 (Fig. 4.5b, 4.7). Their 



 

178 
 

increase was negatively realted to DOC, Chl a, and TEP’s (Fig. 4.5b; Table. 

4.2b). In the case of the marine condition, saline related taxa were dominant, i.e., 

Alphaproteobacteria, and Gammaproteobacteria, which showed a strong 

coupling with the total BGases activity and the number of cells expressing 

BGases (Figs. 4.5a, 4.6a, c; Table 4.2a). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5c RDA showing the changes in major bacterial taxa and their relationship 

with environmental variables in f r e s h water treatments. See Fig. 4.5a for 

additional details. 
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Table 4.2 Species response on RDA environmental axes 1 and 2 using generalized linear model and F statistics; GLM – generalized 

linear model; NS – Not Significant 

a –significantly related to RDA 1; b-significantly related to RDA 2 

 

(a ) Marine water (b) Brackish water  (c) Freshwater 

S. 

N

o Dependent F P RDA 1 RDA 2  F P RDA 1 RDA 2 

 

F p 

          

RDA  1 RDA 2 

1 Alphaproteobacteria 58.14b 0.00004 0.16 -0.90 

 

NS NS -0.23 -0.24 16.39a 0.001 -0.86 -0.07 

2 Betaproteobacteria 4.89a 0.04 0.52 -0.20 20.29a 0.0005 -0.85 0.22 9.90a 0.007 -0.84 0.04 

3 Gammaproteobacteria 6.97a/10.46b 0.02a/0.006b -0.57 -0.65 NS NS -0.30 -0.41 37.56a 0.00003 -0.93 -0.05 

4 Bacteroidetes NS NS 0.41 -0.31 5.81b 0.04 -0.48 0.53 NS NS -0.33 -0.25 

5 Firmicutes 8.19b 0.01 0.38 -0.62 NS NS -0.30 0.39 9.38a 0.009 -0.77 -0.49 

6 Actinobacteria 6.95a 0.02 0.57 -0.35 5.91b 0.02 -0.33 0.55 8.74b 0.01 -0.23 -0.79 

7 BP NS NS -0.25 0.42 4.73a 0.04 0.55 -0.12 14.43a 0.002 0.64 0.45 

8 No. of cells exp BGases 17.75b 0.001 0.07 -0.76 NS NS 0.48 0.17 NS NS -0.48 0.12 

9 TBC NS NS -0.26 0.40 21.60a 0.0004 0.76 -0.15 45.0a       0.0001 0.79 -0.09 

10 Total BGases activity 7.11a/5.32b 0.01a/0.03b -0.58 -0.51 17.25b 0.001 -0.27 -0.86 7.93a/10.49b 0.01/0.006 -0.77 0.53 
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Fig. 4.6 Response of (a) Alphaproteobacteria, (b) Betaproteobacteria, and (c) 

Gammaproteobacteria during the translocation of MB, BB and FB to different 

waters. See Fig. 4.1 for additional details. 
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Fig. 4 . 7 Response of (a) Bacteroidetes, (b) Firmicutes, and (c) 

Actinobacteria during the translocation of MB, BB and FB to different 

waters. See Fig. 4.1 for additional details. 
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4.4 Discussion 

The present study evaluated the effect of salinity stress on major 

bacterial taxa in Zuari estuary. The stations were well demarcated by salinity 

and nutrient composition during the sampling. The bay was characterized by 

high salinity, nitrite, and phosphate, whereas silicate and nitrate were high at 

the upstream. In monsoonal estuaries, freshwater discharge and tidal 

circulation regulate the variations in nutrients and salinity in which the river 

run-off governs nitrate and silicate, while nitrite and phosphate via tide 

induced sedimentary release (Anand et al., 2014). Similar to physicochemical 

conditions, the studied bacterial taxa also varied significantly from the saline 

bay to the freshwater upstream in this study. The bay was dominated by 

Alphaproteobacteria, Gammaproteobacteria, Firmicutes, and Bacteroidetes, 

and these communities have also been reported earlier in Delaware estuary, 

Chesapeake Bay, and Columbia river estuary (Crump et al., 1999; Bouvier 

and del Giorgio, 2002; Cottrell and Kirchman, 2004), thus indicating their 

possible occurrence as autochthonous communities in the saline region of the 

estuaries. Meanwhile, many studies have also shown the presence and 

dominance of these taxa in different environmental settings such as rivers 

(Anderson-Glenna et al., 2008; Oshkin et al., 2014), sediment (Franco et al., 

2017; Khandeparker et al., 2017b), soil (Eilers et al., 2010), and biofilms 

(Anderson-Glenna et al., 2008; Edwards et al., 2010; Hede and khandeparker, 

2018), suggesting their ecological roles in other environments. Among the 

observed marine taxa, Gammaproteobacteria and Firmicutes taxa were 

strongly coupled with BGases activity and salinity in this study. Several 

studies have been reported that the Gammaproteobacteria could account for 
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~ 1 – 50 % of total bacterial abundance in saline environments (Wu et al., 

2006; Jiang et al., 2007), can degrade the organic matter which is rich in 

carbohydrates (Yu et al., 2011; Baker et al., 2015; Eswaran and 

Khandeparker, 2017; 2019). Likewise, members of Firmicutes taxa are also 

reported as a reservoir of β-glucosidases expressing genes (Zang et al., 2017). 

Other than salinity, the relative abundance of Gammaproteobacteria taxa 

showed a strong positive loading to DOC, Chl a (indicator of phytoplankton 

biomass), and TEP’s in this study. Members of Gammaproteobacteria taxa 

are often reported having a strong association with phytoplankton (Grossart 

et al., 2005). Although phytoplankton composition tends to vary with 

hydrography and environmental conditions, a few heterotrophic bacterial 

taxa are consistently reported to dominate as phytoplankton-associated 

communities. For example, members of Alteromonadaceae in 

Gammaproteobacteria taxa recurrently occurred as phytoplankton 

associated, which highlighted the role of substrate specificity driving the 

bacterial communities (Buchan et al., 2005; Teeling et al., 2012). 

Nevertheless, the response and proliferation of these autochthonous bacterial 

communities to different environmental conditions have not been addressed 

in monsoon influenced tropical estuaries. The translocation experiments 

conducted to elucidate this revealed that when the marine inocula with high 

TBC, BP, and BGases activity were translocated to filtered and autoclaved 

brackish (19 salinity) and fresh waters (0.06 salinity), TBC decreased 

significantly, irrespective of the treatments. In the case of BP, the decrease 

was mainly in brackish water. Several field and experimental studies have 

reported that bacterial abundance and activities are adversely affected by 
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salinity (Painchaud et al., 1995; Langenheder et al., 2003). A study by del 

Giorgio and Bouvier (2002) has suggested that changing salinity can be 

considered as a stress factor for bacterial physiological states and functional 

activities. Whereas, total BGases activity increased upon translocation of 

marine inocula to only freshwater. Earlier, del Giorgio and Bouvier (2002) 

noticed sharp changes in the structure and function of bacterial taxa along a 

salinity gradient wherein salinity ‘triggered’ particular groups of bacteria, 

while it ‘restrained’ others. In the present study, an increase in the relative 

abundance of Betaproteobacteria and Firmicutes taxa possibly resulted in 

high BGases activity in freshwater translocation, which was decoupled in the 

marine water control. Moreover, an increase in DOC, nitrate, and silicate was 

observed after translocation to freshwater, which could be attributed to the 

breakdown of TEP’s by BGases producing Betaproteobacteria and 

Firmicutes taxa. Also, cell lysis and disintegration of Chl a contributes to the 

release of dissolved organic matter (DOM), that can support the growth of 

heterotrophic bacterial communities (Morris et al., 1978). In 

Betaproteobacteria, members of Comamonadaceae (Methylophillus, 

Sphingomonas, and uncultured clones), Burkholderia (uncultured clones), 

and Oxalobacteraceae (uncultured clones) have been linked to degradation 

and utilization of DOM (Kisand et al., 2002; Kisand and Wikner, 2003; Teira 

et al., 2009; Lindh et al., 2015b; Traving et al., 2017), and are prevalent in 

lacustrine (Boucher and Debroas, 2009) and freshwater/low-saline 

conditions (Kirchman et al., 2004; Pohlon et al., 2010). The other metabolic 

functions of Betaproteobacteria includes denitrification (Gasol et al., 2002; 

Heylen et al., 2006; Han et al., 2018), ammonia oxidation (Molina et al., 
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2007), that influences bacterial carbon fluxes especially in coastal transition 

environments (Teira et al., 2009). Like Betaproteobacteria, the persistence of 

Firmicutes after translocation to freshwater indicates their ability to sustain 

in a wide range of salinity (Rath et al., 2019). Also, their persistence and 

proliferation could be attributed to species level change. For example, 

members of Firmicutes were detected during both high and low-saline 

conditions in this estuary in which marine originated strains were dominant 

in high saline condition. At the same time, it was terrestrial/freshwater strains 

during the low-saline condition (Eswaran and Khandeparker, 2019; Chapter 

3B). It is known that the tide induced saltwater intrusion and freshwater 

inflow are the two major factors that regulate the salinity in estuaries and 

indirectly affects the bacterial communities. During the saltwater intrusion 

events, marine bacteria are relocated to freshwater systems, and vice versa, 

observed during high freshwater inflow. Such physical events not only drive 

the shifts in communities but also possibly affect the gene regulation and 

expression of the communities (Edmonds et al., 2009). This could be another 

possible reason for the members of Betaproteobacteria, and Firmicutes taxa 

to adapt and express BGases activity in two distinct salinity conditions. 

In the case of mid-estuary, which is brackish water (< 20 salinity), 

Actinobacteria and Bacteroidetes were dominant and negatively related to 

Chl a, phosphate, and SPM. Members of Actinobacteria have been detected 

at less than 20 salinity, which is similar to mid-estuarine water, and utilize a 

narrow range of organic substrate for growth and metabolism (Sharp et al., 

2009). Likewise, members of Bacteroidetes have developed a unique 

degradation mechanism that is generally encoded in polysaccharide 
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utilization loci (PUL) (Fernández-Gómez et al., 2013). These PUL consist of 

genes that encode different hydrolytic enzymes such as sulfatases, 

glycosidases, and polysaccharide lyases (Kabisch et al., 2014; Tang et al., 

2017). Our earlier study has also detected Actinobacteria and Bacteroidetes 

taxa in the upper middle region of this estuary (Eswaran and Khandeparker, 

2017; Chapter 3A). After translocation of brackish inocula to marine, TBC 

and BP decreased when compared with control. In the case of freshwater, the 

decrease in TBC, BP, total BGases activity, and the number of cells 

expressing BGases was almost similar between control and treatments. 

Among the studied bacterial taxa, the relative abundance of Actinobacteria 

and Bacteroidetes taxa remained constant and gradually increased as that of 

brackish water control. It is known that the estuarine and brackish water 

communities are a mix of riverine and indigenous populations inhabiting the 

estuary but acclimatize to saline water, or originated from the freshwater 

sources (Crump et al., 1999). An experimental study by Langenheder et al. 

(2003) using Orealvan River water also reported similar findings and 

concluded that estuarine bacteria might better adapt to salinity disturbance 

than marine/riverine bacteria. Although there was a difference in the relative 

abundance of Alphaproteobacteria and Betaproteobacteria taxa after 

translocation to different waters, it did not influence the BGases activity 

during the study. It is possible that the species which emerged belonging to 

these taxa or inocula may not be expressing the BGases genes because 

bacteria tend to change the mineralization pathways under different 

environmental conditions. For example, a study by Edmonds et al. (2009) 

reported that the artificial addition of saltwater in freshwater wetlands 
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resulted in a decline in methanogens and the emergence of sulfate-reducing 

communities. Likewise, Bernhard et al. (2005) observed a decrease in 

ammonia-oxidizing bacteria in response to increasing salinity at Plum Island 

Sound Estuary, north‐east Massachusetts.   

The upstream freshwater station showed relatively high numbers of 

Betaproteobacteria (1.26 × 105 copies µL-1) as compared to other studied taxa 

during the study. Although these taxa are present in other environmental 

conditions, they contribute significantly to ecological processes that occur in 

the freshwater systems (Kan et al., 2006; Li et al., 2012). Li et al. (2012) and 

Ruiz-González et al. (2013) observed a positive relationship between the 

relative abundance of Betaproteobacteria and DOC, which emphasized their 

significant role in the processing of riverine DOC. Besides, they contribute 

up to 60 – 70 % of total bacteria in epilimnetic waters (Newton et al., 2011). 

In our study, when freshwater inocula with high numbers of 

Betaproteobacteria taxa were translocated to marine and brackish conditions, 

their abundance decreased significantly at the end of incubation. Whereas, an 

increase in the relative abundance of Alphaproteobacteria and 

Gammaproteobacteria taxa were detected in marine waters and showed a 

positive relationship with BGases activity, salinity, and DOC. The variations 

in salinity and source of DOC may have contributed to this response because 

the availability of marine-derived DOC and increased salinity favors the 

proliferation of specific marine species, which are inactive at low salinity 

conditions. For instance, within the Alphaproteobacteria, members of 

Novosphingobium, and Sphingomonas, Nitratireductor have been detected in 

mid-salinities with carbohydrate degradation ability (Soares Júnior et al., 
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2013). Whereas, metabolically versatile SAR11 and Roseobacter clade was 

abundant in high saline condition (Wagner-Döbler and Biebl, 2006; 

Brinkhoff et al., 2008). Likewise, Gammaproteobacteria are fast-growing 

opportunists and adapt quickly to salinity stress (Langenheder et al., 2003; 

Soto-Ramírez et al., 2007), and changing substrate availability (Pernthaler 

and Amann, 2005). Within Gammaproteobacteria, genus such as Serratia, 

Citrobacter, Enterobacter, Pantoea has been detected abundantly in low-

saline waters, while Pseudomonas, Vibrio, and Acinetobacter in high-saline 

water with carbohydrate degrading ability (Langenheder et al., 2003; 

Khandeparker et al., 2011; Arora et al., 2012; Eswaran and Khandeparker, 

2019; Chapter 3B). In the case of freshwater bacteria when translocated to 

brackish, an increase in the relative abundance of Actinobacteria, Firmicutes, 

and Bacteroidetes were negatively related to DOC, Chl a, and TEP’s. During 

this time, silicate and nitrite levels also increased significantly at the end of 

the incubation, which could be attributed to the disintegration of freshwater 

phytoplankton communities in different salinity conditions (Morris et al., 

1978; Khandeparker et al., 2017a). Thus, it seems that salinity and 

availability of labile DOC contribute to the proliferation and emergence of 

species belonging to specific bacterial taxa, which in turn produce an array 

of enzymes to breakdown complex molecules/polymers and play a 

significant role in the estuarine food web dynamics. 

 

4.5 Conclusions 

The results of the present experiment revealed a clear shift in major 

bacterial taxa on translocation to different salinities in this estuary. The 
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changes in the total bacterial count or bacterial production did not influence 

the BGases activity; instead, they related to specific bacteria taxa during the 

study. For instance, members belonging to Gammaproteobacteria and 

Betaproteobacteria were higher, and possibly influenced BGases activity in 

marine and freshwater, respectively. Translocation of marine inocula to 

brackish and freshwater resulted in an emergence of Bacteroidetes, 

Actinobacteria, and Betaproteobacteria, respectively. Whereas, when 

freshwater inocula were translocated to marine or brackish water, 

Alphaproteobacteria and Gammaproteobacteria taxa emerged, and this was 

coupled with increased BGases activity. In contrast, brackish water bacteria 

showed a strong persistence in bacterial community composition when 

translocated to non-ambient salinities within this estuary. In conclusion, 

salinity and the source of inocula significantly influencing the organic matter 

degradation in this estuary.  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Chapter  5 

Summary 
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In aquatic environments, heterotrophic bacteria are an important 

component in the microbial loop, utilize the organic matter, and are 

subsequently grazed by higher trophic levels, thereby contributing 

significantly to the microbial food web dynamics. Though bacteria are 

ubiquitous, they can be discerned based on the physiological state (Gasol et 

al., 1999), functional activities (Coolen and Overmann, 2000), and 

phylogenetic composition (Methé et al., 1998). Among the different bacterial 

functionalities, the expression of ectoenzymes is a crucial pathway wherein 

the organic matter is actively transformed and reinstated to different trophic 

organisms. Organic matter, which fuels the microbial loop, has been 

classified into three components based on degradative nature: labile, semi 

labile, and refractory. Since the majority of these fractions are resistant to 

natural degradation, heterotrophic bacteria and related ectoenzyme activities 

play a pivotal role in balancing their accumulation, degradation, and 

utilization. Also, the changes that occur in bacterial phylogenetic 

composition and ectoenzyme activities are indirectly related to ecosystem 

health and functioning. Therefore, it is useful to elucidate their dynamics in 

response to different environmental settings. Taking this into consideration, 

the present study assessed the bacterial community composition and 

functional activities with respect to different hydrographic conditions on 

temporal and spatial scales. For this, the nucleic acid content and specific 

ectoenzyme activities were used as indicators of physiological state and 

functional activities, respectively.  

The present study included different environments such as an estuary, 

coastal, and open ocean environments. The open ocean and coastal samplings 
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were carried out in the North-eastern Arabian Sea (NEAS) during early 

winter monsoon and peak winter monsoon. Generally, the NEAS experiences 

high production during the winter monsoon due to a convective mixing 

process bringing nutrients to the surface from the base of the mixed layer 

(Banse and McClain, 1986; Madhupratap et al., 1996). Besides, the NEAS 

region is known to harbor several sea surface temperature (SST) fronts and 

filaments during this time (Solanki et al., 2008; Roy et al., 2015; Vipin et al., 

2015). Therefore, early and peak winter monsoon seasons were selected for 

sampling. Depending on the differences in SST, the water column was 

classified as fronts, filaments, and non-fronts during this study. The fronts 

and filaments are regions of enhanced biological activity with greater 

accessibility of nutrients compared to adjacent non-frontal waters. So far, no 

studies have been conducted in the tropical frontal regions, especially in the 

NEAS with respect to microbial abundance and ectoenzyme activities; thus, 

the present study is the first of its kind. In the present study, based on the 

nucleic acid content, heterotrophic bacteria were discerned into two 

populations, i.e., high nucleic acid content (HNA) and low nucleic acid 

content (LNA) bacteria. The former fractions have been reported as 

metabolically more active when compared to the latter (Gasol et al., 1999). 

Metabolically active HNA bacteria dominated the fronts and filaments, while 

LNA bacteria were abundant in adjacent and non-fronts. Such differentiation 

in bacterial nucleic acid content was related to nutrient 

availability/enrichment and hydrographic conditions of the frontal regions 

irrespective of the seasons. Similar to heterotrophic bacteria, phytoplankton 

biomass increased from non-fronts to fronts and filaments, as indicated by 
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high chlorophyll a. Among the seasons, peak winter monsoon showed a 

significant increase in HNA bacteria and total bacterial count compared to 

early winter monsoon. Likewise, dissolved nutrient concentrations also 

increased significantly from early winter monsoon to peak winter monsoon, 

which resulted in higher bacterial abundance. Furthermore, high HNA 

abundance was positively correlated to bacterial production, suggesting that 

they can be used as a proxy for measuring the active bacteria in the NEAS 

water column. The transparent exopolysaccharides (TEP’s), which are 

mainly produced during the growth and decaying phase of the phytoplankton 

communities, were also higher in frontal zones and inversely related to total 

bacterial abundance and HNA bacteria indicating a fast turnover of the 

carbohydrate-rich organic matter in the frontal regions. 

 The bacterial response, TEP’s composition, and utilization was 

elucidated using bacterial ectoenzyme activities in different aged frontal 

regions of NEAS. The ectoenzymes are synthesized/expressed mainly by the 

heterotrophic bacteria. They are either cell surface-attached or occur outside, 

or in periplasmic space of the bacterial cell. Among the ectoenzymes, AGases 

act on the fresh, labile, and storage polymers. In contrast, BGases influence 

aged, detrital, and structural polymers. Furthermore, changes in their ratio 

indicate the enrichment and utilization of organic matter types in a particular 

ecosystem. During the study, five different aged transects were sampled in 

the coastal, shelf, and open ocean regions of NEAS. The age of fronts varied 

from a minimum of 0.5 to a maximum of 11 days, which influenced the 

transition between LNA and HNA bacteria, variations in TEP’s and related 

ectoenzymatic activities in the NEAS.  
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Fig. 5.1 Schematic illustration of cumulative variation observed in the non-

front and different aged fronts; All values are expressed as a depth-integrated; 

X-axis indicate the non-front, filaments, and fronts; Different Y-axis 

represent the units for different variables; Different coloured bubble 

represents different variables, and the size of the bubble indicates the 

concentration/abundance (Khandeparker et al., 2021). 

 

In NEAS fronts, both glucosidases (AGases and BGases) activities were 

significantly correlated to TEP’s, and this relationship varied with the age of 

the fronts (Fig. 5.1). AGases was correlated to TEP’s in the younger front of 

the coastal transect. In contrast, a significant positive relationship of TEP’s 

was observed with BGases activity in the aged open ocean and shelf frontal 

stations along with high protist abundance. Such changes in bacterial 

glucosidases activities point out the timescale variation in TEP’s composition 

in the fronts of different ages. Overall, the active recycling of TEP’s by 

heterotrophic bacteria enables a stronger microbial loop as evidenced through 
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an increase in metabolically active HNA bacteria, bacterial production, 

ectoenzymatic activities and protist abundance, which result in the frontal 

system to be more productive when compared to non-front irrespective of the 

spatial and seasonal differences. 

The tropical estuaries are dynamic due to episodic monsoon spells, and 

heterotrophic bacteria are rapid respondents to many of the environmental 

gradients and organic matter, thereby influencing the estuarine food webs. 

During the monsoon, high riverine discharge deposits a high amount of 

allochthonous materials rich in carbohydrates. Among the carbohydrates, 

structural polysaccharides are at higher concentrations in estuaries due to 

their recalcitrant nature compared to storage polymers. BGases activity is a 

useful proxy for assessing their degradation. Nevertheless, studies on the 

relevance and link between the physiological state, phylogenetic 

composition, and organic matter utilization in the monsoon-influenced 

tropical estuaries are limited. In view of this, monthly observations were 

carried out in the Zuari estuary, which is located on the west coast of India 

and discharge into the central Arabian Sea. Salinity characteristics of this 

estuary differ significantly from the low runoff/dry period from November - 

May to the high runoff period during the summer monsoon from June to 

September. Hence, it was hypothesized that the shifts in HNA and LNA 

populations, which indicate their metabolic activities, is governed by the 

monsoonal discharge, and can influence the BGases expression. During the 

study, heterotrophic bacterial populations in the estuary and the NEAS 

showed a bimodal distribution suggesting it to be a widespread feature in the 

bacterial communities. Further, a clear monthly variation in both HNA and 
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LNA bacterial abundance was evident and related to the water column 

conditions in Zuari estuary. The contribution of HNA bacteria to total 

bacteria count was high and positively influenced the bacterial production 

and BGases activity during the non-monsoon seasons (April and May), which 

represents a well-mixed water column. During this time, HNA bacteria also 

influenced the active utilization of TEP’s. Whereas, LNA bacteria dominated 

during monsoon (July), wherein the water column was strongly stratified, and 

showed decoupling with BGases activity, irrespective of the depth. 

Redundancy and response curve analyses revealed that the interactive effect 

of monsoon (rainfall) and stratification significantly altered the bacterial 

nucleic acid composition and related enzymatic activity in the Zuari estuary. 

Besides, the variability in cell granularity and DNA content of HNA and 

LNA bacteria points out that these two groups might play distinct ecological 

roles in the tropical estuarine systems. 

Other than the physiological state, monsoon induced changes in the 

bacterial phylogenetic composition also play a significant role in determining 

ectoenzymatic activities in tropical estuaries. In the present study, a clear 

shift in bacterial phylogenetic composition was evident between the seasons 

and the sites. The mouth and lower-middle estuary were dominated by 

Alphaproteobacteria and Gammaproteobacteria, which represent marine 

taxa, as evidenced by their significant positive relationship to salinity. Both 

the groups were abundant during non-monsoon seasons. The 

Betaproteobacteria dominated the upper-mid and upstream regions of the 

estuary and were negatively related to salinity during the monsoon. Whereas, 

Actinobacteria and Firmicutes were high in the upper-mid estuary, and their 
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abundance increased during monsoon and post-monsoon. Bacteroidetes were 

observed in significant numbers along the estuary irrespective of the seasons. 

Among the observed taxa, Gammaproteobacteria taxa showed a strong 

coupling with BGases expression. Furthermore, an increase or decrease in 

the relative abundance of Gammaproteobacteria significantly influenced the 

BGases expression suggesting that the members of these taxa are possibly 

involved in the degradation of carbohydrate-rich organic matter in this 

tropical estuary.  

The elucidation of BGases-producing culturable bacterial diversity also 

showed a similar result wherein the majority of the BGases-producing genera 

belonged to culturable Gammaproteobacteria and Firmicutes taxa, which 

were influenced by seasonal induced changes in salinity and riverine inflow. 

For instance, within Gammaproteobacteria, members of Pseudomonadales 

(26%) and Vibrionales (11%) were abundant during non-monsoon, while it 

was shifted to Enterobacteriales (51%) during the monsoon. Likewise, the 

genera that were identified in Firmicutes taxa also varied between monsoon 

and non-monsoon seasons. The majority of the genera that were isolated 

during monsoon season showed a close similarity to bacterial taxa, which are 

of terrestrial or freshwater origin. Such a shift in estuarine bacterial 

community structure points out the occurrence of different allochthonous 

forms with carbohydrate metabolizing ability during the monsoon, which has 

an ecological relevance as well as impact on estuarine health. 

Field observations highlighted that the salinity fluctuations might act as 

a barrier to estuarine bacterial taxa, owing to which, some of the bacterial 

species either ‘perish’ or ‘flourish’ and this can influence the organic matter 
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degradation. In order to validate this hypothesis, a series of experiments were 

conducted wherein natural bacterial inocula from different locations of 

tropical Zuari estuary were inter-transferred in microcosms and examined the 

response of marine, brackish, and freshwater bacteria to different salinity 

conditions with an emphasis on major bacterial taxa and BGases activity. The 

results revealed a significant decrease in the total bacterial abundance and 

bacterial production on the translocation of bacterial inocula to different 

salinity conditions in the case of freshwater bacteria. However, a significant 

increase in BGases activity coupled with shifts in the studied bacterial groups 

was evident in the case of marine as well as freshwater bacteria. qPCR 

revealed a shift in major bacterial taxa upon translocation to different waters, 

which was dependent on salinity and the source of inocula. Redundancy and 

qPCR analyses showed that members belonging to Gammaproteobacteria 

and Betaproteobacteria were higher, and possibly influenced BGases activity 

in marine and freshwater, respectively. Translocation of marine inocula to 

brackish and freshwater resulted in an emergence of Bacteroidetes, 

Actinobacteria, and Betaproteobacteria, respectively. Whereas, when 

freshwater inocula were translocated to marine or brackish water, 

Alphaproteobacteria and Gammaproteobacteria taxa emerged, and this was 

coupled with increased BGases activity. In contrast, brackish water bacteria 

showed a strong persistence in bacterial community composition when 

translocated to different salinities within the tropical Zuari estuary. Thus, it 

seems that the salinity and the availability of labile dissolved organic matter 

contribute to the proliferation and emergence of species belonging to specific 

bacterial taxa, which in turn produce an array of enzymes to break down 
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complex molecules/polymers and play a significant role in the estuarine food 

web dynamics.  

The present study reported that the bacterial physiological state and the 

ectoenzyme activities are inter-linked and regulated by different 

environmental drivers. Hence, these ectoenzymes, along with nucleic acid 

content, could be used as indicators of microbial response to changing 

environmental conditions in an ecosystem. Besides, these carbon and 

nitrogen acquiring ectoenzymes are also involved in the dissolution of other 

organic polymers such as proteinaceous gels (CSP, Coomassie stainable 

particles), which are as abundant as TEP’s in the aquatic environment. 

However, studies related to their occurrence, distribution, and utilization are 

poorly explored, and elucidating the same would ascertain their role in 

different aquatic food web dynamics.    
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A B S T R A C T   

Heterotrophic bacteria that differ in their nucleic acid content are frequently observed in aquatic environments. 
However, their relevance and roles in organic matter utilization in monsoon-influenced tropical estuaries have 
not been addressed. Transparent exopolymer particles (TEP) are one of the carbohydrate rich organic matter 
forms in aquatic environments, and their breakdown is mostly mediated by a heterotrophic bacterial ectoen-
zyme, i.e., β – glucosidase (BGase). The present study evaluated the influence of shifts in high nucleic acid 
content– (HNA) and low nucleic acid content – (LNA) bacteria on the degradation of TEP with emphasis on BGase 
activity. For this, monthly observations were carried out along the Zuari estuary, India, on the abundance of 
HNA, LNA bacteria, bacterial production (BP), and BGase activity. The results showed that the contribution of 
HNA bacteria to total bacterial count was high and positively influenced the BP and BGase activity during the 
non-monsoon seasons, which represents a well-mixed water column. During this time, HNA also influenced the 
active utilization of TEP. Whereas, LNA bacteria dominated during the monsoon, wherein the water column is 
strongly stratified, and showed decoupling with BGase activity, irrespective of the depth. Redundancy and 
response curve analyses revealed that the interactive effect of monsoon (rainfall) and stratification significantly 
altered the bacterial activity in this estuary. Besides, the variability in side scatter (SSC), and fluorescence in-
tensity (FL 1) of HNA and LNA bacteria suggest that these two groups play distinct ecological roles in the tropical 
estuarine systems. Unravelling the links between the different nucleic acid content bacteria and their phyloge-
netic composition can provide insights into their functional roles in monsoonal estuaries.   

1. Introduction 

Estuaries are interfaces between marine and freshwater systems, 
which show environmental gradients in variables such as temperature, 
salinity, nutrients, and organic matter (OM). Heterotrophic bacteria 
rapidly respond to many of these gradients, thereby influencing the 
estuarine food webs (Azam et al., 1983). Various studies have reported 
that bacterial populations are not entirely active. Rather, some natural 
bacterial assemblages appear to vary from highly active, to inactive at 
different phases of their growth cycle (Button et al., 1996). In the last 
two decades, the combination of flow cytometry (FCM) with nucleic acid 
stains routinely showed the occurrence of two bacterial fractions, which 
are distinct in cell size, complexity, and DNA content. They are named as 
low nucleic acid content (LNA), and high nucleic acid content (HNA) 
bacteria (Button et al., 1996; Gasol et al., 1999; Lebaron et al., 2001). 

Among the two, HNA bacterial fractions are considered as highly active 
and dynamic because of their high cellular complexity and DNA content. 
Whereas LNA bacteria are depicted as inactive or dormant (Lebaron 
et al., 2001). However, subsequent studies have highlighted that LNA 
bacteria are also part of an active fraction and possess metabolic activ-
ities similar to HNA bacteria in selected ecosystems (Longnecker et al., 
2005; Wang et al., 2009; Gözdereliler et al., 2013), especially under 
stressful environmental conditions (Bouvier and Maurice, 2011). LNA 
bacteria reduce their metabolism under stress and have a distinctive 
membrane constitution that helps them overcome unfavorable envi-
ronments (Salcher et al., 2011; Ramseier et al., 2011). Meanwhile, HNA 
bacteria outcompete LNA bacteria in productive coastal and oceanic 
frontal systems and are positively related to high bacterial production 
(BP) and chlorophyll a (Chl a) (Bouvier et al., 2007; Santic et al., 2012; 
Khandeparker et al., 2018). Many recent studies have suggested that the 
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shifts in HNA and LNA bacterial fractions may indicate the change in 
bacterial bulk activities as well as community composition (Segovia 
et al., 2018; Sharuddin et al., 2018; Santos et al., 2019). Likewise, 
studies on HNA and LNA bacteria in different marine and freshwater 
systems found that their distribution pattern is controlled by nutrients, 
substrate availability, temperature and salinity (Joux et al., 2005; Wang 
et al., 2009; Šantić et al., 2012; Liu et al., 2017; Khandeparker et al., 
2018). However, most of these studies were conducted in temperate 
systems and just a few in tropical systems, especially in monsoon 
influenced estuaries. Generally, freshwater input in monsoonal estuaries 
far exceeds the total volume of the estuary during the peak discharge 
period, while in temperate estuaries, it acts as a primary driver of the 
long-term circulation (Eyre and Balls, 1999). Seasons, rainfall, and 
turbidity are also reported to have distinct roles in temperate and 
tropical ecosystems resulting in different biological productivity (Qasim 
and Gupta, 1981; Mallin and Paerl, 1992; Wilson, 2002; Kim et al., 
2017). Therefore, elucidating the changes in bacterial abundance and 
activity on a spatial and seasonal scale is essential to understand the 
functioning of the estuarine ecosystem, especially in the tropics. 

The present study was carried out in the Zuari estuary, which is a 
monsoon-influenced tropical system, showing highly stratified condi-
tions during the monsoon and is well mixed during the non-monsoon 
seasons (Sundar et al., 2015). Periodic flushing and tidal action have 
been reported to influence the chemistry and biology of this estuary 
(Rao et al., 2011; Anand et al., 2014; Khandeparker et al., 2017). 
Freshwater inflow increases fluxes of terrigenous materials and riverine 
microorganisms, thereby altering the OM and bacterial community 
composition (Eswaran and Khandeparker, 2017). OM in estuaries 

includes carbohydrates, amino acids, vitamins, and humic substances. 
Among the carbohydrates, transparent exopolysaccharides/transparent 
exopolymer particles (TEP) (Passow, 2002; Eswaran and Khandeparker, 
2017) constitutes a significant portion, and mediates various biogeo-
chemical cycles in different aquatic systems (Kumar et al., 1998; Simon 
et al., 2002), including estuaries (Barrera-Alba et al., 2009; Sun et al., 
2012; Bar-Zeev and Rahav, 2015). Furthermore, their degrada-
tion/dissolution is an additional carbon source in estuaries, thereby 
influencing carbon cycling and productivity (Wetz et al., 2009; Annane 
et al., 2015; Bar-Zeev and Rahav, 2015; Morelle et al., 2017; Guo and 
Sun, 2019). The abiotic factors that drive the formation and degradation 
of TEP in estuaries include winds, tides, and salinity. Specifically, 
changes in the salinity alter the structural integrity (Wetz et al., 2009; 
Mari et al., 2012; Morelle et al., 2017), and the microbial degradation of 
TEP (Cunha et al., 2000; Celussi and Del Negro, 2012; Eswaran and 
Khandeparker, 2020). 

The microbial degradation of TEP is mainly mediated by α and β – 
glucosidase (BGase), which are inducible ectoenzymes (Chróst, 1989). 
Few of these functional ectoenzymes have been used as indicators of 
bacterial metabolic activities (Coolen and Overmann, 2000). However, 
the link between the ectoenzymatic activity and bacterial nucleic acid 
content was not addressed earlier. We hypothesized that the shifts in 
HNA and LNA populations, which indicate their metabolic activities, are 
governed by the monsoonal discharge, and can influence the 
cell-associated BGase expression. The present study assessed 1) 
Spatio-temporal variations in the composition of HNA and LNA bacteria 
in Zuari estuary, 2) Influence of environmental factors on the dynamics 
of HNA and LNA bacteria and 3) Influence of shifts in bacterial 

Fig. 1. (a) Map showing sampling stations along the Zuari estuary; (b–g) Seasonal variation in temperature (b, c), salinity (d, e), stratification (f), and SPM (g, h) in 
SW and NB of the Zuari estuary; Mouth (S-1 and S-2), Lower mid (S-3 and S-4), Upper mid (S-5 and S-6), and Upstream (S-7 and S-8); SPM – suspended particulate 
matter; SW-Surface water; NB-Near-bottom. 
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physiological states on TEP degradation using BGase expression. 

2. Materials and methods 

2.1. Study area and sampling 

The Zuari estuary is located along the west coast of India (Goa) and 
connected to the central Arabian Sea (Fig. 1a). It is one of the 
economically important estuaries in Goa, and the amount of household/ 
industrial effluent discharged into this estuary is approximately about 
30 million litres per day (Pangare et al., 2006). The main channel of the 
Zuari estuary is about 50 km long, and 5 km wide at the mouth and 
becomes progressively narrower upstream (0.05 km). This estuary ex-
periences an annual seasonal cycle: premonsoon (PreM; February to 
May) followed by southwest monsoon (henceforth referred to as 
monsoon-MON; June–September), and post-monsoon (PostM; October 
to January). It remains well mixed during the PreM and stratified during 
the MON. The stratification is mainly caused by high freshwater 
discharge (>400 m3 s− 1 during MON) from different rivers (Kushavati, 
Sanguem) that drain in this estuary (Shetye et al., 2007). The high 
freshwater discharge during MON causes significant changes in the 
physicochemical characteristics of this estuary (Shetye et al., 2007). 
Tides in this estuary are mixed and semidiurnal type and the tidal 
amplitude ranges between ~2.5 and 1.5 m during spring and neap tides, 
respectively (Shetye et al., 2007). 

Surface and near-bottom (NB) water samples were collected using 5 
L Niskin bottles from eight stations (S1–S8; Fig. 1a; Table 1) along the 
salinity gradient of 0–35 PSU and on a monthly basis from November 
2013 to December 2014. All samples were collected during the flood tide 
conditions except in a few occasions (Suppl. Table S1). The sampled 
locations were classified based on the salinity as the mouth (MU; S1 and 
S2; >30 PSU), lower middle (LM; S3 and S4; 30 to 15 PSU), upper middle 
(UM; S5 and S6; 15 to 0.5 PSU) and upstream (US; S7 and S8; <0.5 PSU/ 
freshwater). Triplicate samples were collected for all the parameters 
during each sampling. After collection, the samples were stored on ice in 
the dark and transported to the laboratory. 

2.2. Environmental parameters 

The temperature and salinity of the water column were determined 
using a portable Seabird Conductivity-Temperature-Depth probe (CTD; 
Model: SBE 19 plus). The stratification factor (ΔS) was calculated as a 
difference between surface and NB water salinity for the entire study 
period. Estimated tide values were obtained from the tide table, Mar-
magao region, India. Rainfall data for the study region (Goa) was ob-
tained from the India Weather Forecast Bulletin 2013 and 2014 (Indian 
meteorological department (IMD), New Delhi; Suppl. Table S1). For 
dissolved inorganic nutrients (nitrate, nitrite, silicate, and phosphate), 
subsamples were collected in 5 mL vials in triplicate and frozen at - 
80 ◦C. Within three weeks of collection, samples were analysed using an 
automated nutrient analyzer (SKALAR San Plus 8505 Interface version 
3.331, Netherlands) following the method described by Grasshoff et al. 
(1983). Chl a estimation was carried out using the standard method 
described by Parsons et al. (1984). For suspended particulate matter 

(SPM) analysis, 250 mL of water samples were filtered using 300–400 
mmHg vacuum pressure in triplicate through preashed, pre-weighed 25 
mm glass fiber filter (GF/F) papers (Whatman, USA) and dried in an 
oven at 60 ◦C for 48 h. Filter papers with the retained material were 
re-weighed, and the concentration expressed as mg L− 1. 

2.3. Transparent exopolymer particles 

TEP were measured as described by Klein et al. (2011) using Xanthan 
Gum as the standard, which was dissolved in absolute ethanol. The 
standard curve was determined by serially diluting the known concen-
tration of the Xanthan Gum standard (5–500 μg). For the analysis of TEP, 
500 mL of seawater samples were filtered in triplicate onto 0.4 μm 
polycarbonate filters (HTTP; Millipore, USA). Subsequently, particulate 
material retained on filter papers were resuspended in 5 mL of GF/F 
filtered seawater and centrifuged for 10 min at 3200×g. After centrifu-
gation, pellets were recovered and frozen at – 20 ◦C until analysis. A 
volume of 2 mL of 0.02% Alcian blue prepared in 0.06% acetic acid was 
added to pellets, mixed, and centrifuged immediately to remove the 
excess dye. Further, pellets were rinsed with a known amount of distilled 
water until clear supernatants were obtained. A volume of 4 mL of 80% 
H2SO4 was then added to the pellets. After 2 h, the absorption of the 
supernatants was measured by a spectrophotometer at 787 nm. TEP 
values are expressed as μg Xanthan Gum equivalent L− 1 (μg XG. eq. L− 1), 
calculated by using Xanthan Gum standard calibration curve. 

2.4. Flow cytometry analyses 

2.4.1. Enumeration of total bacterial count (TBC), high and low nucleic 
acid content bacteria (HNA and LNA) 

For flow cytometry analyses, 1 mL of paraformaldehyde (1% final 
concentration) fixed sub-samples in triplicate were passed through the 
cell strainer cap (BD-Biosciences, USA) and incubated with 10 μL of 
SYBR Green I (1:10,000 final concentration, Molecular Probes, USA) for 
15 min at room temperature in the dark. After the incubation, cell counts 
were obtained with a BD-FACS Aria II flow cytometer equipped with a 
nuclear blue laser (488 nm, 15 mW). Emitted light signals from the 
stained cells were detected with the following filter sets: 488/10 band-
pass filter for side scatter (SSC/RALS) and 530/10 bandpass filter for FL 
1 (green fluorescence). All the samples were recorded at < 500 events 
s− 1. The specific gain settings for the instrument were as follows: for-
ward scatter (FSC) = 286; side scatter (SSC/RALS) = 311; FL 1 (green 
fluorescence) = 467; FL 2 (Red fluorescence) = 500. Fluorescence 1 μm 
beads (Polysciences, USA) were used to calibrate the fluorescence signal 
and scatter values. A single gating on SSC versus FL 1 plot allowed the 
enumeration of TBC and expressed as cells mL− 1. Within TBC, HNA and 
LNA bacteria were demarcated by green fluorescence intensity on FL 1 
channel that is proportional to the amount of DNA in the cell. The cells 
having higher cellular DNA content (HNA) falls above the 3-order 
magnitude of log scale in SSC vs. FL 1 plot, and vice versa was 
observed for the low DNA content cells, i.e. LNA. The data visualization, 
gating process, event recording, and flow rate calibration was done 
using the built-in BD FACS Diva 6.2 software (Khandeparker et al., 
2018). 

2.4.2. Bacterial production 
Bacterial production (BP) was measured using 5-Bromo-2-Deoxyuri-

dine (BrdU). All the reagents (BrdU, FITC labelled anti-BrdU with DNase 
I) were procured from BD-Biosciences, USA. BrdU, an analogue of 
thymidine, is incorporated into newly synthesized DNA during cell di-
vision and can be used to quantify BP and metabolic activity (Nelson and 
Carlson, 2005; Khandeparker et al., 2018). BrdU was added to the water 
samples at 1 μM final concentration and incubated for 3 h at in-situ 
temperature in the dark. After incubation, the cell activities were 
stopped by adding paraformaldehyde (1% final concentration) and 
stored at - 80 ◦C until immune fluorescent detection (IFD). IFD was 

Table 1 
Details of sampling stations located at the Zuari estuary.  

Station No. Station name Distance from mouth (km) Depth (m) 

S-1 Dona Paula 0 16 
S-2 Chicalim 5.8 5 
S-3 Cortalim 13 9.6 
S-4 Loutulim 19.7 10.5 
S-5 Borim 23.9 12.9 
S-6 Shiroda 31.4 9.1 
S-7 Khusavati 38.4 9.9 
S-8 Sanvordem 42.2 4.9  
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performed using Fluorescein isothiocyanate (FITC) labelled anti-BrdU 
with DNase I. Briefly, BrdU incorporated cells were stained with FITC 
labelled anti-BrdU with DNase I and incubated for 30 min in the dark. 
During incubation, the anti-BrdU binds with the BrdU and can be 
captured using FITC fluorochrome. Subsequently, anti-BrdU labelled 
cells were counted using the BD-FACS Aria II flow cytometer as 
mentioned above. 11 fg C per bacterium was used for calculating cell to 
carbon production, and values are expressed as μg C L− 1 h− 1 (Garrison 
et al., 2000). 

2.4.3. Enumeration of cells expressing β-Glucosidase 
Fluorescein di-β-D-glucopyranoside (FDGlu; Molecular Probes, USA) 

was used in the present study to enumerate the cells expressing BGase 
from the total bacterial population as described in Eswaran and Khan-
deparker (2017). Briefly, FDGlu was incubated with 1 mL of surface and 
NB-water samples (2 mM final concentration; Molecular Probes, USA) 
for 30 min at in-situ temperature in the dark. During the incubation, the 
expression of BGase by heterotrophic bacteria breakdown the 
non-fluorescent FDGlu into highly fluorescent fluorescein. Subse-
quently, the fluorescent signals from the hydrolyzed samples were 
enumerated using a BD-FACS Aria II flow cytometer equipped with a 
530/30 band pass filter and FL 1 (green fluorescence) detector. Before 
sample analysis, the detector gain setting was calibrated with control 
samples to cut off the intrusion of non-cellular fluorescent material and 
noise. Obtained data sets were processed using BD-FACS Diva 6.2 
software. 

2.5. Data analyses 

Multivariate analysis of variance (MANOVA) was conducted to 
assess the seasonal, spatial, and temporal variations in TBC, HNA, LNA 
bacteria, BP, and number of cells showing BGase activity, followed by 
Tukey’s posthoc test for the pairwise comparisons of different variables 
between the months (n = 14), and sites (n = 8). Since most of the 
environmental variables did not show a significant variation between 
the surface and NB, the data were pooled for further statistical analyses. 
Spearman’s rank correlations were used to evaluate the relationships 
between the cytometric properties (SSC and FL 1) of HNA and LNA 
bacteria and different environmental variables. Further, redundancy 
analysis (RDA) was performed to depict the interrelationships among 
the set of biotic and abiotic variables along the estuary. Before RDA, the 
biotic data were checked for linear characteristics (length of first DCA 
axes < 2 standard deviation units). The significance of the RDA method 
was assessed using the Monte Carlo test (p < 0.05; 999 permutations; ter 
Braak and Smilauer, 2002). Concurrently, generalized linear models 
(GLM) in a stepwise manner followed by F-statistics were used to predict 
the response of biotic variables (HNA, LNA bacteria, BP, and BGase 
activity) to environmental ordination axes in RDA. Since different 
environmental variables constrained each RDA axes, the GLM analyses 
helped in predicting the driving factors for each of the biotic variables 
along the estuary during different seasons. The above statistical analyses 
were performed using IBM SPSS statistics (MANOVA; Windows Version 
22) and CANOCO 4.5 for Windows (RDA and GLM analyses), and the 
contours were plotted using Surfer v. 13 (GOLDEN software). 

3. Results 

3.1. Seasonal variations in environmental variables 

The variations in different environmental variables along the Zuari 
estuary during the sampling months are presented in Fig. 1b–h, 2a-d, 
and Suppl. Fig. S1, respectively. Water temperature was higher during 
PreM (30.11 ± 1.86 ◦C) and showed a significant monthly variation 
(Fig. 1b and c; MANOVA; F = 105.24; p < 0.001; Suppl. Table S2). 
Similarly, salinity was high during PreM and PostM, while it decreased 
significantly during the MON (MANOVA; F = 5.22; p < 0.001; Fig. 1d 

and e). During the onset of MON, the water column was strongly strat-
ified (ΔS: 4.03 to 11.7; Fig. 1f). The SPM was high at the mouth and 
decreased significantly towards the upstream region irrespective of 
sampling date and depth (Fig. 1g and h; Suppl. Table S2). Further, SPM 
was significantly higher at the NB than in surface water (MANOVA; F =
5.76; p = 0.01; Fig. 1g and h). 

Like physical characteristics, the dissolved inorganic nutrients also 
showed a strong seasonal variation (Suppl. Fig. S1a–d; Suppl. Table S2), 
except phosphate, which showed a significant variation between the 
sites (MANOVA; F = 2.77; p = 0.01). Chl a concentrations varied 
seasonally with PreM (2.68 ± 1.61 mg m3) > PostM (1.55 ± 1.17 mg 
m3) > MON (1.21 ± 1.34 mg m3) (Fig. 2a and b; Suppl. Table S2). TEP 
also showed a strong seasonality (F = 20.72; p = 0.001), with higher 
average values during PostM (500.15 ± 305.71 μg XG. eq. L− 1) followed 
by PreM (340.89 ± 212.10 μg XG. eq. L− 1) and MON months (274.18 ±
163.51 μg XG. eq. L− 1) (Fig. 2c and d). 

3.2. Seasonal variations in TBC, HNA, LNA bacteria, BP, and the number 
of cells expressing BGase 

During PreM, TBC (cumulative of HNA and LNA bacteria) ranged 
from 1.56 × 105 to 1.14 × 107 cells mL− 1. It was low in February 2014, 
and increased significantly in May 2014, irrespective of the depth 
(MANOVA: F = 28.38; p < 0.001; Table 2a). The abundance of HNA and 
LNA bacteria ranged from 7.19 × 104 to 5.39 × 106, and 8.54 × 104 to 
6.41 × 106 cells mL− 1, respectively (Fig. 2a and b). Both showed a sig-
nificant temporal variation (MANOVA: HNA: F = 25.67; p < 0.001; LNA: 
F = 25.64; p < 0.001; Table 2a) and were lower in February 2014, while 
the variation among sites and depth was not significant (Table 2a). 
However, SSC, FL 1, and the relative distance between SSC and FL 1 
(representing cell granularity and DNA content, respectively) of HNA 
and LNA bacteria showed a significant difference between the sites and 
seasons (Fig. 3a–f). Further, the variation in cytometric properties of 
HNA was positively correlated to Chl a (Spearman’s r = 0.41; p < 0.01), 
and salinity (Spearman’s r = 0.67; p < 0.001). The proportion of HNA 
bacteria was slightly higher (53%) or similar (48–50%) to that of LNA 
bacteria all along the estuary, and irrespective of the depth (Suppl. 
Fig. S2a–d). BP ranged between 0.09 and 27.52 μg C L− 1 h− 1 and was 
significantly higher in NB when compared to the surface water (MAN-
OVA: F = 5.118; p = 0.027; Table 2a; Fig. 2e). However, the number of 
cells showing BGase activity followed a similar trend as that of TBC and 
HNA bacteria, i.e., maximum during April and May 2014 (Fig. 2c and d; 
Table 2a). 

During MON, a significant decrease in TBC, HNA bacteria, number of 
cells showing BGase, FL 1 of HNA was evident compared to PreM 
(Fig. 2a–d; Suppl. Fig. 2a–d; Table 2b). Whereas, LNA bacteria increased 
during the MON, irrespective of the depth (Fig. 2a and b). Their abun-
dance ranged from 3.75 × 105 to 8.89 × 106 cells mL− 1. Among the 
MON months, July 2014 showed significantly higher LNA bacteria than 
June, August, and September 2014 (Fig. 2a and b), which is the peak 
freshwater discharge period in this estuary as evidenced by rainfall data 
(Suppl. Table S1). During this time, LNA bacteria contributed 58–61% of 
TBC (Suppl. Fig. 2a–d). 

The PostM season showed significantly higher TBC, HNA, LNA bac-
teria, BP, and the number of cells expressing BGase compared to PreM 
and MON (Fig. 2a-e; Table 2c). The TBC varied from 1.80 × 105 to 3.41 
× 107 cells mL− 1, was high during November and December 2013. 
However, the percentage contribution of HNA and LNA bacteria to TBC 
showed a similar trend as that of PreM (Suppl. Fig. S2a–d). 

Overall, HNA, LNA bacteria, and the number of cells expressing 
BGase showed a significant spatial and temporal variation during the 
study (Table 2d). 
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Fig. 2. Seasonal variation in (a, b) Chl a, (c, d) TEP, (a, b) HNA bacteria, (a, b) LNA bacteria, (c, d) Number of cells expressing BGase, and (e) BP in SW and NB of the 
Zuari estuary; Chl a – Chlorophyll a; TEP – Transparent exopolymer particles; HNA – high nucleic acid content; LNA – low nucleic acid content; BGase – β – 
glucosidase; BP – bacterial production. 
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3.3. Factors influencing HNA, LNA bacteria, and their relationship with 
the number of cells expressing BGase in the Zuari estuary 

In the present study, RDA analyses were performed to elucidate the 
influence of environmental drivers on bacterial populations in this es-
tuary (Fig. 4a–f; Suppl. Tables S3a–c). The results revealed that an in-
crease in the abundance of HNA bacteria, TBC and the number of cells 
expressing BGase during PreM (April and May), was positively related to 
salinity, Chl a, and TEP, while LNA bacteria were influenced by tem-
perature and phosphate (Fig. 4a; Suppl. Table S3a). The percentage 
contribution of HNA and LNA bacteria to TBC was influenced by TEP 
(RDA score = HNA: 0.56 and LNA: -0.61), irrespective of the depth 
(Fig. 4a). During PostM, an increase in HNA bacteria was positively 
related to BP, Chl a, and TEP (Fig. 4e and f; Suppl. Table S3c). 

In the case of MON, higher abundance of LNA bacteria was positively 
related to high rainfall (Suppl. Table S1) and stratification (Fig. 1f), 
irrespective of depth (Fig. 4c). The response curve analysis also indi-
cated that the persistence and increase of LNA bacteria during MON was 
positively related to RDA axes 1 (Fig. 4d), confirming the effect of the 
monsoon in altering the bacterial nucleic acid content along with the 
number of cells expressing BGase in this estuary (Fig. 4c and d; Suppl. 
Table S3b). 

4. Discussion 

The enumeration of heterotrophic bacteria based on their nucleic 
acid content revealed the occurrence of HNA and LNA bacteria in all the 
samples, irrespective of the depth and seasons. Further, a significant 
variation in the cytometry mean values and ratio of SSC (cell granu-
larity) and FL 1 (DNA content) in the case of HNA and LNA bacteria was 
evident irrespective of the season and sites (Fig. 3a–f). Various studies 
have suggested that the cytometric characteristics (cell granularity and 
DNA content) of heterotrophic bacteria change significantly, within the 
ecosystems, e.g., in lakes or across environmental gradients (Nishimura 
et al., 2005; Liu et al., 2016, 2017), suggesting that the bimodal distri-
bution is a widespread feature in the bacterial communities. Such 
variability in cell granularity and DNA content indicates seasonal 
induced changes in bacterial cell size and activity (Worden et al., 2004). 
It is clear from the present study that different environmental factors 
regulate the degree of variability in cytometric parameters. For instance, 
cell granularity and DNA content of HNA bacteria showed a significant 
positive correlation with Chl a, and salinity. A similar relationship was 
not evident for LNA bacteria during the study. Corzo et al. (2005) re-
ported a similar pattern in Antarctic waters, mainly during the summer. 
In terms of abundance, both HNA and LNA bacteria showed clear sea-
sonal variation in this estuary. Similarly, HNA and LNA bacteria were 

found to change seasonally in the Adriatic (Šantić et al., 2012, 2014), 
and the Mediterranean Seas (Joux et al., 2005). It was observed that the 
proportion of HNA bacteria was slightly higher (53%) or equal 
(48–50%) to LNA bacteria during PreM and PostM, irrespective of depth. 
During this time, TBC and BP were also high and coupled significantly 
with HNA bacteria. Their short-term variability can be linked to salinity 
and Chl a, as evidenced by their positive correlation. A study by Joux 
et al. (2005) found that the distribution of HNA bacteria was signifi-
cantly correlated with salinity in the Rhone River plume. Generally, 
tropical estuaries experience high salinity during the non-monsoon 
season due to low riverine discharge and a well-mixed water column 
(Qasim and Gupta, 1981; Sundar et al., 2015). Such a condition initially 
supports primary producers (as indicated by Chl a) and later hetero-
trophic bacteria (Weithoff et al., 2000). This possibly resulted in 
occurrence of a higher proportion of HNA bacteria during 
non-monsoon/summer months in this study, as indicated by the positive 
relationship between HNA, TEP, and Chl a. An earlier study by Bhaskar 
and Bhosle (2006) also reported that the OM generated during 
summer/non-monsoon periods is mostly derived from freshly grown 
phytoplankton and have a low carbon: nitrogen ratio (C: N - 2.4), which 
probably support the growth of bacteria in this estuary. Likewise, Silva 
et al. (2018) reported that the high growth rate of the HNA in the Red 
sea was related to labile organic matter (low C: N ratio), especially 
during the summer. 

However, the proportion of HNA bacteria decreased to 38% with the 
simultaneous proliferation of LNA bacteria (62%) during MON. This was 
especially so in July 2014, concurrently with peak freshwater discharge. 
RDA revealed that rainfall and stratification were the main driving 
factors and accounted for 53.35% variation in July 2014. This suggests 
the influence of large salinity variations on bacterial dynamics, espe-
cially on HNA bacteria. A recent study in the Haihe River, China, showed 
that changes in temperature and salinity reflects the seasonal dynamics 
and also notably affect the HNA and LNA bacterial distribution and their 
cytometric characteristics (Liu et al., 2016). Earlier studies from Lake 
Biwa, Japan, and the Mediterranean Sea reported low numbers of HNA 
bacteria during high stratification (Nishimura et al., 2005; Van Wam-
beke et al., 2011). This suggests that the HNA bacteria were more sen-
sitive to environmental change than LNA bacteria in this estuary. 
Simultaneously, the persistence and proliferation of LNA bacteria during 
MON highlight their differential role in freshwater conditions. Liu et al. 
(2017) also observed a high percentage of LNA bacteria at the river 
catchment site. Similarly, a study by Nishimura et al. (2005) reported 
that LNA bacteria contribute a significant portion of the total commu-
nity in freshwater environments. Likewise, Wang et al. (2009) observed 
distinct cell division and cell size changes in LNA bacteria when culti-
vated in freshwater. Thus, it seems that an inflow of high amount of 

Table 2 
Results of MANOVA between months, stations, and depth for different biotic variables in Zuari estuary during PreM (a), MON (b), PostM (c), and an annual cycle (d); 
significant values are highlighted in bold.    

(a) PreM (b) MON (c) PostM (d) Annual cycle 

Variables Factors df F P df F P df F P df F P 

HNA bacteria Months 3 25.67 < 0.001 3 10.55 < 0.001 5 5.15 0.010 13 11.74 < 0.001  
Stations 7 1.36 0.240 7 1.08 0.384 7 2.15 0.059 7 2.85 0.020  
Depth 1 0.223 0.638 1 0.03 0.847 1 5.81 0.020 1 7.64 0.006 

LNA bacteria Months 3 25.64 < 0.001 3 16.78 < 0.001 5 8.23 0.001 13 14.99 < 0.001  
Stations 7 1.286 0.274 7 0.28 0.954 7 1.30 0.275 7 0.93 0.401  
Depth 1 0.518 0.475 1 0.01 0.894 1 4.01 0.051 1 10.09 0.002 

TBC Months 3 28.38 < 0.001 3 14.91 < 0.001 5 9.36 < 0.001 13 14.83 < 0.001  
Stations 7 1.449 0.205 7 0.47 0.851 7 0.93 0.498 7 1.38 0.250  
Depth 1 0.364 0.549 1 0.04 0.827 1 7.68 0.008 1 9.31 0.003 

BGase expression Months 3 4.06 0.031 3 13.16 < 0.001 5 4.80 0.01 13 8.72 < 0.001  
Stations 7 1.674 0.138 7 2.13 0.059 7 1.37 0.242 7 2.92 0.010  
Depth 1 0.972 0.328 1 0.07 0.782 1 3.81 0.057 1 0.76 0.382 

BP Months 3 2.92 0.04 3 2.13 0.051 5 7.27 0.002 13 1.97 0.022  
Stations 7 1.864 0.093 7 2.10 0.054 7 0.44 0.867 7 2.10 0.021  
Depth 1 5.118 0.027 1 5.21 0.026 1 6.64 0.013 1 33.23 < 0.001  
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freshwater during MON results in significant switch in bacterial 
composition along the Zuari estuary. Such a compositional shift would 
also affect ecologically-important bacterial metabolic functions (Song 
et al., 2019). 

Heterotrophic bacteria exhibit different metabolic functions in es-
tuaries (Jørgensen et al., 1999; Smith and Kemp, 2003; Maranger et al., 
2005; Thottathil et al., 2008; Song et al., 2019), amongst which the 
degradation of OM via the expression of ectoenzymes is vital. 

Nonetheless, the links between the metabolic activity and nucleic acid 
content were not previously addressed in monsoon influenced tropical 
estuaries. The present study revealed that the changes in the bacterial 
nucleic acid content significantly influenced BGase expression in this 
estuary. An increase in the number of cells expressing BGase during 
non-monsoon was coupled with increased HNA bacteria. When the 
BGase expression was high, the ratio between HNA: LNA bacteria was 
also high (>1). Earlier studies have suggested that the HNA: LNA ratio 

Fig. 3. Temporal (a–c) and spatial (d–f) changes of FL 1, SSC, and variance between HNA and LNA bacteria of SSC and FL 1 in the Zuari estuary. The box represents 
the range from 25 to 75 percentiles (%), whisker lines represent the outlier percentiles and the middle line in the box indicate the median values, respectively; FL 1 - 
fluorescence intensity; SSC – side scatter. 
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Fig. 4. RDA showing the relationship be-
tween biotic and abiotic variables during 
PreM (a, b), MON (c, d), and PostM (e, f) in 
the Zuari estuary; (a, c, e) RDA-triplot; (b, 
d, f) Response curve analyses; black arrows 
indicate environmental variables; dotted 
black lines are highly significant (Monte 
Carlo test, p < 0.05); blue arrows indicate 
species variables; different colored symbols 
denote the sampling stations during 
different months from the mouth to up-
stream of the Zuari estuary. (For interpre-
tation of the references to color in this 
figure legend, the reader is referred to the 
Web version of this article.)   
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provides an indirect indication that most of the populations are 
considered to be active (Bar-Zeev and Rahav, 2015; Sharuddin et al., 
2018). Furthermore, the authors have reported elevated BGase activity 
linked to high HNA bacterial abundance in Qishon estuary, Israel 
(Bar-Zeev and Rahav, 2015). Similarly, field and laboratory experiments 
have pointed out elevated hydrolysis of polysaccharides by HNA bac-
teria (Servais et al., 2003; Piontek et al., 2014). Further, a decrease in the 
number of cells showing BGase activity during MON can be attributed to 
salinity and bacterial composition, i.e., the proliferation of LNA bacteria. 
Recently Baltar and Arístegui (2017) also found that the shifts in bac-
terial cellular properties significantly influenced the glucosidase and 
aminopeptidase activities in the Azores Front. It is known that salinity is 
a prime factor affecting the bacterial composition of an estuary, and this 
mainly depends on the tidal cycle and riverine inflow (Khandeparker 
et al., 2017). High riverine inflow during MON inoculates different types 
of bacterial species in the estuaries (Divya et al., 2009; Eswaran and 
Khandeparker, 2019). Such bacterial species tend to express different 
metabolic pathways under different environmental conditions, which 
could be one of the possible reasons for the decrease in BGase activity in 
this study. For example, predictive functional metagenomics analyses of 
HNA and LNA bacteria revealed that both fractions showed distinct 
phylogenetic composition, metabolic and ecological functions in a 
freshwater environment (Song et al., 2019). Overall, the present study 
indicated that the bacterial physiological states and the ectoenzyme 
activities (BGase) are inter-linked and regulated by different environ-
mental drivers. Hence, these ectoenzymes, along with nucleic acid 
content, possibly can be used as indicators of microbial response to 
changing environmental conditions in an ecosystem. Such observations 
would help understand the role of HNA and LNA bacteria in biogeo-
chemical cycles and food web dynamics. 

5. Conclusions 

From this study, it is clear that the monsoon-induced changes in 
water column conditions significantly altered the bacterial abundance 
and activity in the Zuari estuary. The proportion of HNA bacteria was 
high or equal to LNA during the well-mixed period, while LNA bacteria 
were dominant during the high stratification and rainfall period. A 
similar change was also evident in BGase expression and was signifi-
cantly related to the abundance of HNA bacteria. Furthermore, cell 
granularity and DNA content of HNA and LNA bacteria differed 
considerably between the season and sites. Such heterogeneity in 
cellular properties and the abundance of HNA, LNA bacteria is possibly 
linked to their distinct ecological roles in the microbial food web dy-
namics of this tropical estuary. 
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Lebaron, P., Servais, P., Agogué, H., Courties, C., Joux, F., 2001. Does the high nucleic 
acid content of individual bacterial cells allow us to discriminate between active 
cells and inactive cells in aquatic systems? Appl. Environ. Microbiol. 67, 1775–1782. 

Liu, J., Hao, Z., Ma, L., Ji, Y., Bartlam, M., Wang, Y., 2016. Spatio-temporal variations of 
high and low nucleic acid content bacteria in an exorheic river. PloS One 11, 1–13. 

Liu, J., Ma, D., Ma, L., Song, Y., Gao, G., Wang, Y., 2017. Geographic distribution pattern 
of low and high nucleic acid content bacteria on a river-catchment scale. Mar. 
Freshw. Res. 68, 1618–1625. 

Longnecker, K., Sherr, B.F., Sherr, E.B., 2005. Activity and phylogenetic diversity of 
bacterial cells with high and low nucleic acid content and electron transport system 
activity in an upwelling ecosystem. Appl. Environ. Microbiol. 71, 7737–7749. 

Mallin, M.A., Paerl, H.W., 1992. Effects of variable irradiance on phytoplankton 
productivity in shallow estuaries. Limnol. Oceanogr. 37, 54–62. 

Maranger, R.J., Pace, M.L., Del Giorgio, P.A., Caraco, N.F., Cole, J.J., 2005. Longitudinal 
spatial patterns of bacterial production and respiration in a large river–estuary: 
implications for ecosystem carbon consumption. Ecosystems 8, 318–330. 

Mari, X., Torréton, J.P., Trinh, C.B.T., Bouvier, T., Van Thuoc, C., Lefebvre, J.P., 
Ouillon, S., 2012. Aggregation dynamics along a salinity gradient in the bach dang 
estuary, North Vietnam. Estuar. Coast Shelf Sci. 96, 151–158. 

Morelle, J., Schapira, M., Claquin, P., 2017. Dynamics of phytoplankton productivity and 
exopolysaccharides (EPS and TEP) pools in the Seine Estuary (France, Normandy) 
over tidal cycles and over two contrasting seasons. Mar. Environ. Res. 131, 162–176. 

Nelson, C.E., Carlson, C.A., 2005. A nonradioactive assay of bacterial productivity 
optimized for oligotrophic pelagic environments. Limnol Oceanogr. Methods 3, 
211–220. 

Nishimura, Y., Kim, C., Nagata, T., 2005. Vertical and seasonal variations of 
bacterioplankton subgroups with different nucleic acid contents: possible regulation 
by phosphorus. Appl. Environ. Microbiol. 71, 5828–5836. 

Pangare, G., Pangare, V., Das, B., 2006. Water at risk. In: Springs of Life: India’s Water 
Resources. Academic Foundation, New Delhi, India, pp. 207–210. 

Parsons, T.R., Maita, Y., Lalli, C.M., 1984. A Manual of Chemical and Biological Methods 
for Seawater Analysis. Pergamon Press, Oxford.  

Passow, U., 2002. Transparent exopolymer particles (TEP) in aquatic environments. 
Prog. Oceanogr. 55, 287–333. 
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Abstract
Sea surface temperature fronts in the Northeastern Arabian Sea (NEAS) facilitate nutrient enhancement in the surface lay-
ers, resulting in high primary production. Such high production areas contribute to the accumulation of fresh organic matter 
rich in carbohydrates, thereby supporting higher heterotrophic metabolism. Transparent exopolysaccharides (TEP) are one 
of the carbohydrate polymers released as exudates during primary production or decaying process and their breakdown is 
mediated by a set of ectoenzymes that includes glucosidases and chitinases. Observations were carried out in different aged 
NEAS fronts to elucidate the influence of frontal age on the abundance of TEP, bacterial nucleic acid content (high nucleic 
acid content, HNA and low nucleic acid content, LNA), and ectoenzymatic activities. The fronts were classified as younger 
and older, depending on their first appearance and sampling day. A clear transition from HNA to LNA bacteria, variations 
in TEP and related ectoenzymatic activities in the fronts was influenced by the frontal age. The younger fronts were domi-
nated by HNA bacteria, α-glucosidase, and chitinase activity. In contrast, an acceleration in β-glucosidase activity, bacterial 
production, which was related to TEP concentration, was evident in the older fronts. Further, a significant increase in protist 
numbers in older fronts was related to effective grazing on HNA bacteria and TEP. The active turnover of TEP by bacteria 
and protists facilitates strong microbial loop in NEAS frontal regions. Elucidating contribution of such changes in the frontal 
areas will provide a basis for a better understanding of microbial carbon cycling.

Keywords Heterotrophic bacteria · Temperature fronts · Extracellular enzymes · Carbohydrate degradation · Microbial 
loop · Organic matter enrichment

Introduction

The Northeastern Arabian Sea (NEAS) is a highly produc-
tive zone due to transport of nutrients to the surface through 
convective mixing process during the winter monsoon (Mad-
hupratap et al. 1996) and known to harbour sea surface tem-
perature (SST) fronts. Oceanic fronts are productive zones 
of different water masses with significant changes in their 
physico-chemical (e.g. temperature, salinity, chlorophyll, 
and nutrients) signatures (Belkin et al. 2009; Roy et al. 2015; 

Woodson and Litvin 2015). Enhancement of nutrients in a 
frontal region often supports high productivity and organic 
matter accumulation (Fernández et al. 1994; Fiala et al. 
1994; Samo et al. 2012; Roy et al. 2015). Such accumulated 
organic matter fuels bacteria and archaeal communities in 
the aquatic systems (Azam et al. 1983; Ducklow et al. 1998).

Carbohydrates constitute a significant portion of organic 
matter, contributing up to 80% of dissolved and 5–25% of 
the particulate fraction (Decho 1990; Benner et al. 1992). 
Dissolved carbohydrates act as precursor molecules and 
mediate acidic polysaccharide formation, called transpar-
ent exopolysaccharides (TEP) (Passow et al. 1994; Passow 
2000; Engel et al. 2004). Also, TEP are directly released in 
the water column during the growth cycle of phytoplank-
ton and bacterial communities (Grossart et al. 2006; De La 
Rocha et al. 2008; Harlay et al. 2009). The highly sticky 
TEP matrix acts as an initiating factor in particle forma-
tion (mainly detritus) and promote sinking of carbon from 
the surface to the deeper ocean (Passow et al. 1994, 2001; 
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Jackson 1995). Meanwhile, sinking TEP are known to be 
utilized as different nutrient source (i.e., nitrogen, phosphate, 
etc.) as well as carbon source by bacteria (Arnous et al. 
2010; Busch et al. 2017), protists (Mari and Rassoulzade-
gan 2004; Arnous et al. 2010) and copepods (Decho 1990), 
thus playing a central role in food web processes. However, 
most exudates from marine microorganisms are released as 
complex polymeric forms, which cannot be utilized directly 
by surrounding bacterial communities (Arnosti 2004). Bac-
terial communities can easily assimilate the molecules that 
are lower than 600 Da (Chróst 1990). Expression of various 
ecto-hydrolytic enzymes is one of the adaptive strategies that 
bacteria use to utilize the polymeric substances/molecules 
in various environments. Ecto-hydrolytic enzymes are often 
referred to as cell surface attached, and are located outside 
or within the periplasmic space of the cell (Chrost 1991). 
Among the ectohydrolases involved in polymer breakdown, 
glucosidases are reported to be abundant in marine envi-
ronments (Christian and Karl 1995). Specifically, β and 
α-glucosidases hydrolyze β and α glycosidic linkage in the 
complex polysaccharides, and their production is mainly 
associated with heterotrophic bacteria (Chróst 1989; Hoppe 
1993). Other than glucosidases, chitinases are also polysac-
charide-degrading enzymes that specifically cleave glyco-
sidic linkages in chitin biopolymers and likely release dis-
solved sugar precursors for TEP formation.

Earlier studies carried out in the frontal regions of the 
Gulf of Genoa, Ligurian Sea (Misic and Fabiano 2006), 
and Gulf of Manfredonia, Southern Adriatic Sea (Monti-
celli et al. 2014), reported enhanced recycling processes via 
stimulated bacterial abundance, bacterial production (BP) 
and high ectoenzymatic activities as compared to the non-
frontal water column. Similar enhancement in BP was also 
evident in the Oran frontal area (Fernández et al. 1994) and 
the California Current System (Samo et al. 2012). Also, the 
expression pattern of different ectoenzymes is influenced 
by the seasonal changes and hydrographic conditions of the 
water column (Hoppe et al. 2002; Piontek et al. 2011). How-
ever, among the studies carried out in the frontal regions, the 
majority of them were conducted in the temperate regions. 
Recently, oceanic fronts in tropical regions, especially the 
NEAS have been characterized for physical signatures, phy-
toplankton pigment composition, zooplankton, and micro-
bial abundance (Roy and Anil 2015; Roy et al. 2015; Vipin 
et al. 2015; Krishna et al. 2018; Khandeparker et al. 2018; 
Sarma et al. 2018). It is widely reported that bacteria exist 
in different nucleic acid content in the natural environment 
depending on the nutrients and other environmental condi-
tions, and are referred as low (LNA) and high nucleic acid 
content (HNA) bacteria (Gasol et al. 1999; Lebaron et al. 
2002). Among the two, HNA bacteria tend to have a larger 
genome and more active as compared to LNA bacteria 
(Schattenhofer et al. 2011). However, environmental and 

biological factors (such as nutrient limitation, stress, and 
grazing) determine the activities of these fractions (Wang 
et al. 2009; Ramseier et al. 2011). For instance, metaboli-
cally active HNA bacteria are dominant in the frontal regions 
and coupled with high BP (Khandeparker et al. 2018). Since 
the age of the front is also known to influence microbial 
food web dynamics (Sarma et al. 2018), assessment of het-
erotrophic bacterial response and ectoenzymatic activities 
could be pertinent. Among the ectoenzymes, ɑ-glucosidases 
(AGase) act on the fresh, labile, and storage polymers. In 
contrast, β-glucosidases (BGase) utilize aged, detrital, and 
structural polymers (Pugnetti et al. 2005; Monticelli et al. 
2014). Furthermore, changes in their ratio indicate the 
enrichment and utilization of organic matter (OM) types in a 
particular ecosystem. We hypothesised that the ectoenzymes 
activities would be different in non-frontal region, younger, 
and older front depending on the organic matter enrichment. 
Therefore, assessing the ectoenzyme activities and bacterial 
physiological status in different aged fronts would provide 
information on the type of OM related to the heterotrophic 
bacterial activities and TEP cycling. In this context, a total 
of five different aged transects were sampled in the coastal, 
shelf, and open ocean environments. The objectives of the 
present study were to (1) examine the variations in TEP, 
ectoenzymatic activities, and bacterial nucleic acid content 
(HNA and LNA bacteria) and (2) elucidate their role in the 
ecosystem functioning of different aged frontal, and non-
frontal regions.

Materials and methods

Study area and sampling

A cruise on-board RV Sindhu Sankalp (SSK # 060) was 
undertaken under Ocean Finder program from 22nd Janu-
ary 2014 to 3rd February 2014 in the NEAS (Fig. 1). A 
total of five transects, which includes two open ocean (T-1 
and T-2), one shelf (T-3) and two coastal regions (T-4 and 
T-5) were sampled at discrete depths ranging from surface 
to 100 m in the NEAS, and depending on the differences in 
sea surface temperature (SST), the front and non-frontal sta-
tions were identified in each of the transects. To evaluate the 
front’s age, a sequence of 12-hourly SST images from dif-
ferent weather forecasting satellites, i.e., NOAA-18, NOAA-
19, and MetOp-B, were made available in near real-time 
by Indian National Centre for Ocean Information Services 
(INCOIS). Based on the SST, firstly, the fronts were mapped, 
followed by its formation and movement monitored six times 
a day for about 10–15 days. Each front’s age was determined 
based on the day on which it initially appeared and the day 
on which it was sampled. Furthermore, the changes in the 
fronts’ size and shape, and their movements were used to 
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define the age (Sarma et al. 2018). Among the transects, 
coastal T-5 consisted of 0.5 day old fronts followed by open 
ocean T-1 (3.3 days old) and T-2 (6 days old), while another 
coastal transect, i.e., T-4 and shelf transect T-3 were 9 and 
11 days old respectively (Fig. 1). Seawater samples were 
collected at different depths using Seabird conductivity—
temperature—depth (CTD) rosette system fitted with 10 L 
Niskin bottles (Fig. 1). The vertical profiles of salinity and 
temperature from different transects were obtained using a 
Seabird CTD probe, and data were processed using Seasave 
V7 software. The phytoplankton biomass was measured in 
terms of chlorophyll a (Chl a) using High-Performance Liq-
uid Chromatography as described in Roy and Anil (2015). 
Dissolved nutrient concentrations such as nitrite, nitrate, 
phosphate, and silicate were analyzed using an automated 

nutrient analyzer (Skalar SAN PLUS 8505 Interface v3.31, 
Netherland), as described in Grasshoff et al. (1983).

Flow cytometry analyses

Enumeration of the total bacterial count (TBC), high 
and low nucleic acid content (HNA and LNA) bacteria

For total bacterial count analyses, aliquots of 4.5 mL samples 
were collected in triplicates, fixed with filtered paraformal-
dehyde (1% final concentration), and stored at − 80 °C until 
analyses. Before analyses, the samples were thawed at room 
temperature, stained with SYBR Green I nucleic acid stain 
(1:10,000 final concentration; Molecular Probes, USA) and 
incubated in the dark for 15 min. Subsequently, the SYBR 

Fig. 1  Map showing the sam-
pling locations in the north-
eastern Arabian Sea (NEAS)
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green I stained cells were counted using BD FACS Aria 
II flow cytometer equipped with a 488 nm blue laser, and 
emitted light signals were recorded through 488/10 bandpass 
filter for right-angle light scatter (RALS/SSC), and 530/30 
bandpass filter for green fluorescence (FL-1). Fluorescent 
microsphere beads (1 μm, Polysciences, USA) were added 
to the samples as an internal standard and for calibration 
of the SSC and FL-1 channel. In addition, blanks were run 
to cut off the intrusion of noise with the bacterial popula-
tions. Bacterial subgroups with high and low nucleic acid 
content (HNA and LNA) bacteria were determined based on 
the differences in SSC and green fluorescence signal. The 
SSC and green fluorescence represent the cell complexity 
and DNA content, respectively. The obtained cytometry data 
were processed using BD FACS Diva 6.2 software (Khande-
parker et al. 2018). Depth-integrated TBC, HNA, and LNA 
bacterial abundance were calculated as described earlier by 
Khandeparker et al. (2018).

Bacterial production

For measuring bacterial production (BP), subsamples were 
incubated with 5-bromo-2-deoxyuridine (BrdU; 1 µM final 
concentration; BD-Biosciences, USA) for 3 h at in situ tem-
perature. After incubation, samples were fixed with filtered 
paraformaldehyde (1% final concentration) and stored at 
− 80 °C until BrdU immunofluorescence detection. Immu-
nofluorescent staining was carried out using FITC labeled 
anti-BrdU. Briefly, BrdU incorporated cells were stained 
with FITC labeled anti-BrdU with DNase I (BD—Bio-
sciences, USA) for 30 min in the dark and counted using a 
BD FACSAria™ II flow cytometer equipped with a 488 nm 
nuclear blue laser (Eswaran and Khandeparker 2017). For 
calculating bacterial carbon production, 11 fg C per bacte-
rium as a cell-to-carbon conversion factor was used (Gar-
rison et al. 2000).

Protist abundance

For enumeration of protists, we followed a modified flow 
cytometry protocol described by Christaki et al. (2011). 
Briefly, seawater samples were fixed onboard using filtered 
paraformaldehyde (1% final concentration), and stored 
at − 80 °C until analyses. Before analyses, samples were 
stained using SYBR Green I nucleic acid stain (1:10,000 
final concentration) and incubated in the dark for 15 min. 
After incubation, nucleic acid stained cells were counted 
using a flow cytometer (FACS Aria II) equipped with 
nuclear blue (488 nm) laser. Emitted light and fluorescent 
signals were collected through 488/10 bandpass filter for 
SSC, 530/30 bandpass filter for green (FL-I) and 695/40 
for red (FL-II) fluorescence. SSC and FL-I detectors volt-
ages were reduced based on SSC vs. FL-I signal dot plot to 

cut off the intrusion of bacteria with protists. 1 μm yellow-
green fluorescent size beads (Polysciences, USA) were used 
as an internal standard and obtained data sets were processed 
using the BD FACS Diva Version 6.2 software.

Measurement of ectoenzyme activity

Ectoenzyme activities (α, β-glucosidase, and chitinase) 
were measured using 4-methylumbelliferyl (MUF)-α-d-
glucoside, 4-MUF-β-d-glucoside, and 4-MUF-N-acetyl-β-
d-glucosaminide (1 µM final concentration) as described by 
Hoppe (1993). The working standard was prepared by dilut-
ing the fluorescently tagged substrate in sterile water with 
the addition of methyl cellosolve. The standard curve was 
established using a series of known substrate concentrations 
(50 nM–5 µM) and incubated with the seawater samples 
(25 mL) for a period ranging from 30 min to 24 h. Based on 
the standard curve and the saturation point of the fluorescent 
substrate, 1 µM substrate concentration and 2 h incubation 
time were chosen for the present study. After incubation, 
ectoenzyme activities were measured using a fluorescence 
spectrophotometer (Shimadzu RF5031) equipped with 
365–440 nm excitation and emission wavelengths.

TEP estimation

For TEP analyses, 500 mL of seawater samples in tripli-
cate were filtered onto 0.4 μm isopore polycarbonate filters 
(HTTP; Millipore, USA). The materials retained on the filter 
papers were resuspended in 5 mL of GF/F filtered seawater. 
The resuspended materials were then centrifuged at 3200×g 
for 10 min, and obtained pellets were stored at − 20 °C until 
analyses. During the analyses, the pellets were thawed and 
mixed with 2 mL of 0.02% Alcian Blue prepared using 
0.06% acetic acid and subsequently centrifuged (3200×g) to 
remove the excess dye. Further, the pellets were rinsed with 
a known amount of distilled water (1 mL) until clear super-
natants were obtained, and 4 mL of 80%  H2SO4 was then 
added to the pellets. After 2 h, the absorbance was measured 
at 787 nm using a spectrophotometer. The measured TEP 
values were expressed as microgram Xanthan Gum weight 
equivalent per litre (μg XG equiv  L−1) calculated by using 
Gum Xanthan standard calibration curve. For a standard 
calibration curve, Gum Xanthan was dissolved in absolute 
ethanol followed by serial dilutions to known concentrations, 
stained with Alcian Blue and analyzed as mentioned above 
(Klein et al. 2011).

Statistical analyses

Before the statistical analyses, overall data sets were log-
transformed and normalized using the Shapiro–Wilk’s W 
test. Data meeting assumptions for parametric analyses were 
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subjected to one-way analysis of variance (ANOVA) for 
assessing the significant variations between the frontal and 
non-frontal regions (SPSS statistics V.22; IBM). Further, the 
relation between biotic (TBC, BP, HNA, LNA bacteria, α, 
β-glucosidase, and chitinase) and environmental variables 
(salinity, temperature, chlorophyll a, TEP, and dissolved 
nutrients) was evaluated using redundancy analysis (RDA). 
Before the RDA, the linear characteristics of the data sets 
were assessed using detrended correspondence analysis 
(DCA; length of first DCA axes < 2 SD units) and standard-
ized. Further, the RDA model’s significance was assessed 
using a Monte Carlo test (p < 0.05; 999 permutations). Also, 
generalized linear models (GLM) in a stepwise manner fol-
lowed by F-statistics were used to predict biotic variables’ 
response to environmental ordination axes in RDA. The 
GLM analyses were useful to predict the species response 
to different RDA axes, which are constrained by environ-
mental variables. The above statistics were performed using 
CANOCO version 4.5 for Windows software package (ter 

Braak and Smilauer 2002), and the contours were plotted 
using Ocean Data View (ODV 5.1.0) software.

Results

Variation of environmental parameters in frontal 
and non‑frontal regions

A detailed evaluation of the front and non-frontal regions 
observed during the SSK # 060 cruise is described in Sarma 
et al. (2018). Briefly, sea surface temperature varied from 
23.8 to 24.8 °C and 24.6 to 25.2 °C in the front and non-
frontal stations respectively. Chl a also showed a significant 
difference between fronts and non-fronts (Fig. 2a; ANOVA; 
p < 0.05), with high values observed in the open ocean 
(60.1 mg m−2) frontal regions (Fig. 3a; Suppl. Table S1). 
The nitrite, nitrate, phosphate, and silicate concentrations 
were considerably higher in the frontal stations of all five 
transects (Suppl. Table S1). 

Fig. 2  Spatial and vertical profiles of a chlorophyll a (Chl a), b total 
bacterial count (TBC), c high nucleic acid content (HNA) bacteria, d 
low nucleic acid content (LNA) bacteria, e bacterial production (BP), 
and f protists. Black dots indicate sampled depth along the section. 

Profiles with different symbols (star, filled inverted triangle, empty 
inverted triangle) represent the “frontal”; and unmarked profiles are 
“non-frontal” stations in each transect
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Variation in the total bacterial count (TBC), bacterial 
nucleic acid content (HNA and LNA), bacterial 
production (BP), and protist abundance

The sampled transects were sub-divided into three regions 
depending on the locations, i.e., open ocean (T-1 and T-2), 
shelf (T-3), and coastal regions (T-4 and T-5). The total bac-
terial count (TBC) ranged from 3.1 × 108 to 9.3 × 109 cells 
 L−1, was high in the open ocean (T-2) followed by coastal 
(T-5) and shelf region (Fig. 2b). The abundance of HNA 
bacteria was higher in the coastal region (T-5; 3.5 ± 1.2 × 109 
cells  L−1) and was significantly different from the non-fron-
tal stations of the other two regions as indicated by ANOVA 
(Fig. 2c; F = 30.7; p = 0.0001). In contrast, LNA bacteria 
were high in the open ocean non-frontal stations (Fig. 2d) 
and significantly differed with the frontal stations (ANOVA 
F = 4.1; p = 0.04). BP, which ranged from 0.07 to 30.6 µg C 
 L−1 h−1, was high in the open ocean frontal station (T-2) fol-
lowed by coastal and shelf fronts (Fig. 2e). The depth inte-
grated HNA abundance was higher in the coastal followed 
by shelf and open ocean regions respectively (Fig. 3b). 
Although the abundance of HNA bacteria was low in aged 
open ocean frontal stations (T-2), their cell complexity and 
DNA content were significantly higher when compared to 
the other frontal stations indicating higher granular bacteria 
in the open ocean regions (Suppl. Fig. S1a–f). The depth-
integrated BP also was high in open ocean regions (Fig. 3d). 
One-way ANOVA indicated the BP to vary significantly 
between the front and non-frontal stations of all the three 
regions (F = 11.1; p = 0.001).

Protist abundance, which ranged from 2.66 × 106 to 
2.99 × 108 cells  L−1, was higher in the shelf (T-3) followed 
by open ocean (T-2) and coastal frontal (T-5) stations and 
significantly varied when compared with the non-frontal sta-
tions (Fig. 2f; F = 6.7; p = 0.01). A similar trend was also 
observed in the case of depth-integrated protist abundance 
(Fig. 3c). In the case of some non-frontal stations located 
adjacent to the frontal stations the depth-integrated protist 
abundance was also high, and could be a signature of the 
trailing front (Fig. 3c). RDA analyses were performed to 
elucidate the relationship between different biotic and envi-
ronmental variables, which explained 56.1% and 40.5% of 
the variance in frontal and non-frontal stations (Fig. 4a, 
b). A clear difference in all the three regions was evident 
(Fig. 4a, b) in which 3.3 and 6 days old open ocean frontal 
stations (T-1 and T-2) were separated along the RDA axes 1 
related to high granularity (SSC; GLM: F = 13.36, p < 0.01), 

DNA content (FL 1; GLM: F = 31.13, p < 0.0001), and BP 
(GLM: F = 8.6, p < 0.05) (Fig. 4a; suppl. Table S2a–c). Fur-
thermore, bacteria with high granularity showed a negative 
relationship with TEP (F = 10.13, p < 0.05; Fig. 4a; Suppl. 
Table S2a–c) in open ocean frontal stations (T1). While 
in shelf (T-3) and coastal (T-4) regions, high HNA abun-
dance was positively related to the TEP (Fig. 4a; Suppl. 
Table S2a–c). Likewise, the protists in the open ocean and 
shelf frontal stations showed a significant positive relation-
ship with BP and TEP (Fig. 4a; Suppl. Table S2a–c). In con-
trast, a non-significant relationship was evident between BP 
(RDA1/2 score: 0.11/− 0.20), protists (RDA1/2: − 0.12/0.20) 
and TEP in adjacent non-frontal stations (Fig. 4b; Suppl. 
Table S2d–f).

Variation in transparent exopolysaccharides (TEP) 
and ectoenzyme activities

Overall, TEP concentration ranged from 145 to 2341 μg XG 
equiv  L−1, was high and almost equal in coastal non-front 
and shelf frontal stations (Fig. 5a). In contrast, the depth-
integrated TEP concentration was higher mainly in the shelf 
frontal stations (189.2 mg XG equiv  m−2; Fig. 3a). One-
way ANOVA indicated the TEP concentration to signifi-
cantly differ between all the frontal and non-frontal stations 
(F = 9.0; p = 0.004). Patches of TEP were observed in coastal 
non-frontal stations and related to low protist abundance and 
located adjacent to the frontal stations (Figs. 2f and 5a).

Three different ectoenzyme activities, i.e., α-glucosidase 
(AGase), β-glucosidase (BGase), and chitinase, were meas-
ured along the cruise transect. The AGase and chitinase 
activities ranged from 4.2 to 79.6 and 5.6 to 95.4 nM C 
 L−1 h−1, were high in coastal front (T-5) and significantly 
differed from the non-frontal stations (Fig. 5b, c; F = 4.81; 
p = 0.03). In contrast, BGase activity was high in the shelf 
(T-3), open ocean frontal stations (T-2), and ranged from 4.8 
to 59.4 nM C  L−1 h−1 (Fig. 5d). The AGase/BGase ratio was 
calculated by dividing the  Vmax values of AGase and BGase, 
which provides information on substrate types (labile or 
refractory) available in the environment. High AGase/
BGase ratio (> 1) indicates the presence of more labile car-
bohydrate-rich polymers in the water column (Monticelli 
et al. 2014). In the present study area, the AGase/BGase 
ratio differed between the frontal and non-frontal stations 
of all the five transects (Fig. 5e). The average AGase/BGase 
values ranged from 0.98 to 1.3, was high in the coastal 
fronts (AGase/BGase = 1.0–1.3) when compared with the 
non-frontal stations (AGase/BGase = 0.93–1.06). In RDA, 
both AGase and BGase activity showed a strong coupling 
with TEP in which AGase activity (RDA1/RDA2 score: 
− 0.41/0.39) was more related to TEP in coastal frontal sta-
tions (T-5; Fig. 4a), and BGase activity (RDA1/RDA2 score: 
− 0.35/− 0.42) in shelf (T-3) and open ocean (T-2) frontal 

Fig. 3  Depth-integrated profiles of a TEP and Chl a, b total bacte-
rial count (TBC), High nucleic acid content (HNA) bacteria, and low 
nucleic acid content (LNA) bacteria, c protists, and d bacterial pro-
duction (BP) along the section. Profiles with a symbol are “frontal”; 
unmarked profiles are “non-frontal” stations in each transect

◂
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water column (Fig. 4a; Suppl. Table S2a–c). The BGase 
activity also showed a positive relationship with BP, mainly 
in the shelf frontal stations (Fig. 4a), but not in non-front 
(Fig. 4b). In addition to AGase, a significant and positive 
relationship was evident between TEP and chitinase activity 
in the coastal front (GLM: F = 8.22; p < 0.05; Fig. 4a; Suppl. 
Table S2a–c).

Discussion

In the present study, the approximate age of the fronts varied 
from a minimum of 0.5 (T-5) to 11 days (T-3). The RDA 
analyses indicated that different aged fronts clustered sepa-
rately and were associated with different variables. High 
TBC and BP were observed in the open ocean regions (T-2) 
compared to the other fronts and non-frontal regions (Suppl. 
Fig. S2a–c). Sarma et al. (2018) stated that the responses of 
different biological components in different frontal regions 
are not similar and determined by various factors such as 
age, background conditions, seasonal and intra-seasonal 
variability. Further, Sarma et al. (2018) suggested that high 
TBC in the open ocean regions could be due to the upwelling 
and mixing of nutrient and bacteria-rich deeper water to the 
surface as evidenced by the deeper mixed layer in the open 
ocean region. We observed changes in the bacterial physi-
ological states, which could be another possible reason for 
the increase in TBC and BP in the frontal stations of dif-
ferent transects. Earlier studies have presumed that HNA 
bacteria are more active, while LNA bacteria are less active 
or inactive. In this study, metabolically less active-LNA 
bacteria were abundant in the non-fronts, while frontal sta-
tions showed the dominance of highly active HNA bacteria 
and related to BP. The transition between LNA and HNA 
bacteria in fronts points out the role of nutrient availability 
and hydrographic conditions in the structuring of bacterial 
communities. The frontal stations often showed high nutri-
ents, Chl a, and well-mixed water column, which could have 
accelerated the proliferation of HNA bacteria and BP.

Similar to the physiological state, a significant variation in 
ectoenzymatic activities was evident in the NEAS’s frontal 
regions. In the present study area, both glucosidases (AGase 
and BGase) activities were significantly correlated to TEP, 
and this relationship varied with the age of the fronts. For 
example, AGase was correlated to TEP in younger front 
of the coastal transect (T-5), whereas a significant positive 
relationship of TEP was observed with BGase activity in 

aged open ocean (T-2) and shelf frontal stations (T-3) along 
with high HNA bacterial abundance (Fig. 4a). It has been 
reported that two different processes enrich the extracellu-
lar organic carbon in the aquatic environments; 1) release 
during the growth/production cycle of phytoplankton, and 
2) the presence of detritus material/phytoplankton decay 
(Monticelli et al. 2014). When organic matter is released 
during the growth cycle of phytoplankton, it enhances the 
AGase activity, while when derived from detritus, BGase 
activity is accelerated (Pugnetti et al. 2005). During the 
study, the average AGase/BGase ratio was higher in coastal 
(1.19) than the open ocean front (1.08). Enzyme ratios > 1 
are related to fresh organic materials and includes substances 
like starch, and AGases are known to hydrolyze starch, and 
maltose, whereas BGase mainly targets glucose dimer link-
ages (Somville 1984; Chróst 1992). Moreover, glucosidases 
are glycoconjugate (including alpha- or beta-linked) specific 
enzymes (Barman 1969); the observed relationship in the 
present study points out that sources and chemistry of car-
bohydrates possibly influence the enzymatic activities in the 
NEAS. Similarly, Passow (2002) stated that the cycling of 
TEP by bacterial enzymatic degradation ranges from hours 
to months, which depends on TEP chemical composition. 
Both healthy or growing and dead or dying phytoplank-
ton produces OM, while the chemical composition differs 
with their physiological state (Biddanda and Benner 1997). 
Sarma et al. (2018) reported that healthy phytoplankton cells 
dominate the younger fronts compared to the older fronts in 
NEAS. An earlier study by Monticelli et al. (2014) in the 
Southern Adriatic Sea’s frontal region observed high glu-
cosidase activities during the initial phase of a phytoplank-
ton bloom. Further, labile organic matter is produced during 
the planktonic bloom phase, often increasing heterotrophic 
bacterial production, comprising mostly HNA bacteria (Bar-
Zeev and Rahav 2015). Thus, glucosidase activity, which 
indicates specific carbohydrate metabolism, can be used as 
a proxy to characterize the frontal zones into different ages; 
however, there could be more ectoenzymes involved in the 
degradation of specific carbohydrates in aquatic environ-
ments, which needs further validation.

The chemical composition of TEP depends on the source 
(species composition) and environmental drivers (turbu-
lence, salinity, and nutrients) in the water column (Passow 
2002; Pedrotti et al. 2010). The microphytoplankton commu-
nity analyses in the present study area revealed the presence 
and dominance of different diatoms (Bacteriastrum furca-
tum, Chaetoceros spp., Thalassiosira spp., Navicula spp., 
and Pseudo-nitzschia seriata), and dinoflagellates (Scripp-
siella trochoidea, Prorocentrum micans, Tripos furca, and T. 
fusus) in the frontal regions which varied with the age of the 
fronts (Chitari 2019). It has been reported that exopolysac-
charides (EPS) produced by diatoms can be sulfated poly-
saccharides (Brown 1991; Bhaskar et al. 2005; Gügi et al. 

Fig. 4  Redundancy analysis (RDA) showing the relationship between 
biotic and abiotic variables in a fronts and b non-frontal stations of 
north-eastern Arabian Sea (NEAS); blue and brown arrows indicate 
biotic and abiotic variables respectively; different coloured symbols 
indicate the different station (colour figure online)

◂
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2015; Helbert 2017), and possess different combinations of 
monomer linkages, which provides them a vast diversity that 
may be species-specific (Gügi et al. 2015). For instance, 
structural characterization of EPS derived from Chaetoc-
eros spp. revealed glucose, fucose, rhamnose, and galactose, 
whereas, in Thalassiosira spp., mannose, xylose, glucuronic 
and galacturonic acid were dominant (Myklestad and Haug 
1972; Smestad et al. 1975; Giroldo et al. 2003; Størseth et al. 
2006). TEP are often enriched in different precursors such as 
fucose, rhamnose, arabinose, galactose, glucose, mannose, 
glucuronate and O-methylated sugars (Mopper 1995; Janse 
et al. 1996; Holloway and Cowen 1997), which indicates 
species-specific sugar composition which possibly affect 
their enzymatic degradation in different aged fronts.

It was interesting to note that high TEP concentration 
in the coastal front showed a positive relationship with 
chitinase activity (Fig. 4a). Chitinases are glycosyl hydro-
lases that break down glycosidic bonds in chitin biopoly-
mer (Gooday 1990). Zooplankton (molts and carcasses) are 
significant sources of chitin in the marine environment and 

colonization of bacteria on chitin surface plays a role in car-
bon and nitrogen cycling (Gooday 1990; Tang et al. 2010; 
Beier and Bertilsson 2013). The average annual chitin bio-
polymer production by crustaceans in the marine environ-
ments is estimated to be 40 mg m−2 year−1 (Cauchie 2002). 
However, some genera of centric diatoms, such as Thalassio-
sira and Skeletonema, produce chitin biopolymer (Smucker 
and Dawson 1986; Brunner et al. 2009; Durkin et al. 2009). 
No earlier studies have compared TEP and chitinases activi-
ties, but TEP formation is often mediated via dissolved 
organic matter (DOM) excreted by zooplankton communi-
ties (Thornton 2004; Dutz et al. 2005; Prieto 2006). Also, the 
ingestion of TEP by zooplankton (mainly copepods) poten-
tially releases surface-active precursor material for TEP 
formation (Schuster and Herradl 1995; Ling and Alldredge 
2003; Croot et al. 2007). A concurrent study on zooplankton 
communities indicated on an average three times higher bio-
mass in the coastal fronts (2316 ± 930 mg m−2) when com-
pared to the other two frontal regions (741 ± 233 mg m−2) 
(Sarma et  al. 2018). Similarly, isotopic study at NEAS 

Fig. 5  Spatial and vertical profiles of a TEP, b AGase, c chitinase, d BGase, and e AGase: BGase. Black dots indicate sampled depth along the 
section. Profiles with a symbol are “frontal”; unmarked profiles are “non-frontal” stations in each transect
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frontal regions indicated that both phytoplankton and zoo-
plankton biomass predominantly contribute to organic mat-
ter (Krishna et al. 2018). This suggests that other than glu-
cosidases, chitinases also play an important role in recycling 
TEP in the frontal regions of NEAS.

In our dataset, a positive relationship was evident between 
TEP and BP in aged frontal stations suggesting that hetero-
trophic prokaryotes could also be a possible TEP source. 
Ortega-Retuerta et  al. (2010) and Nosaka et  al. (2017) 
observed a similar positive relationship between BP and 
TEP earlier in the Mediterranean Sea and Western Subarc-
tic Pacific region, respectively. Further, high BP and TEP 
in aged frontal stations were also related to BGase activ-
ity in this study. A long-term study carried out by Ortega-
Retuerta et al. (2018) in the coastal NW Mediterranean Sea 
reported a similar relation between TEP and BGase and sug-
gested that high TEP concentration might stimulate high 
BGase production which is involved in the degradation of 
TEP thereby increasing the bacterial biomass/production. 
Likewise, Zeev and Rahav (2015) have reported that dur-
ing the proliferation stage, bacteria mainly HNA subgroup 
frequently release dissolved and particulate organic matter 
and act as a precursor material for TEP, which may be later 
hydrolyzed. Our cytometry data’s inference also suggested 
that larger/growing HNA cells (high SSC and DNA fluores-
cence values) dominated in aged fronts and influenced BP, 
TEP, and BGase activity.

TEP dynamics and related bacterial activities (bacterial 
production and enzyme activities) in NEAS also co-varied 
with the protist abundance. Khandeparker et al. (2018) also 
observed a correlation between protists, HNA, and TEP 
bacteria during early winter monsoon in this region, and 
the protists size ranged from 1 to 5 µm. A few studies have 
shown that 2–5 µm size HNF are more effective bacteriv-
ores in the marine pelagic zone (Sanders et al. 1992; Rgens 
and Massana 2008). In our dataset, the depth-discrete and 
depth integrated protist abundance was seen increasing with 
the increase in the front’s age. Further, high abundance of 
protists showed a positive loading with TEP, BP, BGase, 
and HNA bacteria in aged open ocean (T-2) and shelf (T-3) 
fronts, but no relation was seen in the non-front (Fig. 4a, b). 
One possible reason could be that the protists may benefit 
from grazing on TEP/TEP-attached bacterial communities 
in aged fronts. It has been reported that older or aged TEP 
contain more attached bacteria, flagellates, microplankton, 
and palatable than newly formed TEP (Ling and Alldredge 
2003). The impact of grazing on bacterial populations is also 
dependent on other factors such as size selectivity, substrate 
supply, and bacterial competition (Hahn and Hofle 2001). 
Pernthaler et al. (1996) suggested within size-selective graz-
ing, mid-size cells (0.4–1.6 µm) are grazed more effectively 
than small (< 0.4 µm) and larger ones (> 2.4 µm). A recent 
field study by Ballen-Segura et al. (2017) in a Lake Redon 

also found that the flagellates elude smaller size bacteria as 
a food source. There could be other possible reasons for the 
increase of protists in the aged fronts that were dominated 
by bacteria with high cell complexity and DNA content. 
Higher abundance of protists in older fronts is also due to 
the lag period in response. Earlier studies by Šimek et al. 
(2013) and Sintes and del Giorgio (2014) have reported that 
the protists, especially HNF, have distinctive lag phases and 
growth response when they graze on different bacterial taxa 
which is indirectly related to prey quality. Thus, high graz-
ing pressure on actively growing bacteria and TEP by protist 
populations could enhance the energy transfer to a higher 
trophic level and allow the fronts to be more productive.

Conclusions

Overall, the present study results indicated clear physi-
ological shifts in bacteria, with a high abundance of less 
metabolically active bacteria in non-fronts shifting to high 
metabolically active populations in the frontal regions 
influenced by frontal age and hydrographic conditions 
(Suppl. Fig. S2a–c). Likewise, TEP and related bacterial 
enzymatic activities also differed wherein TEP was pos-
sibly influenced by AGase activity in the younger front, 
whereas BGase activity dominated in the older fronts. This 
points out the timescale variation in TEP composition and 
related microbial ectoenzymatic activities. High abun-
dance of protists in the open ocean (6 days old) and shelf 
front (11 days), when compared with coastal (0.5 day), 
could possibly be due to the lag period in response and 
substrate availability. Other than physical forces, the active 
recycling of TEP by active bacteria and protists communi-
ties, enable a stronger microbial loop as evidenced through 
an increase in HNA bacteria, bacterial production, and 
enzymatic activities thus resulting in the frontal system to 
be more productive irrespective of the spatial difference 
(Suppl. Fig. S2a-c). Such physiological and functional 
characteristics of bacteria are also dependent on the micro-
bial communities’ phylogenetic composition and elucidat-
ing the microbial community structure can provide deeper 
insights into their role in NEAS frontal regions and is a 
way forward.
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A B S T R A C T   

The influence of changing salinity on community composition and functional activity (Bacterial Production (BP) 
and ectoenzyme activity) of major bacterial taxa was evaluated using microcosm experiments in a tropical 
monsoon influenced estuary. Natural bacterial inocula at different salinities, representing marine, brackish, and 
freshwater, were inter-transferred and elucidated their response with an emphasis on community composition 
and β-Glucosidase (BGase) activity. The results revealed a significant decrease in the total bacterial count (TBC) 
and BP on the translocation of bacterial inocula to different salinity conditions in the case of freshwater bacteria. 
However, a significant increase in BGase activity coupled with shifts in the studied bacterial groups was evident 
in the case of marine as well as freshwater bacteria. Quantitative PCR (qPCR) revealed a shift in major bacterial 
taxa upon translocation to different waters, which was dependent on salinity and the source of inocula. 
Redundancy and qPCR analyses showed that members belonging to Gammaproteobacteria and Betaproteobac-
teria were higher, and possibly influenced BGase activity in marine and freshwater, respectively. Translocation of 
marine inocula to brackish and freshwater resulted in an emergence of Bacteroidetes, Actinobacteria, and 
Betaproteobacteria, respectively. Whereas, when freshwater inocula were translocated to marine or brackish 
water, Alphaproteobacteria and Gammaproteobacteria taxa emerged, and this was coupled with increased BGase 
activity. In contrast, brackish water bacteria showed a strong persistence in bacterial community composition 
when translocated to different salinities within this estuary. Such phylogenetic persistence or changes suggests 
species level shifts in specific bacterial taxa, and unravelling the same using different functional gene markers 
would ascertain their role in organic matter processing and is way forward.   

1. Introduction 

Estuaries are highly unique systems, where the mixing between the 
river and ocean water results in steep gradients of different abiotic 
components that include salinity, temperature, inorganic, and organic 
nutrients (Santos et al., 2014). Also, such steep environmental gradients 
significantly influence the estuarine microbial communities either by 
altering their community composition (Campbell and Kirchman, 2013), 
or the metabolic functions (Cunha et al., 2001). Among the different 
bacterial metabolic functions, degradation of organic matter (OM) is one 
of the major pathways wherein the nutrients are actively reinstated to 
the food webs (Hu et al., 2014) and are catalyzed by different extra-
cellular hydrolytic enzymes or ectoenzymes (Hoppe, 1983). However, 

the production of these ectoenzymes by estuarine microbial commu-
nities is regulated by the nature of substrate, concentration, as well as 
the community composition. Moreover, environmental conditions can 
also modify the enzymatic activities and community composition in 
which salinity is the prime factor (Cunha et al., 2001). In estuaries, 
salinity increase or decrease is known to influence the functional ac-
tivities of the microorganisms. Furthermore, along the estuarine salinity 
gradient, the combination of marine and riverine influence results in 
higher bacterial diversity due to the replenishment of bacterial species 
(Herlemann et al., 2014). Several previous studies have reported a 
salinity effect on ectoenzymes in both marine and freshwater environ-
ments (Cunha et al., 2001; Santos et al., 2009). Results from field and 
experimental observations show an influence of salinity on bacterial 
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community composition (BCC) (Langenheder et al., 2003; Crump et al., 
2004; Herfort et al., 2017; Tang et al., 2012). For instance, Alphapro-
teobacteria, Gammaproteobacteria, and SAR11 were dominant. They 
efficiently assimilated OM in marine systems (Cottrell and Kirchman, 
2000), while in the estuaries, Bacteroidetes played a dominant role in 
the degradation of the OM pool (Crump et al., 2004). Contrastingly, 
Betaproteobacteria efficiently consumes riverine OM and is predomi-
nant in freshwater environments (Herlemann et al., 2011). However, 
very few observations have simultaneously reported the effects of 
salinity fluctuations on BCC and the ectoenzymes, which they produce 
(Bullock et al., 2017; Cunha et al., 2000; Langenheder et al., 2003). Such 
studies are sparse in tropical estuaries. A recent study by Eswaran and 
Khandeparker (2017) reported that along the estuarine salinity gradient, 
bacterial abundance, and ectoenzyme expression were high at the saline 
mouth and during the dry season. Furthermore, high expression was 
related to Gammaproteobacteria taxa, specifically Pseudomonadales. 
Whereas, during monsoon, it was Enterobacteriales, which showed high 
expression (Eswaran and Khandeparker, 2019). The tropical estuaries 
are inimitable due to the short episodic monsoon spells, which bring 
high freshwater runoff resulting in the estuary to be in the non-steady 
state when compared to the temperate estuaries (Vijith et al., 2009). 

Zuari estuary is one tropical estuary located at Goa, West Coast of 
India, which discharges into the Arabian Sea (Fig. 1A). Salinity char-
acteristics of this estuary differ significantly from the low runoff/dry 
period during November–May to the high runoff period during the 
summer monsoon from June to September (Shetye et al., 2007). The 
run-off also contribute to the introduction of high numbers of 
allochthonous freshwater or terrestrial bacterial communities (Divya 
et al., 2009; Eswaran and Khandeparker, 2019). During the transport in 
estuaries, increasing salinity could be a challenging factor for the pro-
liferation of freshwater bacteria as compared to autochthonous 

estuarine bacteria. Other than bacterial communities, riverine discharge 
also deposits a high amount of allochthonous materials rich in carbo-
hydrates. Among the carbohydrates, structural polysaccharides are at 
higher concentration in estuaries due to their recalcitrant nature, when 
compared to storage polymers (Khodse et al., 2010), and β-Glucosidase 
(BGase) activity is a useful proxy in assessing their degradation. Our 
field observations have indicated a shift in the major bacterial taxa from 
low saline-monsoon to high saline-non monsoon seasons that influence 
BGase activity/expression in this estuary (Eswaran and Khandeparker, 
2017, 2019). Likewise, earlier del Giorgio and Bouvier (2002) reported 
that particular bacterial taxa markedly respond to salinity either by in-
crease or decrease in growth and cell-specific activities. Therefore, 
controlling factors such as salinity fluctuations might act as a barrier to 
estuarine bacterial communities, resulting in either ‘perish’ of some 
species or ‘flourish’ of others, and that influence the OM degradation. In 
order to validate this hypothesis, we conducted a series of experiments 
wherein natural bacterial inocula from different locations of Zuari es-
tuary were inter-transferred in microcosms and examined the response 
of marine, brackish, and freshwater bacteria to different salinity con-
ditions with an emphasis on major bacterial taxa and BGase activity. 

2. Materials and methods 

2.1. Study area and Field sampling 

Water samples used in the present study were collected from Zuari 
estuary located in Goa, West coast of India (Fig. 1A). Surface water 
samples were collected using 5L Niskin water sampler from three 
different locations based on the salinity representing marine (bay - 
32.23; 15� 250 16.900 N 73�470 36.900 E), brackish (mid-estuary - 19.34; 
15� 240 32.000 N 73�540 50.200 E), and freshwater (upstream - 0.06; 15�

Fig. 1. (A) sampling locations in Zuari estuary; (B) Schematic representation of the experimental setup.  
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160 01.100 N 74� 060 36.000 E) (Fig. 1A and B). After collection, 200L of 
water samples from all three stations were passed through 20 μm mesh 
and stored in acid-washed Nalgene bottles (rinsed with 10% HCl fol-
lowed by MilliQ water), transported to the laboratory, and used for 
microcosm experiments. 

2.2. Microcosm setup 

The culture media were prepared by filtering 20 L of water samples 
from each station (i.e., marine, brackish, and freshwater (n ¼ 3 � 3) 
through the manifold filtration system fitted with multiple poly-
carbonate filter papers, which has 0.22 μm pore size and 47 mm diam-
eter (HTTP04700; Millipore, USA). Subsequently, the filtrates were 
autoclaved and kept in the dark. Meanwhile, filter papers with partic-
ulate materials were stored in sterile Petri dishes (GEN-TCD-60-S, 
Genaxy, India) at 4 �C until the filtrates were autoclaved. The particulate 
materials contained the particles which are smaller than 20 μm in size 
such as, nanophytoplankton (3–20 μm), picophytoplankton (0.2–3 μm), 
bacteria (0.2–2 μm free-living; > 2 μm particle-associated), and sus-
pended particles (inorganic and organic). In translocation experiment I, 
the marine bacterial inocula were transferred to filtered and autoclaved 
fresh, brackish, and marine waters. In experiment II, the brackish water 
bacterial inocula were transferred to filtered and autoclaved fresh, 
brackish, and marine waters, respectively. In experiment III, the fresh-
water bacterial inocula were transferred to filtered and autoclaved fresh, 
brackish, and marine waters, respectively (Fig. 1B). The bacterial 
inocula, which were retained in the water of the same station, were 
referred to as controls (Fig. 1B). Hereafter, for simplicity, the filtered 
and autoclaved fresh, brackish, and marine waters are referred to as 
fresh, brackish, and marine waters, respectively. The experiments were 
continued for 21 days under 12 h light: dark cycle at a controlled tem-
perature (26 � 2 �C). Further, incubated bottles were agitated periodi-
cally every day throughout the experiment to avoid the aggregation of 
suspended particles at the bottom. Before sub-sampling, the incubated 
bottles were mixed thoroughly and 2.1 L of water from each experiment 
was transferred to clean beakers for the estimation of dissolved inor-
ganic nutrients, transparent exopolysaccharides (TEP), suspended par-
ticulate matter (SPM), dissolved organic carbon (DOC), chlorophyll a 
(Chl a), total bacterial count (TBC), bacterial production (BP), major 
bacterial taxa, and BGase activity. Sub-samples were collected on days 0, 
1, 4, 7, 11, 17, and 21, respectively. 

2.3. Nutrient analyses 

Dissolved nutrient concentrations (silicate, phosphate, nitrite, and 
nitrate) were determined colorimetrically with an automated nutrient 
analyzer (SKALAR SAN PLUS 8505 Interface V3.331, Netherland) 
following the protocol described in Grasshoff et al. (1983). 

2.4. Suspended particulate matter (SPM), dissolved organic carbon 
(DOC) and Chlorophyll-a (Chl a) analyses 

SPM was enumerated by filtering 100 mL of water samples through 
the pre-combusted, weighed GF/F (0.7 μm, Whatman) 25 mm filter 
papers, and subsequently retained materials were dried in an oven at 60 
�C for 24 h. After drying, the samples were reweighed, and values are 
expressed as mg L� 1. Water samples for DOC analysis were filtered 
through 0.22 μm acetate cellulose filter papers and acidified with 2% 
H2SO4 and analysed using a total organic carbon analyser (Shimazu; 
Model TOC-L), and the values are expressed as mg L� 1. Chl a was 
measured by filtering 100 mL of water samples through GF/F filter pa-
pers, followed by overnight extraction using 90% acetone at 4 �C in the 
dark. After extraction, Chl a concentration was determined using a 
fluorometer (Turner, 10-AU) that was standardized with Chl a standard 
(Sigma, USA). 

2.5. Transparent exopolysaccharides (TEP) estimation 

TEP were quantified using the modified alcian blue method 
described by Klein et al. (2011). Briefly, 250 mL of water samples from 
each experiment were filtered through 0.4 μm polycarbonate filter pa-
pers (HTTP 4700; Millipore, USA), and materials retained on the papers 
were scrapped using GF/F filtered seawater. The resuspended materials 
were centrifuged at 3200 xg for 10 min, and obtained pellets were mixed 
with 2 mL of 0.02% alcian blue (prepared using 0.06% of acetic acid). 
Subsequently, the mixtures were centrifuged at 3200 xg for 20 min to 
remove excess dye. The stained pellets were rinsed with 2 mL of distilled 
water and centrifuged. The rinsing step was repeated until the super-
natant has become clear. Acid digestion of stained pellets was done 
using 4 mL volume of 80% H2SO4 and kept for 2 h. After incubation, 
absorbance was measured at 787 nm by spectrophotometer 
(UV–VIS–2550; SHIMADZU) against alcian blue as a blank solution. A 
standard calibration curve was obtained using Xanthan Gum following 
the above protocol. The measured TEP are expressed as microgram 
Xanthan Gum equivalent per litre (μg XG equiv L� 1). 

2.6. Flow cytometry analyses 

2.6.1. Enumeration of the total bacterial count (TBC) 
Subsamples of 4.5 mL were collected in triplicates from each 

experiment and fixed with filtered paraformaldehyde (1% final con-
centration), stored at – 80 �C until analyses. During analyses, samples 
were brought back to room temperature, and aliquots of 1 mL were 
stained with SYBR Green I (1:10000 final concentration; Molecular 
Probes, USA) and incubated in the dark for 15 min. Subsequently, the 
stained samples were analysed with BD FACS Aria II flow cytometer 
configured with a 488 nm nuclear blue laser. The TBC was recorded 
based on cell granularity (side scatter signal (SSC)) and green fluores-
cence from SYBR Green I nucleic acid stain (Khandeparker et al., 2017a). 
The SSC and DNA fluorescence data from the cytometer were processed 
using built-in BD FACS Diva version 6.2 software. Yellow-green fluo-
rescence size beads (1 μm) were used as an internal standard to calibrate 
the SSC and FL-1 channel (Polysciences, USA). 

2.6.2. Bacterial production 
Bacterial production (BP) was measured using 5-Bromo-2-deoxyuri-

dine (BrdU), which is a synthetic nucleoside and an analog of thymidine 
(Eswaran and Khandeparker, 2017; Khandeparker et al., 2018). Sub-
samples from each experiment were incubated with 1 μM final con-
centration of BrdU for 3 h at in situ temperature in dark condition. After 
incubation, the bacterial activities were stopped by adding filtered 
paraformaldehyde (1% final concentration) and stored at � 80 �C until 
immunofluorescent detection. The immunofluorescent detection was 
performed using the anti-BrdU antibody labeled with FITC fluoro-
chrome. In brief, anti-BrdU with DNase I was added to 1 mL of BrdU 
incorporated water samples and incubated for 30 min in the dark, and 
subsequently, anti-BrdU labeled cells were counted using BD FACS Aria 
II flow cytometer with 488 nm nuclear blue laser. Bacterial carbon 
production was calculated using 11 fg C per bacterium as a 
cell-to-carbon conversion factor, and obtained values are expressed as 
μg C L� 1 h� 1 (Garrison et al., 2000). 

2.7. Ectoenzyme analyses 

2.7.1. Total β - glucosidase (BGase) activity 
Total BGase activity (includes cell-associated and free enzyme) was 

estimated by measuring the fluorescence released from 4-methylumbel-
liferyl (MUF) -β - D-glucosidase substrate as described by Hoppe (1983). 
The working stock was prepared by diluting the MUF tagged substrate in 
sterile seawater with the addition of methyl cellosolve. A standard curve 
was prepared using a series of MUF β - D-glucosidase substrate (Sigma, 
USA) concentrations ranging from 10 nM to 500 nM, which were 
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incubated in triplicates with 10 mL seawater for an incubation period 
ranging from 30 min to 24 h. Based on the substrate concentration and 
linearity of the observed fluorescence, the standard concentration of 50 
nM and an incubation period of 3 h were selected for this study. For 
sample analyses, 10 μL of the MUF substrates (50 nM final concentra-
tion) were added to 10 mL of experimental samples and incubated for 3 
h. After incubation, 100 μL of Tris – HCl buffer (pH 10.3) was added to 
each 1 mL of the sample mixture, and fluorescence was measured using a 
fluorescence spectrophotometer (Shimadzu RF5031) equipped with 
365–440 nm excitation and emission wavelength. The rate of enzyme 
activity is expressed as nM C L� 1 h� 1. 

2.7.2. Enumeration of the number of cells expressing β-Glucosidase 
Fluorescein di-β-D-glucopyranoside (FDGlu; Molecular Probes) was 

used to enumerate the number of cells expressing β-Glucosidase (BGase) 
from the TBC. Briefly, water samples were incubated in the dark with 
FDGlu, which is a substrate for BGase. During the incubation, BGase 
expressing bacteria cleaved the non-fluorescent FDGlu to highly fluo-
rescent fluorescein. Subsequently, the fluorescence from BGase 
expressing bacterial populations were enumerated using a flow cytom-
eter equipped with a 488 nm nuclear blue laser. 1 μm yellow-green 
fluorescent beads were used as an internal standard for calibrating the 
fluorescence detector voltage. Obtained data were processed using BD 
FACS Diva software version 6.2 (Eswaran and Khandeparker, 2017). 

2.8. Environmental DNA extraction 

For extraction of environmental DNA, 1.5 L volume of subsamples 
from each experiment were filtered through 0.22 μm pore size filter 
papers (GSWP04700; Millipore) under constant low vacuum pressure 
and stored at � 20 �C until the extraction. The DNA extraction was 
carried out in batches soon after the filtration (not more than 24 h) using 
a power water DNA isolation kit (MOBio, USA) according to manufac-
turer’s instructions. 

2.9. Quantitative PCR (Q-PCR) analyses 

2.9.1. Calibration of the standard curve 
Before environmental DNA analyses, the standard curves were ob-

tained for different bacterial taxa using group-specific primers that are 
listed in Table 1. Q-PCR standards were prepared using genomic DNA 
(gDNA) that were extracted from different bacterial pure cultures, which 
are classified under different taxa (For instance, Exiguobacterium indicum 
used for Firmicutes and Serratia marcescens for Gammaproteobacteria 

primer set). Briefly, amplified PCR fragments were purified using pure 
link PCR purification kit (Invitrogen, USA) and pooled to specific con-
centrations (Checked using Bio spec, Eppendorf) that were diluted to six 
orders of magnitude ranging from 109 to 104 gene copies μL� 1, and used 
as standards. The standard curves were generated for each bacterial taxa 
by plotting the cyclic threshold (CT) values against the concentration of 
each diluted standard. The CT indicates the number of cycles taken for 
the fluorescence signal to exceed the threshold level. All the standard 
curves, which were generated during the study, were linear (Table 1) 
with efficiency ranging from 0.99 to 1.12. 

2.9.2. Q-PCR assay of experimental samples 
The experimental samples were analysed in triplicates with Rotor- 

Gene Q 5X HRM machine (Qiagen) using 2X Quantitech SYBR Green 
master mix in 20-μL reaction volume (Qiagen). The reaction mixture 
consisted of 10 μL of the qPCR master mix, 0.5 μL of each primer, 1 μL of 
environmental DNA template, and 8 μL of RNase free water. The raw 
fluorescence signals from amplification were captured through the 
green channel at 510 nm with gain settings of 5. Subsequently, data were 
analysed using built-in Rotor-gene Q software wherein CT values of 
amplified samples were compared with the standard calibration curve. 
Further, high-resolution melt (HRM) curve analyses were performed to 
test the specificity of the primers with target samples by increasing the 
temperature from 70 to 90 �C with 1 �C interval. A single bell shape peak 
at 84–86 �C indicated the presence of site-specific qPCR amplicon 
(Eswaran and Khandeparker, 2017). 

2.10. Statistical analyses 

TBC, BP, total BGase activity, number of cells expressing BGase, and 
major bacterial taxa data were log (X þ 1) transformed to normalize the 
data. The transformed data sets, which met the normality assumption, 
were subjected to parametric statistical analysis. A parametric two-way 
ANOVA followed by post hoc Tukey’s HSD test was performed to 
determine the significant variation in bacterial parameters between 
treatments (n ¼ 3) and incubation days (n ¼ 7) (IBM statistics, SPSS 
version 22.0). Furthermore, the relationship between major bacterial 
taxa, total BGase activity, number of cells expressing BGase, and envi-
ronmental variables was evaluated using the correlation matrix (IBM 
statistics, SPSS v 22.0) and redundancy analysis (RDA). Before RDA, the 
biotic datasets were evaluated for linear characteristics by performing 
detrended correspondence analysis (DCA) (ter Braak and Smilauer, 
2002). In DCA, the length of the first gradient axes was <2 standard 
deviation (SD) units, which confirmed the linear characteristics, and 

Table 1 
Quantitative PCR primers and conditions used in this study.  

S. 
no 

Target group/Gene Primer sequence (5ˈ——3ˈ) Reference Modified annealing temperature used in 
this study (�C) 

Q-PCR standard curve (slope and 
Efficiency) 

1. Actinobacteria ACT920F3: ACGGCCGCAAGGCTA 
ACT1200R: 
TCRTCCCCACCTTCCTCCG 

De Gregoris et al., 
2011 

53 Y ¼ � 5.013x þ 49.596; R2 ¼ 0.995; 
E ¼ 1.12 

2. Alphaproteobacteria ALF682F: CIAGTGTAGAGGTGAAATT 
ALF908R: 
CCCCGTCAATTCCTTTGAGTT 

De Gregoris et al., 
2011 

53 Y ¼ � 3.100x þ 32.011; R2 ¼ 0.995; 
E ¼ 1.1 

3. Betaproteobacteria BETA359F: 
GGGGAATTTTGGACAATGGG 
BETA682R: 
ACGCATTTCACTGCTACACG 

Ashelford et al., 
2002 

53 Y ¼ � 3.232x þ 30.936; R2 ¼ 0.997; 
E ¼ 1.04 

4. Gammaproteobacteria GAM1080F: 
TCGTCAGCTCGTGTYGTGA 
GAM1202R: CGTAAGGGCCATGATG 

De Gregoris et al., 
2011 

53 Y ¼ � 3.468 þ 33.271; R2 ¼ 0.996; 
E ¼ 0.99 

5. Bacteroidetes CFB798F: 
CRAACAGGATTAGATACCCT 
CFB967R: GGTAAGGTTCCTCGCGTAT 

De Gregoris et al., 
2011 

53 Y ¼ � 3.065x þ 34.067; R2 ¼ 0.997; 
E ¼ 1.1 

6. Firmicutes FIRM928F: 
TGAAACTYAAAGGAATTGACG 
FIRM1040R: ACCATGCACCACCTGTC 

De Gregoris et al., 
2011 

53 Y ¼ � 3.065x þ 34.067; R2 ¼ 0.996; 
E ¼ 1.12  
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thus RDA was applied. During RDA, firstly, scaling was focused on the 
inter-species correlations, and obtained species scores were divided by 
SD. Besides, species data sets were standardized by the error variance. 
Secondly, the significance of the RDA model was tested using a Monte 
Carlo permutation test with 999 permutations and combination. The 
species response and relationship with environmental variables was 
predicted using generalized linear models (GLM) in a stepwise manner 
followed by F-statistics at the significance level of <0.05. The above 
statistics were executed using CANOCO software version 4.5 for 
Windows. 

3. Results 

3.1. Initial conditions 

During the sampling, salinity was 32.23, 19.34, and 0.06 for the 
stations representing marine, brackish, and freshwater, respectively 
(Table 2). Silicate and nitrate concentrations were higher in freshwater 
(73.58 and 5.95 μMol L� 1) compared to brackish (28.94 and 1.23 μMol 
L� 1) and marine (12.33 and 0.56 μMol L� 1). Whereas, nitrite concen-
tration was high in marine (2.08 μMol L� 1) compared to brackish (0.80 
μMol L� 1) and freshwater (0.40 μMol L� 1) (Table 2). Phosphate (4.47 
μMol L� 1), Chl a (0.88 mg L� 1), and SPM (76.9 mg L� 1) concentrations 
were higher in brackish water (Table 2). The TEP concentration ranged 
between 397.2 and 518.7 μg XG. eq. L� 1, and was high in freshwater 
(Table 2). 

3.2. Microcosm experiments 

3.2.1. Environmental variables 
The nitrite concentration increased with the incubation days and 

peaked on day 21, irrespective of the treatments (ANOVA; F ¼ 7.154; p 
< 0.001; Fig. 2A). Whereas, phosphate (F ¼ 4.085; P < 0.002), Chl a (F 
¼ 3.05; P < 0.05), SPM (F ¼ 2.85; P < 0.05), and TEP (F ¼ 27.16; p <
0.0001) concentrations decreased significantly with respect to days 
(Figs. 2C, 3A, C, and D). The nitrate and silicate concentrations (F ¼
2.498; p < 0.05) also decreased in most of the treatments except when 
marine and brackish bacteria were translocated in freshwater (Fig. 2B). 
However, decrease in nitrate was not statistically significant (F ¼ 1.165; 
P ¼ 0.34). Meanwhile, high levels of nitrate were seen on day 7 when 
brackish and marine bacteria were translocated in freshwater (Fig. 2B). 
Likewise, silicate was high on day 11 when freshwater bacteria were 

translocated in marine and brackish waters, which could be due to the 
effect of the incubation (Fig. 2D). A similar trend was evident in Acti-
nobacteria, Firmicutes, and Betaproteobacteria taxa on day 11. Corre-
lation analyses showed a positive relationship between these variables, 
but it was not significant (Suppl. Table S1). A gradual increase in the 
DOC concentration was evident until day 4, and vice versa was observed 
from day 7–21 when marine, brackish, and freshwater bacteria were 
translocated in different waters (F ¼ 9.944; P < 0.001; Fig. 3B). 

3.2.2. Marine bacteria 
When marine bacteria with high TBC were translocated to brackish 

and freshwater conditions, a significant decrease was evident from day 
0 (1.28 � 106 and 1.12 � 106 cells mL� 1) to day 21 (4.09 � 105 and 1.93 
� 105 cells mL� 1; ANOVA - F ¼ 9.17; p < 0.01; Fig. 4A) when compared 
to control (marine bacteria in marine water). Similar to TBC, BP also 
decreased except when marine bacteria were translocated in freshwater 
(Fig. 4B). Whereas, the total BGase activity showed an increasing trend 
until day 1 in brackish, and was high throughout in freshwater trans-
location (Fig. 4C). The number of cells expressing BGase also showed a 
similar trend (Fig. 4D). 

In the case of BCC, a clear shift was observed between the control and 
the treatments (ANOVA - F ¼ 58.19; p < 0.0001; Fig. 5A–C). Q-PCR 
analyses of field samples showed that Alphaproteobacteria, Gammap-
roteobacteria, Bacteroidetes, and Firmicutes taxa were relatively high in 
marine inocula (Table 2). In marine water (control), the relative abun-
dance of Gammaproteobacteria was high and coupled with BGase and 
BP (Figs. 5A and 6C; Table 3A; Suppl. Table S1). Their abundance was 
positively related to salinity, DOC, TEP and Chl a (Fig. 5A; Suppl. 
Table S1). However, the translocation of marine bacteria to brackish 
conditions resulted in a significant decrease in Gammaproteobacteria 
taxa, and the emergence of Bacteroidetes and Actinobacteria (Figs. 5B, 
6C, and 7A, C). Their proliferation in brackish conditions was negatively 
related to salinity (Fig. 5B; Table 3B; Suppl. Table S2). A similar trend 
was also evident when marine inocula were translocated to freshwater, 
wherein Betaproteobacteria and Firmicutes taxa were predominant and 
coupled with the number of cells expressing BGase (Fig. 5C; Table 3C; 
Suppl. Table S3), which were negatively influenced by Chl a and TEP, 
and positively related to DOC (Figs. 5C, 6B, and 7B; Table 3C; Suppl. 
Table S3). 

3.2.3. Brackish bacteria 
When brackish water bacteria were translocated to marine water, 

Table 2 
Background/Initial condition after passing through 20-μm mesh during the sampling in Zuari estuary.  

Background/Initial conditions 

S.No Parameters Marine/Bay Brackish/Mid-estuary Freshwater/Upstream  
Abiotic components 

1. Salinity 32.23 19.34 0.06 
2. Chl a (mg L� 1) 0.57 0.88 0.22 
3. SPM (mg L� 1) 49.45 76.9 52.4 
4. DOC (mg L� 1) 1.42 1.05 1.49 
5. TEP (μg XG eq. L� 1) 397.20 444.44 518.70 
6. Nitrite (μMol L� 1) 2.08 0.80 0.40 
7. Nitrate (μMol L� 1) 0.56 1.23 5.95 
8. Phosphate (μMol L� 1) 3.52 4.47 3.26 
9. Silicate (μMol L� 1) 12.33 28.94 73.58  

Biotic components 
10. TBC (cells mL� 1) 1.95 � 106 3.11 � 106 2.09 � 106 

11. BP (μg C L� 1 h� 1) 25.91 14.20 11.97 
12. Total BGase activity (nM C L� 1 h� 1) 240.00 185.80 215.25 
13. No of cells exp BGase (cells mL� 1) 4.21 � 105 2.34 � 105 7.56 � 104 

14. Alphaproteobacteria (copies μL� 1) 2.40 � 105 4.13 � 104 1.37 � 104 

15. Betaproteobacteria (copies μL� 1) 1.93 � 103 1.95 � 102 1.26 � 105 

16. Gammaproteobacteria (copies μL� 1) 1.53 � 105 3.75 � 104 4.09 � 103 

17. Bacteroidetes (copies μL� 1) 6.10 � 105 1.16 � 105 1.19 � 105 

18. Firmicutes (copies μL� 1) 7.63 � 104 1.42 � 104 1.94 � 103 

19. Actinobacteria (copies μL� 1) 6.41 � 104 6.80 � 104 4.26 � 104  
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TBC (ANOVA: F ¼ 29.89, p < 0.0001) and BP (F ¼ 13.26, p < 0.001) 
decreased compared to control (Fig. 4A and B). In the case of freshwater 
translocation, the decrease was evident in BP (Fig. 4B). While total 
BGase activity and the number of cells expressing BGase showed an 
increasing trend until day 4 and vice versa observed from day 7–21 
(Fig. 4C and D). However, the variation between the control and treat-
ments were not significant (Fig. 4C and D). A similar trend was also 
evident in BCC wherein Bacteroidetes (1.16 � 105 copies μL� 1), and 
Actinobacteria (6.80 � 104 copies μL� 1) taxa were higher in brackish 
water (Table 2; Figs. 5B and 7A-C), and followed a similar trend in 
control as well as treatments (Figs. 5A–C and 7B-C). For instance, the 
relative abundance of Bacteroidetes, Firmicutes and Actinobacteria taxa 
increased from day 0 to day 21, irrespective of the treatments (Fig. 7B 
and C). Although a significant difference in the abundance of Betapro-
teobacteria (F ¼ 13.92, p < 0.001) and Alphaproteobacteria (F ¼ 15.12; 
p < 0.001) taxa was evident when brackish inocula were translocated to 
fresh and marine waters, it did not influence the BGase activity as 

evidenced from RDA tri-plot as well as species response to RDA axes 1 
(Figs. 5A–C, 6A-B; Table 3A; Suppl. Table S1). 

3.2.4. Freshwater bacteria 
The translocation of freshwater bacteria to marine and brackish 

conditions resulted in a decrease in TBC (1.36 � 106 and 7.04 � 105 cells 
mL� 1, respectively) and BP (0.5 and 5.35 μg C L� 1 h� 1 respectively), 
irrespective of the treatments (Fig. 4A and B). However, total BGase 
activity and the number of cells expressing BGase showed an opposite 
trend wherein the activity increased significantly irrespective of the 
treatments (ANOVA F ¼ 33.951, P < 0.0001 and F ¼ 10.17; p < 0.01; 
Fig. 4C and D). The increase was strongly related to the shift in the 
studied bacterial taxa, as observed in RDA (Fig. 5A–C). RDA axes 1 and 2 
explained 77.08% and 50.57% of the variance in the studied bacterial 
taxa, when freshwater bacteria were translocated in marine and 
brackish water, respectively. 

The qPCR analysis showed that the Betaproteobacteria was 

Fig. 2. Changes in concentrations of (A) 
nitrite, (B) nitrate, (C) phosphate, and (D) 
silicate during the translocation of MB, BB 
and FB to different waters; different color 
lines with filled circle indicate different 
treatments in each panel; error bars on top of 
the circle represents the standard deviation 
(n ¼ 3); the values are expressed as μMol 
L� 1; MB in MW – Marine bacteria in filtered 
and autoclaved marine water; MB in BW – 
Marine bacteria in filtered and autoclaved 
brackish water; MB in FW – Marine bacteria 
in filtered and autoclaved freshwater; BB in 
BW – Brackish bacteria in filtered and 
autoclaved brackish water; BB in MW – 
Brackish bacteria in filtered and autoclaved 
marine water; BB in FW – Brackish bacteria 
in filtered and autoclaved freshwater; FB in 
FW – Freshwater bacteria in filtered and 
autoclaved freshwater; FB in MW – Fresh-
water bacteria in filtered and autoclaved 
marine water; FB in BW – Freshwater bac-
teria in filtered and autoclaved brackish 
water.   
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dominant taxa in freshwater (Table 2). When Betaproteobacteria rich 
freshwater inocula were translocated to brackish, an increase in the 
relative abundance of Actinobacteria, Bacteroidetes, and Firmicutes 
taxa was observed on day 21 (Figs. 5B and 7). Their increase was 
negatively related to DOC, Chl a, and TEP (Fig. 5B; Table 3B; Suppl. 
Table S2). In the case of the marine condition, saline related taxa were 
dominant, i.e., Alphaproteobacteria, and Gammaproteobacteria, which 
showed a strong coupling with the total BGase activity and the number 
of cells expressing BGase (Figs. 5A, 6A, C; Table 3A; Suppl. Table S1). 

4. Discussion 

The present study evaluated the effect of salinity stress on major 
bacterial taxa in a tropical estuary. The stations were well demarcated 
by salinity and nutrient composition during the sampling. The bay was 

characterized by high salinity, nitrite, and phosphate, whereas silicate 
and nitrate were high at the upstream. In monsoonal estuaries, fresh-
water discharge and tidal circulation regulate the variations in nutrients 
and salinity in which the river run-off governs nitrate and silicate, while 
nitrite and phosphate via tide induced sedimentary release (Anand et al., 
2014). Similar to physicochemical conditions, the studied bacterial taxa 
also varied significantly from the saline bay to the freshwater upstream 
in this study. The bay was dominated by Alphaproteobacteria, Gam-
maproteobacteria, Firmicutes, and Bacteroidetes, and these commu-
nities have also been reported earlier in Delaware estuary, Chesapeake 
Bay, and Columbia river estuary (Bouvier and del Giorgio, 2002; Cottrell 
and Kirchman, 2004; Crump et al., 1999), thus indicating their possible 
occurrence as autochthonous communities in the saline region of the 
estuaries. Meanwhile, many studies have also shown the presence and 
dominance of these taxa in different environmental settings such as 

Fig. 3. Changes in (A) Chl a (mg L� 1), (B) DOC (mg L� 1), (C) SPM (mg L� 1), and (D) TEP (μg XG eq. L� 1) during the translocation of MB, BB and FB to different 
waters. See Fig. 2 for additional details. 
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rivers (Anderson-Glenna et al., 2008; Oshkin et al., 2014), sediment 
(Franco et al., 2017; Khandeparker et al., 2017b), soil (Eilers et al., 
2010), and biofilms (Anderson-Glenna et al., 2008; Edwards et al., 2010; 
Hede and Khandeparker, 2018), suggesting their ecological roles in 
other environments. Among the observed marine taxa, Gammaproteo-
bacteria and Firmicutes taxa were strongly coupled with BGase activity 
and salinity in this study. Several studies have been reported that the 
Gammaproteobacteria could account for ~1–50% of total bacterial 
abundance in saline environments (Jiang et al., 2007; Wu et al., 2006), 
can degrade the organic matter which is rich in carbohydrates (Baker 
et al., 2015; Eswaran and Khandeparker, 2017, 2019; Yu et al., 2011). 
Likewise, members of Firmicutes taxa are also reported as a reservoir of 

BGase expressing genes (Zang et al., 2017). Other than salinity, the 
relative abundance of Gammaproteobacteria taxa showed a strong 
positive correlation to DOC, Chl a (indicator of phytoplankton biomass), 
and TEP in this study. Members of Gammaproteobacteria taxa are often 
reported having a strong association with phytoplankton (Grossart et al., 
2005). Although phytoplankton composition tends to vary with hy-
drography and environmental conditions, a few heterotrophic bacterial 
taxa are consistently reported to dominate as phytoplankton-associated 
communities. For example, members of Alteromonadaceae in Gam-
maproteobacteria taxa recurrently occurred as phytoplankton associ-
ated, which highlighted the role of substrate specificity driving the 
bacterial communities (Buchan et al., 2005; Teeling et al., 2012). 

Fig. 4. Response of (A) TBC (cells mL� 1), (B) BP (μg C L� 1 h� 1), (C) Total BGase activity (nM C L� 1 h� 1), and (D) No of cells expressing BGase (cells mL� 1) during the 
translocation of MB, BB and FB to different waters. See Fig. 2 for additional details. 
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Nevertheless, the response and proliferation of these autochthonous 
bacterial communities to different environmental conditions have not 
been addressed in monsoon influenced tropical estuaries. The trans-
location experiments conducted to elucidate this revealed that when the 
marine inocula with high TBC, BP, and BGase activity were translocated 
to filtered and autoclaved brackish (19 salinity) and fresh waters (0.06 

salinity), TBC decreased significantly, irrespective of the treatments. In 
the case of BP, the decrease was mainly in brackish water. Several field 
and experimental studies have reported that bacterial abundance and 
activities are adversely affected by salinity (Painchaud et al., 1995; 
Langenheder et al., 2003). A study by del Giorgio and Bouvier (2002) 
has suggested that changing salinity can be considered as a stress factor 
for bacterial physiological states and functional activities. Whereas, 
total BGase activity increased upon translocation of marine inocula to 
only freshwater. Earlier, del Giorgio and Bouvier (2002) noticed sharp 
changes in the structure and function of bacterial taxa along a salinity 
gradient wherein salinity ‘triggered’ particular groups of bacteria, while 
it ‘restrained’ others. In the present study, an increase in the relative 
abundance of Betaproteobacteria and Firmicutes taxa possibly resulted 
in high BGase activity in freshwater translocation, which was decoupled 
in the marine water control. Moreover, an increase in DOC, nitrate, and 
silicate was observed after translocation to freshwater, which could be 
attributed to the breakdown of TEP by BGase producing Betaproteo-
bacteria and Firmicutes taxa. Also, cell lysis and disintegration of Chl a 
contributes to the release of dissolved organic matter (DOM), that can 
support the growth of heterotrophic bacterial communities (Morris 
et al., 1978). In Betaproteobacteria, members of Comamonadaceae 
(Methylophillus, Sphingomonas, and uncultured clones), Burkholderia 
(uncultured clones), and Oxalobacteraceae (uncultured clones) have 
been linked to degradation and utilization of DOM (Kisand et al., 2002; 
Kisand and Wikner, 2003; Lindh et al., 2015; Teira et al., 2009; Traving 
et al., 2017), and are prevalent in lacustrine (Boucher and Debroas, 
2009) and freshwater/low-saline conditions (Kirchman et al., 2004; 
Pohlon et al., 2010). The other metabolic functions of Betaproteobac-
teria includes denitrification (Gasol et al., 2002; Han et al., 2018; Heylen 
et al., 2006), ammonia oxidation (Molina et al., 2007), that influences 
bacterial carbon fluxes especially in coastal transition environments 
(Teira et al., 2009). Like Betaproteobacteria, the persistence of Firmi-
cutes after translocation to freshwater indicates their ability to sustain in 
a wide range of salinity (Rath et al., 2019). Also, their persistence and 
proliferation could be attributed to species level change. For example, 
members of Firmicutes were detected during both high and low-saline 
conditions in this estuary in which marine originated strains were 
dominant in high saline condition. At the same time, it was terres-
trial/freshwater strains during the low-saline condition (Eswaran and 
Khandeparker, 2019). It is known that the tide induced saltwater 
intrusion and freshwater inflow are the two major factors that regulate 
the salinity in estuaries and indirectly affects the bacterial communities. 
During the saltwater intrusion events, marine bacteria are relocated to 
freshwater systems, and vice versa, observed during high freshwater 
inflow. Such physical events not only drive the shifts in communities but 
also possibly affect the gene regulation and expression of the commu-
nities (Edmonds et al., 2009). This could be another possible reason for 
the members of Betaproteobacteria, and Firmicutes taxa to adapt and 
express BGase activity in two distinct salinity conditions. 

In the case of mid-estuary, which is brackish water (<20 salinity), 
Actinobacteria and Bacteroidetes were dominant and negatively related 
to Chl a, phosphate, and SPM. Members of Actinobacteria have been 
detected at less than 20 salinity, which is similar to mid-estuarine water, 
and utilize a narrow range of organic substrate for growth and meta-
bolism (Sharp et al., 2009). Likewise, members of Bacteroidetes have 
developed a unique degradation mechanism that is generally encoded in 
polysaccharide utilization loci (PUL) (Fern�andez-Gomez et al., 2013). 
These PUL consist of genes that encode different hydrolytic enzymes 
such as sulfatases, glycosidases, and polysaccharide lyases (Kabisch 
et al., 2014; Tang et al., 2017). Our earlier study has also detected 
Actinobacteria and Bacteroidetes taxa in the upper middle region of this 
estuary (Eswaran and Khandeparker, 2017). After translocation of 
brackish inocula to marine, TBC and BP decreased when compared with 
control. In the case of freshwater, the decrease in TBC, BP, total BGase 
activity, and the number of cells expressing BGase was almost similar 
between control and treatments. Among the studied bacterial taxa, the 

Fig. 5. Redundancy analyses showing the changes in major bacterial taxa and 
their relationship with environmental variables in (A) marine water (B) 
Brackish water, and (C) freshwater treatments; blue and red lines in RDA tri- 
plots indicate biotic (response variable) and abiotic variables (explanatory 
variables), respectively; Circles, boxes and up-triangle in RDA tri-plots repre-
sent MB, BB, and FB in different waters, respectively; D ¼ Days. 
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Fig. 6. Response of (A) Alphaproteobacteria, (B) Betaproteobacteria, and (C) Gammaproteobacteria during the translocation of MB, BB and FB to different waters. 
See Fig. 2 for additional details. 

Table 3 
Species response on RDA environmental axes 1 and 2 using generalized linear model and F statistics; GLM – generalized linear model; NS – Not Significant.  

(A) Marine water (B) Brackish water (C) Freshwater 

S. No Dependent F P RDA 1 RDA 2 F P RDA 1 RDA 2 F P RDA 1 RDA 2 

1 Alphaproteobacteria 58.14b 0.00004 0.16 ¡0.90 NS NS � 0.23 � 0.24 16.39a 0.001 ¡0.86 � 0.07 
2 Betaproteobacteria 4.89a 0.04 0.52 � 0.20 20.29a 0.0005 ¡0.85 0.22 9.90a 0.007 ¡0.84 0.04 
3 Gammaproteobacteria 6.97a/10.46b 0.02a/0.006b ¡0.57 ¡0.65 NS NS � 0.30 � 0.41 37.56a 0.00003 ¡0.93 � 0.05 
4 Bacteroidetes NS NS 0.41 � 0.31 5.81b 0.04 � 0.48 0.53 NS NS � 0.33 � 0.25 
5 Firmicutes 8.19b 0.01 0.38 ¡0.62 NS NS � 0.30 0.39 9.38a 0.009 ¡0.77 � 0.49 
6 Actinobacteria 6.95a 0.02 0.57 � 0.35 5.91b 0.02 � 0.33 0.55 8.74b 0.01 � 0.23 ¡0.79 
7 BP NS NS � 0.25 0.42 4.73a 0.04 0.55 � 0.12 14.43a 0.002 0.64 0.45 
8 No. of cells exp BGase 17.75b 0.001 0.07 ¡0.76 NS NS 0.48 0.17 NS NS � 0.48 0.12 
9 TBC NS NS � 0.26 0.40 21.60a 0.0004 0.76 � 0.15 45.0a 0.0001 0.79 � 0.09 
10 Total BGase activity 7.11a/5.32b 0.01a/0.03b ¡0.58 ¡0.51 17.25b 0.001 � 0.27 ¡0.86 7.93a/10.49b 0.01/ 

0.006 
¡0.77 0.53 

a –significantly related to RDA 1; b-significantly related to RDA 2. 
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relative abundance of Actinobacteria and Bacteroidetes taxa remained 
constant and gradually increased as that of brackish water control. It is 
known that the estuarine and brackish water communities are a mix of 
riverine and indigenous populations inhabiting the estuary but accli-
matize to saline water, or originated from the freshwater sources 
(Crump et al., 1999). An experimental study by Langenheder et al. 
(2003) using Orealvan River water also reported similar findings and 
concluded that estuarine bacteria might better adapt to salinity distur-
bance than marine/riverine bacteria. Although there was a difference in 
the relative abundance of Alphaproteobacteria and Betaproteobacteria 
taxa after translocation to different waters, it did not influence the BGase 
activity during the study. It is possible that the species which emerged 
belonging to these taxa or inocula may not be expressing the BGase 
genes because bacteria tend to change the mineralization pathways 
under different environmental conditions. For example, a study by 
Edmonds et al. (2009) reported that the artificial addition of saltwater in 
freshwater wetlands resulted in a decline in methanogens and the 
emergence of sulfate-reducing communities. Likewise, Bernhard et al. 

(2005) observed a decrease in ammonia-oxidizing bacteria in response 
to increasing salinity at Plum Island Sound Estuary, north-east 
Massachusetts. 

The upstream freshwater station showed relatively high numbers of 
Betaproteobacteria (1.26 � 105 copies μL� 1) as compared to other 
studied taxa during the study. Although these taxa are present in other 
environmental conditions, they contribute significantly to ecological 
processes that occur in the freshwater systems (Kan et al., 2006; Li et al., 
2012). Li et al. (2012) and Ruiz-Gonz�alez et al. (2013) observed a pos-
itive relationship between the relative abundance of Betaproteobacteria 
and DOC, which emphasized their significant role in the processing of 
riverine DOC. Besides, they contribute up to 60–70% of total bacteria in 
epilimnetic waters (Newton et al., 2011). In our study, when freshwater 
inocula with high numbers of Betaproteobacteria taxa were translocated 
to marine and brackish conditions, their abundance decreased signifi-
cantly at the end of incubation. Whereas, an increase in the relative 
abundance of Alphaproteobacteria and Gammaproteobacteria taxa were 
detected in marine waters and showed a positive relationship with 

Fig. 7. Response of (A) Bacteroidetes, (B) Firmicutes, and (C) Actinobacteria during the translocation of MB, BB and FB to different waters. See Fig. 2 for addi-
tional details. 
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BGase activity, salinity, and DOC. The variations in salinity and source 
of DOC may have contributed to this response because the availability of 
marine-derived DOC and increased salinity favors the proliferation of 
specific marine species, which are inactive at low salinity conditions. For 
instance, within the Alphaproteobacteria, members of Novosphingobium, 
and Sphingomonas, Nitratireductor have been detected in mid-salinities 
with carbohydrate degradation ability (Soares Júnior et al., 2013). 
Whereas, metabolically versatile SAR11 and Roseobacter clade was 
abundant in high saline condition (Brinkhoff et al., 2008; Wagner-D€o-
bler and Biebl, 2006). Likewise, Gammaproteobacteria are fast-growing 
opportunists and adapt quickly to salinity stress (Langenheder et al., 
2003; Soto-Ramirez et al., 2007), and changing substrate availability 
(Pernthaler and Amann, 2005). Within Gammaproteobacteria, genus 
such as Serratia, Citrobacter, Enterobacter, Pantoea has been detected 
abundantly in low-saline waters, while Pseudomonas, Vibrio, and Acine-
tobacter in high-saline water with carbohydrate degrading ability (Arora 
et al., 2012; Eswaran and Khandeparker, 2019; Khandeparker et al., 
2011; Langenheder et al., 2003). In the case of freshwater bacteria when 
translocated to brackish, an increase in the relative abundance of Acti-
nobacteria, Firmicutes, and Bacteroidetes were negatively related to 
DOC, Chl a, and TEP. During this time, silicate and nitrite levels also 
increased significantly at the end of the incubation, which could be 
attributed to the disintegration of freshwater phytoplankton commu-
nities in different salinity conditions (Morris et al., 1978; Khandeparker 
et al., 2017a). Thus, it seems that salinity and availability of labile DOC 
contribute to the proliferation and emergence of species belonging to 
specific bacterial taxa, which in turn produce an array of enzymes to 
breakdown complex molecules/polymers and play a significant role in 
the estuarine food web dynamics. 

The use of group-specific primers, coupled with qPCR, helped in the 
enumeration of major bacterial taxa in response to non-ambient salinity 
conditions during the study. However, there could be other minor or 
rare bacterial taxa, which may show a similar response to changing 
salinity and other environmental variables. Thus, further use of modern 
molecular tools can manifest such species-level changes in the pro-
karyotic communities and is need of the hour, especially in such 
monsoon influenced tropical estuarine systems. 

5. Conclusions 

Overall, the results of the present experiment revealed a clear shift in 
major bacterial taxa on translocation to different salinities wherein 
marine and freshwater bacteria showed pronounced changes in the 
studied bacterial taxa and BGase activity. While brackish water bacteria 
showed a strong persistence to changing salinity in this tropical estuary, 
especially Actinobacteria and Bacteroidetes. The persistence or the 
changes in the studied bacterial groups may also relate to the species 
level shifts in particular bacterial taxa, and unravelling the same using 
different functional gene markers would ascertain their role in organic 
matter processing and is way forward. 
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Abstract The episodic monsoon condition in a tropical
estuarine environment inputs high allochthonous mate-
rials that are rich in carbohydrates and are mainly broken
down by enzymatic hydrolysis thus alter both organic
matter and microbial community composition of an estu-
ary.β-Glucosidases are one of the enzymesmediating the
degradation of carbohydrates and are majorly produced
by heterotrophic bacteria. The present study elucidatedβ-
glucosidase-producing culturable bacterial diversity and
measured their activity during non-monsoon and mon-
soon seasons in Zuari estuary. The results revealed that
both bacterial abundance and β-glucosidase activity de-
creased significantly from non-monsoon to monsoon,
whereas phylogenetic diversity increased. Majority of
β-glucosidase producers during non-monsoon belonged
to the members of Bacillales (53%), Pseudomonadales
(26%), and Vibrionales (11%) which shifted to the mem-
bers of Enterobacteriales (51%), Bacillales (14%),
Alteromonadales (12%), Aeromonadales (9%),
Xanthomonadales (7%), Pseudomonadales (5%), and
Flavobacteriales (2%) during the monsoon. The shift in
bacterial community structure points out the occurrence
of different allochthonous forms with carbohydrate-
metabolizing ability during the monsoon, and their rele-
vance in ecology and health of this estuary can be eluci-
dated by studying their functional diversity and is a step
ahead.

Keywords Pathogens . Allochthonous . Heterotrophic
bacteria . Carbohydrate degradation . Phylogenetic
diversity

Introduction

Estuaries function is a complex water system where
riverine water mixes with marine water. The input of
nutrients (autochthonous and allochthonous) from
mixed water sources supplements the estuarine produc-
tivity by favoring the growth of lower to higher trophic-
level organisms. Among different trophic organisms,
bacteria are involved in the multiple biogeochemical
and recycling processes related to an estuarine network
and can be either autochthonous or allochthonous to the
estuary (Menon et al. 2003). The organic matter (OM)
degradation by these bacteria facilitates the reinstating
of nutrients in the food web, and such processes can be
controlled by local environmental conditions (Ho et al.
2012) and by the community composition (Logue et al.
2016). Studies have been reported that the OM in aquat-
ic systems consists of carbohydrates either in the dis-
solved or polymeric forms and that contributes signifi-
cantly to the total organic pool (Benner et al. 1992).
Bacteria produce a suite of extracellular hydrolytic or
ectoenzymes including β-glucosidases (β-glu) to utilize
the complex carbohydrate/polymers (Hoppe 1983;
Sutherland 1999). Also, ectoenzyme production facili-
tates bacteria to increase their abundance and biomass
production (Ayuso et al. 2011). Earlier studies have
compared the ectoenzymatic activity with total bacterial
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populations in estuarine (Cunha et al. 2000; Bhaskar and
Bhosle 2008), marine (Sala et al. 2001), and freshwater
(Chróst and Rai 1993) environments. However, the
inference of total bacterial populations with individ-
ual or multiple ectoenzymatic activities may not
provide a coherent view as the natural environment
may also be influenced by the manifestation of
occasional bacterial taxa/species that affect the vari-
ation in organic matter hydrolysis. Boucher and
Debroas (2009) discussed the influence of such oc-
casional bacterial populations on enzymatic activity
in Sep reservoir, France. Likewise, studies on differ-
ent estuarine regions have reported that the various
factors such as salinity, light, temperature, organic
matter quality, and bacterial community composition
(BCC) influence the organic matter modification
(Crump et al. 2004; Logue et al. 2016). However,
among the studies in estuarine regions, the majority
are focused on environmental influence and few
studies concerning occasional bacterial populations,
especially in monsoonal estuaries. The monsoonal
estuaries experience high short-term runoff when
compared to other regions, and in such a scenario,
allochthonous communities have a pivotal role in
estuarine ecological processes.

The present study area, Zuari estuary, is a monsoon-
influenced tropical estuary located on the west coast of
India off the Central Arabian Sea (Fig. 1). Heavy
precipitation and land runoff during southwest mon-
soon bring significant variation in the flow pattern and
physicochemical components, converting the estuary
to be freshwater dominated and vice versa during the
dry (non-monsoon) season (Sundar et al. 2015). Such
changes in physicochemical conditions are also
reflected in BCC and ectoenzymatic activity in this
estuary (Eswaran and Khandeparker 2017). Although
freshwater discharge during monsoon deposits high
density of riverine bacteria into the estuary, it seems
that not all might flourish/survive and exhibit the
enzymatic expression in the different estuarine region
and are possibly controlled by seasonally induced
changes in the environmental drivers. However, this
has not been well addressed in this estuary. In view of
this, culturable bacteria were isolated along the estua-
rine gradient during monsoon and non-monsoon sea-
sons and phylogenetically characterized to evaluate the
influence of seasons on culturable bacterial diversity
with an emphasis on β-glucosidase-producing
bacteria.

Materials and methods

Isolation of total viable bacteria

The surface water samples were collected from eight
different stations along the estuarine salinity gradient
(0–35 psu) during non-monsoon (April 2015) and mon-
soon (July 2017) seasons (Fig. 1). For the enumeration
of total viable count (TVC), 1 mL of subsample was
serially diluted to three orders of magnitude (10−1 to
10−3), spread plated on nutrient agar (NA for freshwater
bacteria) and Zobell marine agar 2216 (ZMA 2216 for
marine bacteria), and incubated for 24 h at room tem-
perature. After incubation, the colony-forming units
(CFU) were counted and expressed as CFU mL−1. The
individual colonies that appeared on both agar plates
were streaked separately to get pure cultures, and ob-
tained isolates were maintained in the respective agar
slants (either ZMA or NA) at 4 °C.

Enumeration of the total bacterial count and the number
of cells expressing β-glucosidase

For total bacterial count (TBC) analysis, 1 mL of para-
formaldehyde fixed (1% final concentration) water sam-
ples was stained with SYBR Green I nucleic acid stain
(Molecular Probes, USA) at 1:10,000 final concentra-
tion (Marie et al. 1999) and incubated for 15 min in the
dark at room temperature. After incubation, the stained
cells were counted using a BD FACSAriaTM II flow
cytometer equipped with 488-nm nuclear blue laser.
Emitted signals from the stained samples were recorded
using 488/10 band pass (BP) for right angle light scatter
(SSC) and 530/30 band pass (BP) for green fluores-
cence. One-micrometer fluorescent beads were used as
an internal standard and for calibration of the detector
voltage. Obtained data from the cytometer was proc-
essed using built-in BD FACS Diva 6.2 software and
expressed as cells mL−1 (Khandeparker et al. 2017).

The enumeration of the number of cells expressing
β-glu from TBC was carried out by using fluorescein
di-β-D-glucopyranoside (FDGlu; Molecular Probes,
USA) substrate, which is specific to β-glu. The FDGlu
is a non-fluorescent substrate and actively cleaved byβ-
glu-producing bacteria via a two-step process, i.e., ini-
tially to fluorescein monoglucoside (FMG) and later to
highly fluorescent fluorescein. FDGlu was added to 1
mL of water sample (2 mM final concentration) and
incubated for 30 min in the dark. At the end of
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incubation, the samples were enumerated using BD-
FACS Aria II flow cytometer equipped with 530/30
BP filter and FL1 (green fluorescence) detector, and
obtained values were expressed as a percentage of cells
expressing β-glu to TBC (Eswaran and Khandeparker
2017).

Screening and characterization
of β-glucosidase-producing bacteria

The obtained pure cultures were screened for β-glu
activity by streaking on an agar plate containing 0.5%
arbutin and 0.02% ammonium ferric(II) citrate, which
was filter sterilized and added to the agar under sterile
condition. After streaking, the isolate-containing agar

plates were incubated at 30 °C for 24 to 48 h. End of
incubation, β-glu-positive isolates were confirmed by
the appearance of a dark brown color zone (indication
for arbutin hydrolysis) in the agar plates. Genomic DNA
from β-glu-positive isolates were extracted using the
Purelink Genomic DNA extraction kit (Invitrogen,
USA) according to the manufacturer’s protocol, and
16S rRNA gene was amplified by PCR using a primer
set 27F (5′-AGAGTT TGATCCTGGCTCAG-3′) and
1492R (5′-GGT TAC CTT GTTACG ACT T-3′) (Lane
1991). The reactions were carried out in a 50 μL of
volume, consisting of 2-μL template, 1 μL of each
primer, and 46 μL of PCR master mix (Invitrogen,
USA). The PCR cycling condition was 95 °C for
5 min followed by 35 cycles of 95 °C for 60 s, 53 °C

Fig. 1 Map showing the β-glu-producing culturable bacterial diversity with respect to sampled locations along the Zuari estuary during
non-monsoon and monsoon seasons. β-glu, β-glucosidase
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for 60 s, 72 °C for 60 s, and a final elongation step at 72
°C for 7 min. The obtained PCR products were purified
using the Purelink PCR purification kit (Invitrogen,
USA) according to the manufacturer’s protocol. After
purification, the sequence was obtained by analyzing
with a DNA sequencer (Applied Biosystems). The proc-
essed sequences were aligned with Clustal X, and the
phylogenetic tree was built by using the MEGA 7.0
software. The sequences obtained from the present
study were submitted to GenBank with accession num-
bers fromMH169189 to MH169207 and MH429906 to
MH429949.

Results and discussion

The TBC and TVC values ranged from 1.33 × 106 to
1.39 × 107 cells mL−1 and 780 to 4.84 × 104 CFUmL−1,
respectively, with a fold decrease during the monsoon
season (Fig. 2a–d). Likewise, β-glu-producing
culturable bacterial diversity also varied significantly
from non-monsoon to monsoon season along the estu-
ary (Figs. 1 and 2e–h). During non-monsoon, 70% of
the isolated bacteria produced β-glu that decreased to
30% during the monsoon, especially at the mouth coin-
ciding with decreased salinity and high riverine inflow
(Fig. 2c, d). It has been reported that salinity is a primary
factor affecting the bacterial abundance of an estuary,
and this largely depends on the water currents, tidal
cycle, and riverine inflow (Hyun et al. 1999;
Devanathan et al. 2010; Khandeparker et al. 2017).
The study area, specifically the mouth to the upper
mid-region, showed a significant variation in salinity
between monsoon and non-monsoon during the study
(Fig. 2c, d). The seasonal changes brought by monsoon
split this estuary into two different parts habituating the
marine/brackish bacteria to be dominant in the mouth
and lower mid while the freshwater bacteria at the
upstream. During such conditions, the shifts in domi-
nant species or level of enzymes produced by the same
species may suppress or modify the response to changes
in the environmental variables (Martinez et al. 1996). A
study by Frette et al. (2004) in Danish estuarine water
also reported changes in bacterial metabolic functions
with respect to hydrography of the sampled sites. In the
present study, 16S rRNA gene sequence analyses of 63
isolates from different seasons revealed the occurrence
of diverse populations which could show high β-glu
activity throughout the estuary (Figs. 2e–h, 3, and 4).

The majority of the isolates during the non-monsoon
belonged to the phylum Firmicutes (58%) followed by
Gammaproteobacteria (42%) (Figs. 2e and 3). Among
Firmicutes, the members of Bacillales (53%) showed a
higher contribution and dominated by Bacillus spp.
(Fig. 3), while the members of Pseudomonadales
(26%) and Vibrionales (11%) showed high β-glu activ-
ity in the case ofGammaproteobacteria (Fig. 2g and 3).
A study by Khandeparker et al. (2011) reported cellu-
lose and hemicellulose degradation by Bacillus and
Vibrio spp. in this estuary. Similarly, carbohydrate-
metabolizing Bacillus spp. have been isolated earlier in
a shallow estuary of Roskilde Fjord, and all of them
showed β-glu activity (Frette et al. 2004). However,
their seasonal occurrence was not evaluated. In the
present study, Bacillus spp. observed during different
seasons were not the same and showed a strong seasonal
variation (Fig. 1). During non-monsoon, it was either
moderate halophilic (B. halosaccharovorans) or marine
habitat forms (B. horikoshii) and dominated towards the
mouth of the estuary which is highly saline (Figs. 1 and
3). Whereas, mineral-reducing (B. subterraneus), plant-
associated (B. velezensis), and halophilic (Halobacillus
dabanensis) forms were prevalent along the estuary
during the monsoon which could produce β-glu (Fig.
4). It is known that the genus Bacillus consists of diverse
species that can grow in different environmental settings
like terrestrial, freshwater, soil, and marine conditions
(Hernández-González et al. 2018). In the case of
Gammaproteobacteria, Acinetobacter and Vibrio gen-
era were dominant during non-monsoon (Figs. 2g, h and
3). Earlier reports have indicated the role of
Acinetobacter spp. in carbohydrate degradation in the
estuarine sediment and benthic biofilms (Haynes et al.
2007; Taylor et al. 2013). Likewise, Vibrio spp. are also
known for their carbohydrate-degrading ability
(Riemann and Azam 2002; Imran and Ghadi 2019).
Most of the genera that were isolated during the non-
monsoon showed > 99% similarity with isolates obtain-
ed from the marine environment which indicated their
autochthonous origin in this estuary (Fig. 3).

However, when compared seasonally, the percentage
of β-glu-producing Bacillales, Pseudomonadales, and
Vibrionales decreased significantly with the onset of
monsoon (Figs. 2g, h and 4). Whereas, a tenfold in-
c r e a s e was ev i d en t i n o t h e r membe r s o f
Gammaproteobacteria, i.e., Enterobacteriales from
non-monsoon (5%) to monsoon (51%), and the majority
of the observed genera belonged to either pathogenic
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Fig. 2 Average (± SD) values of total bacterial count (TBC) (a)
and total viable count (TVC) (b), percentage of cells producing β-
glu with respect to TBC (c), percentage of culturable bacteria
producing β-glu with respect to TVC (d), phylum-wise

distribution of β-glu-producing bacteria (e, f), and order-wise
classification of β-glu-producing bacteria (g, h) along the estuary
during non-monsoon and monsoon seasons, see Fig. 1 for
abbreviation
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Fig. 3 Phylogenetic diversity of β-glu-producing bacteria from Zuari estuary during non-monsoon season based on 16S rRNA gene
sequence analysis. The sequences obtained from this study are highlighted red in color, see Fig. 1 for abbreviation
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Fig. 4 Phylogenetic diversity of β-glu-producing bacteria from Zuari estuary during monsoon season based on 16S rRNA gene sequence
analysis. The sequences obtained from this study are highlighted red in color, see Fig. 1 for abbreviation
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forms or carbohydrase producers (Fig. 4). For instance,
Pantoea spp. which are capable of degrading a diverse
range of carbohydrates from different sources such as
phytoplankton (Arora et al. 2012), riverine organic mat-
ter (Kisand et al. 2002), and benthic biofilms (Taylor
et al. 2013) were present only during monsoon in this
estuary (Fig. 4). Further, two of Pantoea isolates had a >
99% partial 16S rRNA identical similarity with
P. dispersa and P. cypripedii that were isolated from
groundnut leaf and orchid, respectively (Fig. 4). Earlier,
Gohel and Naseby (2007) reported the chitinase produc-
tion in P. dispersa that was isolated from the marine
environment. Likewise, red-pigmented Serratia
marcescens that are known to be associated with differ-
ent opportunistic infections in humans (Hejazi and
Falkiner 1997; Ghaderpour et al. 2014) were present in
our study area during monsoon (Fig. 4). Another
yellow-pigmented isolate from the mouth of the estuary
showed >99% 16S rRNA identical similarity with
Chryseobcaterium sp. which is classified under
Flavobacteriales order in Bacteroidetes phylum (Fig.
4). β-Glu-producing Chryseobcaterium sp. has been
isolated earlier from the estuarine wetland (Park et al.
2013), diseased fish (Zamora et al. 2012), and
hydrocarbon-contaminated soil (Bernardet et al. 2011).
These point out that the availability of organic matter
from different sources could have possibly altered the
phylogenetic composition in this estuary.

The molecular identification of upstream freshwater
isolates also showed the presence of two different
Kosakonia spp. with β-glu activity for the first time in
this estuary (Figs. 1 and 4). Brady et al. (2013) have
classified the genus Kosakonia under Enterobacteriales
order, and this genus is often associated with plants as
endophyte (Meng et al. 2015). However, a study in the
wastewater treatment plant, Colombia, reported the
presence of Kosakonia sp. with lipase activity (Silva-
Bedoya et al. 2016), and provides a clue for their ability
in organic matter degradation. Likewise, a genus that
was identified under the Xanthomonadales order
showed a close similarity with isolates that was obtained
earlier from plant roots and clinical samples (Fig. 4).
Xanthomonadales are one of the major phytopathogenic
bacterial groups in which the genus Stenotrophomonas
is an opportunistic multidrug-resistant human pathogen
(da Silva et al. 2002; Looney et al. 2009). Generally, the
upper mid-Zuari estuarine region is fringed with dense
mangrove plants; it is possible that the decaying man-
grove parts and terrestrial materials enter the estuary

through tidal activity and runoff that could act as a
source for plant-associated microbes in this estuary.

Other than Enterobacteriales, a significant increase
in genera such as Alteromonadales (12%),
Aeromonadales (9%), and Xanthomonadales (7%) was
evident throughout the estuary during monsoon (Figs.
2h and 4). Among Alteromonadales, Alteromonas
macleodiiwas dominant and prevailed along the salinity
gradient from 0 to 35 psu (Figs. 1 and 4). Sekiguchi et al.
(2002) also reported the dominance of A. macleodii in
Changjiang Estuary, China. Few researchers have often
observed the presence of A. macleodii in coastal and
open-ocean environments with the capability of produc-
ing different extracellular enzymes such as lipases and
amylases (Acinas et al. 1999). In the case of
Aeromonadales, four different species of Aeromonas
(A. sobria, A. hydrophila, A. dhakensis, and A. media)
were identified in the upstream region that showed a
16S rRNA gene identical similarity with aquaculture
pathogens (Fig. 4). The Aeromonas spp. are ubiquitous
in fresh and brackish water and co-exist as autochtho-
nous or allochthonous Aeromonads originating from
human activities or terrestrial runoff (Janda and Abbott
2010; Chaix et al. 2017). A long-term study by Chaix
et al. (2017) in the Seine macro-tidal estuary reported
the dominance of A. media in wastewater treatment
samples as compared to copepod-associated, thus em-
phasizing their presence as an allochthonous form in the
monsoonal estuary. This points out the occurrence of
different pathogenic forms with carbohydrate-
metabolizing ability during monsoon in this estuary.

The use of culturable bacteria as one of the indi-
cators of bacterial diversity have some merits that
include the following: (1) they represent the viable
and culturable state of the bacterial community in the
sampled environment and has an ecological signifi-
cance and (2) also provides unique and novel bacte-
rial subsets with distinct metabolic ability (Montaser
and Luesch 2011). In the present study, the genera
which are isolated through the classical plate method
in particular during monsoon indicate their quick
adaptation to the new environment because when
allochthonous bacteria are inoculated to new envi-
ronment, they swiftly lose their potential to grow on
selective media and enter into the viable but not
culturable state (Menon et al. 2003). Even though
the culture-independent molecular approaches pro-
vide insights on these non-culturable fractions
(Kumar and Ghosh 2019), culture-based methods
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are still needed to understand the characteristic fea-
tures and phenotypes of viable bacterial communities
(Ito et al. 2019).

Conclusions

Overall, the result of the present study infers that the
seasonal induced changes in salinity and riverine inflow
significantly altered the culturable estuarine bacterial
composition wherein high abundance of Firmicutes dur-
ing non-monsoon was shifted to Gammaproteobacteria
with the onset of monsoon in this estuary. Furthermore,
the shift was not only at the phylum level, but occurred at
the species level as well. For example, the appearance of
genera such as Kosakonia, Serratia, Pantoea,
Alteromonas, and Klebsiella during monsoon can be
attributed to the inoculation of terrestrial and lotic bacteria
via high freshwater discharge and subsequent prolifera-
tion under favorable estuarine conditions. Such emer-
gence of allochthonous pathogenic bacteria may also
have an ecological relevance as well as the impact on
estuarine health. This can be elucidated by undertaking
long-term monitoring studies combined with modern
molecular tools (functional genomics), which can unravel
different functional activities of both culturable as well as
non-culturable populations and is a step ahead.
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Abstract
The Northeastern Arabian Sea (NEAS) experiences convective mixing during winter monsoon, which facilitates nutrient 
enrichment in the surface layers. This region is also known to harbour several sea surface temperature (SST) fronts and 
filaments, hotspots of primary production and bacterioplankton activity, which play an important role in the microbial loop. 
Observations on bacterioplankton with an emphasis on their physiological state, i.e., metabolically active (HNA; high nucleic 
acid content) bacteria and metabolically inactive (LNA; low nucleic acid content) bacteria were carried out in the NEAS 
region during early and peak winter monsoon (EWM and PWM). HNA bacteria were dominant in frontal zones coupled 
with high bacterial production (BP) indicating their significant role, whereas, LNA bacteria were abundant in non-frontal 
regions irrespective of the seasons. The differentiation in bacterial metabolic types points out organic matter enrichment 
in the fronts. During PWM, the nutrient concentration increased resulting in a further increase in HNA bacteria and BP in 
frontal regions. The transparent exopolysaccharides (TEP) were also higher in frontal zones, and inversely related to total 
bacterial abundance indicating a fast turnover of the organic matter. The age of the front and background condition prior to 
the formation of the front influences the relative contribution by bacterioplankton food web dynamics and these attributes 
would probably also help predict bacterial activities.

Keywords Bacteria · Northeastern Arabian Sea (NEAS) · Fronts · Transparent exopolysaccharides (TEP) · Protists · 
Temperature

Introduction

The Arabian Sea possesses many qualities that make it 
unique among the world’s oceans. It is highly productive 
and a distinctive tropical basin characterised by intense 
meteorological forcing during the summer monsoon (Mad-
hupratap et al. 1996; Shankar et al. 2005). The northeastern 
Arabian Sea (NEAS) also experiences high production dur-
ing the winter monsoon due to a convective mixing process 
bringing nutrients to the surface from the base of the mixed 
layer (Banse and McClain 1986; Madhupratap et al. 1996). 
This region is also known to harbour several SST fronts and 
filaments during this time (Solanki et al. 2008; Roy et al. 
2015; Vipin et al. 2015). Fronts and filaments are regions 
of enhanced biological activity with a greater accessibility 

of nutrients in contrast to adjacent waters (Fernández et al. 
1994; Videau et al. 1994; Read et al. 2000; Muelbert et al. 
2008; Belkin et al. 2009; Samo et al. 2012; Lohmann and 
Belkin 2014). A recent study in California current ecosys-
tem (CCE) described the role of dynamic microbial popula-
tions in carbon cycling at oceanic fronts and this study shed 
light on the role of hydrography in regulating the metabo-
lism and growth of autotrophic and heterotrophic microbes 
(Samo et al. 2012 and references within). In such hot spots 
of primary production, one can expect an enhancement in 
the dissolved organic matter (DOM). The DOM is mainly 
composed of sticky, acidic polysaccharides, which further 
aggregate into transparent exopolysaccharides (TEP) (Schus-
ter and Herndl 1995; Grossart and Simon 1997; Sønder-
gaard et al. 2000). Bacteria are often found embedded within 
or attached to TEP particles (Passow and Alldredge 1994; 
Grossart et al. 2006). Moreover, these particles and their 
precursors are utilized as organic substrates by heterotrophic 
organisms (Passow 2002). The biological carbon pump 
(BCP) transfers these organic rich particles from the sunlit 
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surface waters to the ocean’s interior (Sanders et al. 2014), 
and this fuels heterotrophic microbial population (bacteria 
and protists) via the microbial loop (Azam et al. 1983). Ear-
lier studies have reported maximal bacterial biomass and 
growth rates in the frontal regions of North Atlantic as well 
as Mediterranean waters (Pedrós-Alió et al. 1999; Tarran 
et al. 2001). However, the response of microbial communi-
ties varies with the environmental conditions, thus featur-
ing their importance in different biological processes (Samo 
et al. 2012).

The present study was undertaken in the Northeastern 
Arabian Sea, which has a wide continental shelf. This 
region is also known for active fishing and is facilitated by 
upwelling during summer monsoon and convective mix-
ing during the winter monsoon. Earlier observations in 
this region under a large interdisciplinary program ‘Ocean 
Finder’ had characterized physical signatures and diversity 
of phytoplankton through chemotaxonomy (Vipin et al. 
2015; Roy and Anil 2015). It is pertinent to note that bac-
terial dynamics forms an integral part of such productive 
systems. Studies in temperate frontal regions reveal a sig-
nificant increase in bacterial abundance, biomass and pro-
duction within the frontal regions as compared to outside/
surrounding water column (Landry et al. 2012; Samo et al. 
2012; Taylor et al. 2012). However, no such study has been 
conducted in the tropical region. The temperature fronts 
represent diverse hydrographic conditions (high nutrients, 
low water temperature), heterotrophic bacteria seem to play 
an important role in the frontal regions with congregated 
biomass and turnover of organic matter.

Although several studies have examined heterotrophic 
bacterial dynamics in the Arabian Sea (Ducklow 1993; 
Ramaiah et al. 1996, 2000; Wiebinga et al. 1997; Pomeroy 
and Joint 1999), no studies are conducted on their response 
and role in the frontal regions. We hypothesised that depend-
ing on the physical environment the response of hetero-
trophic bacteria would be different, especially the higher 
biomass and activity are asserted to occur in fronts and fila-
ments when compared with non-frontal regions. In view of 
this, the following objectives were laid (i) To investigate the 
physiological state of microbes in the temperature fronts in 
the NEAS during early and peak winter monsoon and (ii) To 
evaluate their role in the dynamic frontal food web systems.

Materials and methods

Description of the study site and sampling

The present study is part of Ocean Finder program. Two 
cruises were undertaken under this program in the eastern 
Arabian Sea. The first cruise was from 23rd November to 
11th December 2012 corresponding to early winter monsoon 

(EWM). The second cruise was conducted in the peak winter 
monsoon (PWM) from 22nd January to 3rd February 2014. 
The study area is located off Gujarat coast of the Northeast-
ern Arabian Sea (Fig. 1). The physical signatures such as 
temperature and salinity results during EWM cruise revealed 
that the front and filament sections were distinct from the 
surrounding waters (Vipin et al. 2015). Similar signatures 
with enhanced nutrient concentrations were evident during 
PWM cruise (Roy and Anil 2015; Sarma et al. 2015). The 
front and filament sections in NEAS were dominated by 
nanoplanktonic Prymnesiophytes and Prasinophytes, and 
non-frontal section showed the dominance of picoplank-
ton (Prochlorococcus). A total of 26 stations were sampled 
during EWM and PWM cruises in NEAS region. Seawa-
ter samples were collected using 10 l Niskin bottles fitted 
to the rosette frame (Model: ODF; SBE32) with Sea-Bird 
Electronics (SBE) 9plus Conductivity-Temperature-Depth 
(CTD) probe (ODF #381) consisting of a dual temperature 
(SBE3plus), dual conductivity (SBE4) sensor, dissolved 
oxygen (SBE43), transmissometer (Wetlabs C-Star) and 
fluorometer (Sea point Sensors). During the EWM cruise, 
20 CTD stations were sampled for the total bacterial count 
(TBC), high nucleic acid and low nucleic acid content (HNA 
and LNA) bacteria, TEP, protists, and nutrients between 
(69.2°E, 18.85°N) to (69.2°E, 20.50°N) as depicted in 
Fig. 1. During the PWM cruise, 6 CTD stations were sam-
pled for similar parameters in the same region, (Fig. 1) that 
includes 2 frontal (T1-F and T2-F) and 4 non-frontal stations 
(T1-NF and T2-NF) from two transects between 69.34°E, 
19.67°N–68.74°E, 20.24°N.

The methods followed for nutrient analysis (mainly 
nitrite, nitrate, silicate, and phosphate) and chl a are pro-
vided in Roy et al. (2015).

Enumeration of total bacterial count (TBC) 
and protists

Aliquots of 4.5 ml were taken in triplicates from each CTD 
cast for TBC and protists analysis and fixed with 1% para-
formaldehyde final concentration and stored at − 80 °C 
until samples could be processed on shore (not more than 
a month). The samples were thawed at room temperature 
and subsequently stained with SYBR Green I (1:10,000 
final concentration Molecular Probes, USA) and incubated 
in the dark for 15 min before measurement. Flow cytometric 
absolute cell counting was achieved using BD FACS Aria 
II instrument equipped with a 488 nm blue laser using 1 µm 
size fluorescent beads (Polysciences, USA) as an internal 
standard. The sheath fluid was BD FACS flow. Emitted light 
was collected through the following filter sets: (1) 488/10 
band pass for right angle light scatter (RALS/SSC) and (2) 
530/30 band pass for green fluorescence. The total bacterial 
abundance (TBC) was expressed as cells  l−1. High Nucleic 
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Acid content (HNA) bacteria were discriminated from Low 
Nucleic Acid content (LNA) bacteria. Each subgroup was 
defined by gating against right angle light scatter (RALS) 
versus the green fluorescence (FITC). The flow cytometric 
data were processed using BD FACS Diva version 6.2 soft-
ware (Khandeparker et al. 2017).

For protists enumeration, the photomultiplier tube (Detec-
tor) was standardised by reducing the voltage with refer-
ence to SSC vs green fluorescence so that bacteria would 
be below the detection threshold as described by Christaki 
et al. (2011). Emitted light was collected through the fol-
lowing filter sets: (1) 488/10 band pass for right angle light 
scatter (SSC), (2) 530/30 band pass for green fluorescence 
and (3) 695/40 for red fluorescence. Further, the bacteria and 

protists abundance was integrated over the depth by adding 
the areas of rectangles with the base equal to the difference 
in depth between two sample points and length equal to the 
abundance of the deepest sampled depth (Chin-Leo and Ben-
ner 1992).

Bacterial production (BP)

In the present study, 5-bromo-2-deoxyuridine (BrdU) was 
used for bacterial production (BP) in the NEAS samples 
which were collected during PWM cruise. Various studies 
have successfully applied BrdU in measuring the metaboli-
cally active cells and bacterial production (BP) in aquatic 
environments (Hamasaki et al. 2004; Nelson and Carlson 
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2005; Pernthaler et al. 2002; Steward and Azam 1999). BrdU 
is an analog of thymidine and binds to actively synthesizing 
DNA in place of thymidine. BrdU was added to the water 
samples (1 µM final concentration; BD-Biosciences, USA) 
and incubated for 3 h in the dark at in situ temperature. After 
incubation, the samples were fixed with 0.22 µm filtered 
paraformaldehyde (1% final concentration) and stored at 
− 80 °C until BrdU immunofluorescence detection. Immu-
nofluorescence staining was performed using FITC labelled 
anti-BrdU with DNase (BD-Biosciences, USA). BrdU fixed 
samples were thawed to room temperature and stained with 
FITC labelled anti-BrdU with DNase (BD-Biosciences, 
USA as per manufacturer’s instructions) for 30 min in dark 
and analyzed using a BD FACSAria™ II flow cytometer 
equipped with a 488 nm nuclear blue laser. Control samples 
were also prepared without the addition of anti-BrdU. Emit-
ted light and fluorescence signals were collected through 
different filter sets: (1) 488/10 band pass for right angle light 
scatter (RALS), (2) 530/30 band pass filter for green fluo-
rescence signal from anti-BrdU (Eswaran and Khandeparker 
2017). Further bacterial carbon production was calculated 
using 11 fg C per bacterium as a cell-to-carbon conversion 
factor and expressed as µg C l−1 h−1 (Garrison et al. 2000).

Transparent exopolysaccharides (TEP) estimation

TEP were estimated by using the colorimetric method 
described by Klein et al. (2011). Briefly, 100 ml of seawater 
was filtered in triplicate onto a 0.4 µm polycarbonate fil-
ter (Millipore). After filtration, particulate material present 
on the filter paper was immediately resuspended in 5 ml of 
GF/F filtered seawater and centrifuged for 10 min at 3200×g. 
After centrifugation pellets were stored at − 20 °C until anal-
ysis. During the analysis, the pellets were treated with 2 ml 
of 0.02% Alcian Blue prepared in 0.06% acetic acid. Subse-
quently, the samples were centrifuged (3200×g, 20 min) to 
remove the excess dye. The pellets were then rinsed several 
times with 1 ml of distilled water and centrifuged until a 
clear supernatant was obtained. A volume of 4 ml of 80% 
 H2SO4 was then added to the pellets. After 2 h, the absorp-
tion of the supernatant was measured by spectrophotometer 
at 787 nm. TEP values are expressed as xanthan gum weight 
equivalent (µg equiv. X l−1), calculated by using xanthan 
gum standard calibration curve. Depth integrated concentra-
tion was calculated as described above.

Statistical analysis

The data were log transformed to meet the normality 
assumption. Before data analysis, log-transformed data were 
tested for normality using Shapiro–Wilk’s W test using STA-
TISTICA 8.0 software. The datasets fulfilling the assump-
tions for parametric analysis were analysed through one-way 

analysis of variance (ANOVA), for evaluating significant 
variations between the frontal and non-frontal regions, fol-
lowed by post hoc Tukey’s HSD test (Bonferroni corrected). 
Further, a correlation matrix (STATISTICA 8.0) was used to 
determine the relationship among the biotic (bacterial abun-
dance, HNA, LNA, protists TEP, and Chl a) and abiotic 
(temperature, salinity, nitrate, nitrite, phosphate, silicate) 
parameters wherein Bonferroni correction was also applied 
to avoid false positive results at the significance level of 
≤ 0.01.

Results

Environmental variables

During EWM, a warm parcel of water was encountered on 
the southern side of transect between 18.85 and 19.25°N 
from station 1 to 9 (Fig. 2a, b). However, towards the north 
the CTD data showed two relatively cold parcels of water 
between 19.25 and 19.48°N and 19.95–20.20°N with a tem-
perature decrease of 0.5–1.0 °C. Based on their physical 
characteristics, the first feature was identified as a filament 
between stations 10 and 14 and the second one as a front 
from stations 19 to 20 (Fig. 2a, b). Similar to temperature, 
salinity was also low and ranged from 35.7 to 36.55 PSU 
at the surface in the filament and front region. In the case 
of PWM, the sea surface temperature (SST) in the frontal 
regions were 0.56–1.02 °C lower than the surrounding water 
column (Fig. 3a, b). The salinity variations between fronts 
and non-fronts ranged from 0.03 to 0.13 PSU (Fig. 3b). 
Similarly, Chl a, which is an indicator of phytoplankton 
biomass also increased from south to the northern frontal 
region (df—2; F—13.73; p—0.000) (Fig. 3b). The dissolved 
nutrient concentrations revealed low nitrate levels at sub-
surface layers of frontal areas and higher below the mixed 
layer depth (MLD). A similar trend was also observed for 
phosphate.

Early Winter Monsoon (EWM)

The TBC in the warm patch, filament, and frontal waters 
ranged between 1.63 × 107 and 1.85 × 109 cells l− 1 (Fig. 4a), 
was higher in the filament (3.64 × 108 cells  l−1) and the 
front (3.33 × 108 cells l−1) and low in the warm patch region 
(2.47 × 108 cells l−1) (Fig. 4a). High TBC in the filament 
and the front was negatively related to TEP (Table 1a). 
The depth-integrated bacterial abundance was calculated 
as described above. The integrated bacterial abundance 
was significantly higher at station 9, which is located close 
to the filament when compared to other stations (Fig. 5a). 
Similar to TBC, the HNA bacterial abundance was also 
high in the front (8.96 × 107 cells  l−1) and the filament 
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(7.30 × 107 cells l−1) and decreased in the warm patch region 
(6.81 × 107 cells l−1) (Fig. 4b). The one-way ANOVA also 
indicated that the HNA bacterial abundance significantly 
varied from south to north frontal region (df—2; F—3.245; 
p—0.04), and their high abundance was positively related to 
TBC and chl a indicating that most of the population in the 
fronts and filaments were metabolically active when com-
pared with the warm patch (Table 1a). HNA bacteria also 
showed a significant negative relation to dissolved nutrients 
(Table 1b). Whereas, LNA bacteria were higher in the warm 
patch (7.56x × 107 cells l−1) and least in the frontal region 
(6.77 × 107 cells l−1) (Fig. 4c).

Protist abundance in the warm patch, filament, and fron-
tal waters was typically  107 cells  l−1. It varied between 
5.93 × 106 and 8.53 × 107 cells l−1 (Fig. 4d). The abundance 
was higher in the front (2.33 × 107 cells  l−1) when com-
pared with the filament (1.63 × 107 cells l−1) and positively 

related to HNA bacterial abundance (Table 1a). The depth-
integrated protist abundance was also higher in the frontal 
region (Fig. 5b). The ratio between bacteria and protist was 
higher in the MLD of the filament and frontal regions indi-
cating a high abundance of heterotrophic bacteria in these 
regions (Fig. 4e).

TEP ranged from 84 to 1086 µg equiv. X l−1 along the 
transect (Fig. 4f). The concentration was higher in the sur-
face waters of the filament. However, below MLD and in 
the mixed layer waters of warm patch region patches of TEP 
were evident, where depth-integrated values for protists and 
HNA bacteria were lower (Fig. 5c). Besides, depth-inte-
grated TEP concentration did not show variation from warm 
patch to the frontal section, except at station 1 at the south-
ern side of the warm patch. Interestingly, TEP and HNA 
signatures were also seen towards the edge of the filament 
at 19.55°N at high concentration at the surface; the depth of 
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Fig. 2  a Satellite sea surface temperature (SST; temperature) image 
illustrating the formation of filament (denoted by red curve) and front 
(denoted by pink curve). b Vertical profiles of temperature (°C, first 
panel), salinity (PSU, second panel) and chlorophyll a (mg m−3, third 
panel) measured during the EWM CTD transect. The sampling loca-

tions are marked by inverted triangles on the top axis of the tempera-
ture panel in the warm patch region, the black asterisks designate sta-
tions in the filament and the circles designates stations in the frontal 
region. The dashed lines in these three panels denote the base of the 
mixed layer
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MLD was very shallow (~ 20 m). A significant inverse rela-
tion was observed between depth-integrated TBC and TEP 
in the filament (r = − 0.98, p = 0.002).

Peak Winter Monsoon (PWM)

In the case of PWM, the TBC, HNA bacteria, and TEP val-
ues were higher when compared with EWM. During PWM, 
TBC abundance in the frontal and non-frontal regions was 
significantly different (df—1; F—8.36; p—0.006) and 
ranged between 4.35 × 108 − 6.65 × 109 cells l−1 (Fig. 6a). 
Similarly, HNA and LNA bacteria were also twice as high 
during PWM wherein frontal stations were dominated by 
HNA bacteria (df—1; F—10.66; p—0.02) and adjacent 
non-frontal stations by LNA bacteria (Fig. 6c, e). Fur-
ther, high HNA abundance in the frontal region was posi-
tively correlated with Chl a (r = 0. 43; p = 0.006; n = 16). 
The values for the depth-integrated TBC, HNA and LNA 

bacteria were onefold higher during PWM as compared to 
EWM (Figs. 5a, 7a).

Bacterial production was significantly higher in the fron-
tal regions especially in the T2-F front (df—1; F—43.55; 
p—0.000) (Fig. 6b). Further, BP showed a strong positive 
correlation with HNA bacteria (r = 0. 49; p = 0.01; n = 16). 
Overall, BP ranged between 0.09 and 10.04 µg C l−1 h−1 in 
the non-frontal and 1.45–21.54 µg C l−1 h−1 in the frontal 
stations, respectively. The production rate was approxi-
mately two to fourfold higher in the fronts as compared to 
non-fronts (Fig. 6b).

The variations in the protist abundance with reference 
to fronts differed between the seasons. Their abundance 
ranged from  106 to  108 cells l−1 (Fig. 6d) and was high dur-
ing PWM. It varied between 9.11 × 106–1.03 × 108 cells l−1 
and was higher in the non-frontal region. The depth-inte-
grated values were high during EWM. During PWM, 

Fig. 3  a Satellite SST image 
illustrating the formation of 
fronts (denoted by red and blue 
line). b Vertical profiles of 
temperature (°C, first panel), 
salinity (PSU, second panel) 
and chlorophyll a (mg m−3, 
third panel) measured during 
the PWM CTD transects (T1 
and T2). The sampling locations 
are marked by inverted triangles 
on the top axis of the tem-
perature panel in the non-frontal 
region, the circles designate 
stations in the frontal region. 
The dashed lines in these three 
panels denote the base of the 
mixed layer
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protists were high outside the frontal regions and among 
the fronts were more abundant near the front, T2-F 
(Fig. 7b).

TEP ranged from 314 to 1212 µg equiv. X l−1 and were 
twice as high during PWM (Fig. 6g). Low levels of TEP in 
the T1-F frontal stations were consistent with the elevated 
BP and HNA (Fig. 6b, c, g). The depth-integrated TEP val-
ues were higher during PWM at T2-F (Fig. 7c).

Discussion

In the present study area, i.e. NEAS, the bacterial popula-
tions were categorized into HNA and LNA bacteria. The 
occurrence of HNA and LNA bacteria in different water 
masses and seasons could be related to nutrient availability. 
Overall, the nutrients were high at the surface in the fron-
tal regions during both the seasons. Moreover, during the 
PWM, an increase in nitrate, phosphate, and silicate at the 
surface was evident as compared to EWM (Roy and Anil 
2015). The metabolically active HNA bacteria were domi-
nant in the frontal regions when compared with the non - 
frontal regions irrespective of the seasons. In the aquatic 

environments, heterotrophic bacteria are almost universally 
distributed into high nucleic acid content (HNA) and low 
nucleic acid content (LNA) bacterial cells (Gasol et al. 1999; 
Huete-Stauffer and Morán 2012). Phylogenetic analyses also 
indicate that HNA and LNA groups are distinct (Schatten-
hofer et al. 2011). Not all cells are active within the bacterial 
community especially in oligotrophic environments where 
resources are scarce, and several diverse survival strategies 
take place (Morita 1997). HNA bacteria are considered to 
be metabolically active members of a given community, 
highly dynamic, responsible for around 95% of total bacte-
rial carbon production and are significant in biogeochemi-
cal processes in the various aquatic ecosystems (Lebaron 
et al. 2001; Servais et al. 2003), while the cell-specific activ-
ity (CSA) of LNA bacteria is low and thus are regarded as 
inactive (Lebaron et al. 2001, 2002). These inactive or dor-
mant cells can resume growth if placed in a nutrient-rich or 
favourable environment (Wang et al. 2009).

In this study, the bacterial production was also higher in 
the frontal regions. The production rate was approximately 
two to fourfold higher in the frontal regions and showed a 
significant positive relation with HNA bacteria. This obser-
vation leads to a conclusion that HNA bacteria are more 

Fig. 4  Spatial and vertical profiles of a total bacterial count (TBC), b 
high nucleic acid content (HNA) bacteria, c low nucleic acid content 
(LNA) bacteria, d protists abundance, e the ratio of bacteria: protists, 

and f Transparent exopolysaccharides (TEP) during EWM cruise. 
Dots indicate the sampled depth and dotted line indicates the variabil-
ity in the mixed layer depth along the section
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Table 1  Results of correlation 
analyses (‘r’), between (a) biotic 
(HNA and LNA) bacteria, 
chlorophyll a, protists and 
TEP, and (b) abiotic variables 
(Bonferroni corrected with 
significance at p (≤ 0.01)) 
during EWM

Significant values are highlighted in bold
TBC total bacterial count, TEP transparent exopolysaccharides, HNA High nucleic acid content bacteria, 
LNA low nucleic acid content bacteria, Chl a chlorophyll a

S. No Parameters Warm patch (N = 55) Filament (N = 30) Front (N = 12)

r P (≤ 0.01) r P (≤ 0.01) r P (≤ 0.01)

(a) Biotic variables
1 TBC vs

TEP 0.14 0.31 − 0.50 0.005 − 0.70 0.01
HNA 0.22 0.12 0.48 0.007 0.75 0.004
LNA 0.06 0.68 0.08 0.69 − 0.45 0.14
Protists − 0.05 0.71 0.29 0.11 0.84 0.001

2 Protists vs
HNA 0.01 0.96 0.42 0.02 0.70 0.01
LNA − 0.00 0.96 − 0.14 0.44 − 0.55 0.06
TEP 0.08 0.52 0.02 0.89 − 0.51 0.08

3 Chl a vs
TBC − 0.03 0.18 0.17 0.41 0.94 0.000
Protists 0.10 0.44 0.12 0.30 0.81 0.002
HNA − 0.01 0.92 0.38 0.07 0.76 0.004
TEP 0.07 0.58 0.31 0.09 − 0.66 0.019

4 TEP vs
HNA 0.05 0.67 − 0.07 0.72 − 0.38 0.22
LNA − 0.06 0.62 0.02 0.90 0.11 0.72
Protists 0.08 0.53 0.02 0.89 − 0.51 0.09
Chl a 0.07 0.58 0.31 0.09 − 0.66 0.02

(b) Abiotic variables
1 Temperature vs

TBC − 0.00 0.96 0.43 0.01 0.77 0.003
HNA 0.22 0.11 0.47 0.01 0.76 0.004
LNA 0.08 0.55 − 0.00 0.96 − 0.45 0.14
Protists 0.33 0.01 0.37 0.04 0.59 0.03
Chl a 0.03 0.80 0.72 0.000 0.75 0.005

2 Nitrate vs
TBC 0.094 0.51 − 0.38 0.03 − 0.72 0.008
HNA − 0.20 0.16 − 0.32 0.07 − 0.80 0.002
LNA − 0.07 0.50 − 0.06 0.75 0.66 0.02
Protists − 0.35 0.01 − 0.27 0.14 − 0.69 0.12
Chl a 0.10 0.47 − 0.56 0.001 − 0.73 0.007

3 Phosphate vs
TBC 0.21 0.12 − 0.13 0.47 − 0.70 0.01
HNA − 0.15 0.30 − 0.46 0.009 − 0.77 0.003
LNA − 0.01 0.90 0.04 0.81 0.63 0.02
Protists − 0.23 0.10 − 0.32 0.08 − 0.63 0.02
Chl a 0.15 0.26 − 0.53 0.003 − 0.69 0.01

4 Silicate vs
TBC − 0.09 0.48 − 0.32 0.09 − 0.73 0.006
HNA − 0.30 0.03 − 0.20 0.32 − 0.70 0.01
LNA − 0.00 0.96 − 0.28 0.12 0.46 0.13
Protists − 0.23 0.09 − 0.34 0.06 − 0.66 0.01
Chl a 0.00 0.96 − 0.42 0.02 − 0.72 0.007

5 Nitrite vs
TBC 0.03 0.78 − 0.26 0.16 − 0.16 0.61
HNA − 0.22 0.11 − 0.47 0.009 0.06 0.84
LNA 0.25 0.06 0.03 0.83 − 0.02 0.95
Protists 0.12 0.37 − 0.23 0.23 − 0.17 0.59
Chl a 0.07 0.57 − 0.26 0.15 − 0.05 0.85
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active than LNA and can be used as a proxy for measuring 
the active cells. A study by Longnecker et al. (2006) off the 
Oregon coast also observed high cell specific leucine and 
thymidine incorporation rates in HNA bacteria. The HNA 
bacteria are known to incorporate leucine at a faster rate, 
increase in cell size, and contribute significantly to bacterial 
production in the aquatic environments (Morán et al. 2011). 
The TBC, HNA bacteria and BP were higher in the frontal 
regions during PWM. This points out that seasonal driven 
changes in nutrient concentrations influence and regulates 
the bacterial populations in NEAS region.

Nutrient injections in the frontal zones often support bac-
terial production via an increase in primary production by 
the larger size phytoplankton (Videau et al. 1994). A con-
current study carried out in the NEAS frontal region also 
reported the dominance of larger phytoplankton (Prymne-
siophytes) as well as high auto and heterotrophic activity 
(Roy et al. 2015; Sarma et al. 2015). Likewise, a few studies 
at the frontal regions of Northern Pacific subtropical gyres 
and California Current Ecosystem fronts also revealed 
the presence of larger phytoplankton cells (Diatoms and 

Prymnesiophytes), elevated primary and bacterial produc-
tion in the fronts (Leonard et al. 2001; Juranek et al. 2012; 
Landry et al. 2012). In the present study, high HNA bacterial 
abundance and BP in the frontal regions of NEAS with high 
chlorophyll and nutrients indicate the importance of organic 
matter released by phytoplankton as quality substrates for 
the sustenance of their population.

The DOM released by the algal cells has long been rec-
ognized as high quality substrates for bacteria (Cole et al. 
1982). The factors such as dissolved organic matter and 
temperature tend to limit the bacterial growth rates (Kirch-
man et al. 1993). Moreover, the temperature has a greater 
effect on bacterial growth when compared to substrate sup-
ply (Yokokawa and Nagata 2005; Longnecker et al. 2006). A 
few studies have reported that an increase in bacterial abun-
dance, growth rate, and phytoplankton biomass was related 
to nutrients which are also temperature dependent (Behren-
feld et al. 2006; Boyce et al. 2010). The observations under 
the Ocean Finder program identified the frontal regions 
by observing changes in the salinity and SST; the details 
are presented elsewhere (Vipin et al. 2015). During EWM, 
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two relatively cold parcels of water were evident from the 
CTD data between 19.25 and 19.48°N and 19.95–20.20°N; 
in both the cases, the temperature decrease was 0.5–1.0 °C 
(Vipin et al. 2015). In the case of PWM, the difference in 
SST between fronts and non-fronts was about 0.56–1.02 °C 
(Sarma et al. 2015). However, this subtle change in tem-
perature may not be significant in influencing the bacte-
rial growth as observed in the temperate oceans, where the 
cross-frontal differences in SST and sea-surface salinity 
(SSS) are as large as 10–15 °C and 2–3 PSU, respectively 
(Belkin et al. 2009).

In the present study area, warm patch region showed a 
high abundance of LNA bacteria irrespective of the seasons. 
A possible reason for this could be that LNA bacteria are 

less dependent on phytoplankton substrates (Scharek and 
Latasa 2007) as most of the population includes dead or 
dormant cells. Increase in the chl a signature in the fila-
ment region showed availability of the nutrients for micro 
heterotrophs which resulted in the decrease of metabolically 
inactive LNA cells. A study by Belzile et al. (2008) observed 
a quick response of HNA over LNA cells during phytoplank-
ton biomass accumulation event in Beaufort Shelf waters.

The present study indicated a significant increase in TEP, 
TBC, and BP from EWM to PWM. A significant negative 
correlation between TBC and TEP in the filament, as well 
as the frontal regions, indicate a possible role of bacteria in 
the fast turnover of the organic matter present in the fron-
tal zones during both the seasons. Besides, an increase in 

Fig. 6  Spatial and vertical profiles of a total bacterial count (TBC), 
b bacterial production (BP), c high nucleic acid content (HNA) 
bacteria, d protists, e low nucleic acid content (LNA) bacteria, f 
bacteria:protists ratio and g transparent exopolysaccharides (TEP) 

during PWM cruise. Cell abundance is expressed as cells  l−1. Dots 
indicate the sampled depth and dotted line indicates the variability in 
the mixed layer depth along the section
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HNA bacteria led to depletion of TEP possibly indicating 
their active utilization. Aggregate associated bacteria may 
contribute a significant fraction of bacterial production and 
remineralization in surrounding water column (Kiørboe and 
Jackson 2001). They solubilize particulate organic matter 
by expression of various enzymes depending on the sub-
strate availability (Hollibaugh and Azam 1983). A study by 
Arnous et al. (2010) reported that TEP is involved in the 
dynamics of bacteria and protozoa abundance in freshwa-
ter pelagic environments. Understanding the mechanisms 
involved in the expression of enzymes that are involved in 
the dissolution of TEP would be a step ahead.

Earlier studies have reported the distribution and influ-
ence of TEP on bacterial activity and their role in the bio-
geochemical process in the marine environment (Passow 
and Alldredge 1994; Dam and Drapeau 1995). A study by 
Ramaiah et al. (2000) during the summer monsoon in this 
region also suggested that bacterial metabolism is supported 
by the availability of the TEP in the Arabian Sea. In the 
present study, positive relation between TEP and Chl a in 

the front indicate the role of in situ production in generat-
ing TEP.

In this study, a low-saline surface patch was seen in 
the EWM-CTD section around 19.55°N where no corre-
sponding signatures of temperature and chlorophyll a were 
observed. Interestingly, in this region signatures of TEP and 
HNA bacteria were seen. Vipin et al. (2015) suggested that 
this could be due to the rainfall event at (69.90°E, 16.50°N) 
and was related to advection. Long-distance advection of 
low-salinity patches is reported earlier from the central part 
of the Indian west coast (Shankar et al. 2005). The present 
study supports this hypothesis as the abundance of bacteria 
especially HNA bacteria and TEP were high, and the coastal 
production which is mainly dominated by bacteria during the 
rainfall might have advected with the water parcel. It is also 
possible that the presence of this biological signature could 
be due to the fronts that crossed this transect in the region 
earlier and could be a signature of a trailing front.

The standing stock of bacteria was similar up to 100 m 
depth in both frontal and non-frontal zones. Ducklow (1999) 
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also pointed out, while explaining the pattern in the bacterial 
variability, that the bacterial standing stocks are similar in 
the euphotic zones ranging 35–135 m deep throughout the 
world ocean, while production rates vary more widely. This 
can be attributed to the differences in the metabolic activity 
of bacterial population as evident in this study. Sarma et al. 
(2015) suggested that physical mixing determines the condi-
tions for a biological response to occur and is dependent on 
the age of the front. Roy and Anil (2015) pointed out that 
the convective mixing during the winter and ventilation of 
the subsurface water together with irradiance exerts ecologi-
cal pressure on different phytoplankton enforcing changes 
in food web dynamics. Their observations also pointed out 
that low-light adapted Prochlorococcus population collapses 
during this period of intensive convective mixing and have 
significant implications possibly influencing the microbial 
loop. Studies elucidating the role of the microbial loop on 
food web dynamics and quantifying their influence on car-
bon export is a step ahead.

In pelagic ecosystems, predaceous protists are ubiquitous 
and range in size from 2 µm flagellates to > 100 µm ciliates 
and dinoflagellates (Sherr and Sherr 2002). Sherr and Sherr 
(2002) also stated that predation by protists is a significant 
source of mortality for both autotrophic as well as hetero-
trophic bacteria. A significant positive correlation between 
protists and HNA bacteria was observed in the front during 
EWM. A previous study by Krstulović et al. (1998) also 
reported a strong positive relationship between bacteria and 
protists. In general, the standing stocks of aquatic bacte-
rial communities are governed by two major factors, i.e., 
resource supply (both inorganic and organic nutrients), and 
predation (either by bacterivores or viral mortality) (Sherr 
and Sherr 2002). In the case of predation, bacterial cell size 
has a vital role in determining bacterial susceptibility to pre-
dation pressure (Gude 1989; Hahn and Hofle 2001). It has 
been reported that size-selective grazing by protists [mainly 
bacterivorous nanoflagellates (HNF)] exerts strong grazing 
pressure on medium and larger size cells (Lampert 1987; 
Montagnes et al. 2008). This could be one of the reasons for 
the preference of protists for HNA bacteria, as their size is 
larger than LNA bacteria. Other than cell size, taxonomic 
composition, cell morphology, and activity also have a 
pronounced role in predator–prey interactions (Gasol et al. 
1999; Gasol and del Giorgio 2000; Gerea et al. 2013).

Overall, the present study indicated that the temporal 
variation in the abundance of bacteria and their activity in 
frontal regions was influenced by the early and peak winter 
monsoon conditions. Sarma et al. (2018) pointed out that 
the plankton response depended on the age of the front, and, 
more importantly, the initial or background conditions under 
which a front form. Further, their data also showed that the 
advection of fronts adds to this intraseasonal variability in the 
background condition which in turn influences the average 

concentration of nutrients or of biomass. In such a scenario, 
the response at each of the trophic levels would have a spe-
cific lag period which in itself is complex. The bacterial 
population will thus be influenced by trophic interactions. 
However, information regarding such short lived interactions 
in the tropical frontal system is non-existant except for the 
observations made herein and needs further attention.
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INTRODUCTION

Estuaries are considered as a resource pool of
diverse microorganisms (Hu et al. 2014). The mixing
between fresh and marine waters results in signi -
ficant changes in structure and growth rates of
the bacterial communities in an estuarine system
(Henriques et al. 2006, Campbell & Kirchman 2013).
These biological communities often respond to
changes in the input of different substrates due to
riverine influences and land run-off, and thereby

an alteration in organic matter (OM) quality and
composition.

Carbohydrates, which form a significant portion of
estuarine and marine OM, are released as simple
sugars or complex polymeric forms (Hedges et al.
1988, Decho 1990). Transparent exopolysaccharides
(TEP) are such polymers and are abundant in estuar-
ine and oceanic waters (Passow 2002). In estuaries,
they play a prominent role in OM cycling either
through degradation, aggregate formation, or sedi-
mentation processes (Simon et al. 2002, Barrera-Alba

© Inter-Research 2017 · www.int-res.com*Corresponding author: klidita@nio.org

Seasonal variation in bacterial community
composition and β-glucosidase expression in

a tropical monsoon-influenced estuary

Ranjith Eswaran, Lidita Khandeparker*

CSIR-National Institute of Oceanography, Dona Paula, Goa 403004, India

ABSTRACT: Tidal estuaries receive carbohydrate-rich organic matter from various sources, which
are mainly broken down by enzymatic processes. β-glucosidase (β-Glu) is one of the ectoenzymes
produced by heterotrophic bacteria. An investigation was carried out along the tropical monsoon-
influenced Zuari estuary to examine seasonal variability in major bacterial taxa, β-Glu gene abun-
dance, and number of cells expressing β-Glu. The results revealed a higher number of β-Glu
expressing cells, and higher β-Glu gene and bacterial abundance at the estuarine mouth com-
pared to the upstream area, and this was coupled with high phytoplankton biomass and low trans-
parent exopolysaccharides. A clear distinction in bacterial assemblages along with β-Glu expres-
sion levels was evident during different seasons. Likewise, a spatial pattern in major bacterial taxa
was observed along the salinity gradient, with high proportions of Alpha- and Gammaproteobac-
teria at the saline mouth and Betaproteobacteria at the upstream, freshwater region. During the
southwest monsoon, which brings high freshwater influx, Actinobacteria and Firmicutes were
abundant in the mid-estuarine region. Bacterial production at this time was mainly fueled by
allochthonous riverine sources, with a significant decrease in the number of cells expressing the
β-Glu to gene ratio. β-Glu gene abundance was related to diverse groups (Alpha- and Gammapro-
teobacteria, Actinobacteria, and Firmicutes). The number of cells expressing β-Glu covaried with
Gammaproteobacteria abundance and was influenced by suspended load, salinity, chlorophyll a
and organic pool. Future studies should assess response of marine, brackish, and freshwater
 bacteria to different environmental conditions to ascertain their specific role in organic matter
 processing.

KEY WORDS:  β-glucosidase · Estuary · qPCR · Ectoenzymes · Tides · Flow cytometry · Bacterial
community

Resale or republication not permitted without written consent of the publisher



Aquat Microb Ecol 80: 273–287, 2017

et al. 2009, Mari et al. 2012). Microbial degradation of
TEP and other polymeric forms is mainly mediated
by a group of hydrolytic ecto- or extracellular
enzymes; the hydrolysis is a rate-limiting step in
the aquatic environment (Hoppe 1983, Chróst 1990).
β-glucosidases (β-Glu; EC 3.2.1.21) are hydrolytic
enzymes produced by bacteria to cleave beta (1–4)
glycosidic linkages of complex carbohydrates. The
production of these ectoenzymes is regulated by the
composition, concentration, and availability of OM
(Chróst 1991). Other environmental factors that can
alter ectoenzyme activity are temperature, salinity,
dissolved oxygen, nutrients, and pH (Hoppe et al.
1996, Riemann et al. 2000, Cunha et al. 2001, Arrieta
& Herndl 2002). Few researchers have observed a
direct relationship between β-Glu activity, bacterial
abundance, and primary production (Chróst 1989,
Romaní & Sabater 1999, Cunha et al. 2000); rather,
the focus is mainly on total bacterial population and
its activity with less emphasis on bacterial commu-
nity structure.

Recent developments in molecular methods have
revealed enormous bacterial diversity which is capa-
ble of producing an array of hydrolytic enzymes, and
have established a link between bacterial commu-
nity composition (BCC) and their metabolic activity
(Lämmle et al. 2007, Kielak et al. 2013). Many studies
relating BCC and hydrolytic activity have been car-
ried out in estuarine and coastal waters, but all are
restricted to temperate and sub-tropical regions
(Kirchman et al. 2004, Haynes et al. 2007, D’Ambro-
sio et al. 2014, Li et al. 2015), and few have been
explored in tropical monsoonal estuaries. Quantita-
tive PCR (qPCR) and flow cytometry (FCM) are
promising and cost-effective techniques in such com-
munity expression studies and relate to functional
diversity (Deepak et al. 2007, Steenbergh et al. 2011).
Few studies have used FCM in differentiating cells,
which express different hydrolytic enzymes (e.g.
chitinase, phosphatase), from total bacterial popula-
tions and linked to environmental variables (Steen-
bergh et al. 2011, Beier et al. 2012). However, the
studies involving the use of these tools in elucidating
the relationship between the number of cells ex -
pressing β-Glu and BCC are limited, and this was
addressed in the present study.

Our study area, Zuari, is a monsoonal estuary influ-
enced by high runoff periods and shows a non-steady
state (Vijith et al. 2009). Freshwater discharge occurs
in high magnitude during the southwest monsoon
season, which regulates the hydrodynamics of this
system on an annual scale. Hence, it is expected that
along with changes in biogeochemical processes,

major bacterial taxa would significantly differ from
those present in the dry season. We hypothesized
that high allochthonous inputs during the monsoon
would influence and alter bacterial populations and
trigger an increase or decrease in β-Glu gene expres-
sion. The aim of the present work was to assess the
influence of seasons on major bacterial taxa with an
emphasis on β-Glu expressing populations and relate
this to environmental variables which trigger their
expression.

MATERIALS AND METHODS

Sampling sites and collection

Surface water samples were collected along the
Zuari estuary during premonsoon (PreM; 20 Febru-
ary 2015 and 21 April 2015), southwest monsoon
(SW-Mon; 24 August 2015 and 3 September 2015),
and post monsoon seasons (PostM; 16 October 2015
and 23 October 2015) during spring−neap tidal
cycles (Fig. 1). The Zuari estuarine system exhibits
large salinity variations ranging from 34 to 0 psu.
Based on salinity, sampling stations were divided
into 4 areas representing the mouth (Stns S1, S2),
lower middle (Stns S3, S4), upper middle (Stns S5,
S6), and upstream (Stns S7, S8) (Fig. 1). Samples from
8 different stations were collected using 5 l Niskin

274

Fig. 1. Sampling station locations along the Zuari estuary:
mouth (Stns S1 and S2); lower middle (LM; Stns S3 and S4);
upper middle (UM; Stns S5 and S6); and upstream (Stns S7 

and S8)
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bottles, transferred to acid-washed carboys, and
stored on ice until brought to the laboratory.

Physico-chemical parameters

Water temperature and salinity were recorded in
situ using a portable conductivity-temperature-depth
(CTD) probe (Seabird 19plus) with an accuracy of
0.005°C and 0.005 psu. Dissolved oxygen (DO) was
measured using Winkler’s method (Parsons et al.
1984). Concentrations of dissolved nutrients such as
nitrite, nitrate, phosphate, silicate, and ammonia
were measured using an automated nutrient ana-
lyzer (Skalar SAN PLUS 8505 Interface v.3.31).

Total phytoplankton biomass was estimated as
total chlorophyll a (chl a). Briefly, 500 ml of water
samples were filtered through GF/F filter papers;
subsequently, overnight extraction was carried out
using 90% acetone and the raw fluorescent units
(RFU) were measured using a fluorometer (Turner).
Similarly, surface water samples were filtered on
pre-ashed and pre-weighed filter papers (GF/F) in
triplicate for measuring suspended particulate matter
(SPM). To analyze dissolved organic carbon (DOC)
content, pre-ashed GF/F filtrates were also collected
in pre-combusted glass vials (450°C for 3 h) and acid-
ified using 2% H2SO4. Filter papers with the particu-
late materials were dried in an oven at 60°C and
reweighed on a weighing balance (Mettler Toledo).
Total and DOC was measured using a total organic
carbon analyzer (Shimazu; Model TOC-L). Particu-
late organic carbon (POC) values were calculated
from the mean difference between the total and
DOC, and are expressed as mg l−1. For TEP analysis,
samples were filtered on 0.4 µm filter papers (HTTP;
Millipore) and analyzed using a modified dye bind-
ing assay protocol as described by Klein et al. (2011).
Xanthan gum was used as a standard, and TEP val-
ues are expressed as µg xanthan gum equivalent l−1

(µg Xeq. l−1).

Flow cytometry analysis

Enumeration of cells expressing β-Glu 

The number of cells expressing β-Glu were enu-
merated using Fluorescein di-β-D-glucopyranoside
(FDGlu; Molecular Probes) coupled with flow cyto -
metry. Before sample analysis, this method was vali-
dated using a β-Glu-positive pure strain (Exiguobac-
terium indicum; NCBI accession number KR047884);

details are provided in the Supplement at www. int-
res. com/ articles/ suppl/ a080 p273 _ supp. pdf. Briefly,
non-fluorescent FDGlu substrate was hydrolyzed by
β-Glu via a 2-step process: first to fluorescein mono
glucoside (FMG), and then to highly fluorescent fluo-
rescein. Previous studies have used FDGlu in meas-
uring exo β-Glu activity of yeast and recombinant
bacterial strains (Kohen et al. 1993, Cid et al. 1994).
The surface water samples were passed through a
cell strainer cap (40 µm mesh size, BD Biosciences) to
remove larger particles. For β-Glu activity, one set of
samples (n = 3) were incubated with FDGlu (2 mM
final concentration; Molecular Probes). The FDGlu
working stock solutions were always stored on ice to
prevent hydrolysis. Control samples (n = 3) were also
prepared without addition of FDGlu. Subsequently,
the stained and control samples were incubated for
30 min at 30°C in the dark. After incubation, the sam-
ples were analyzed using a BD FACSAriaTM II flow
cytometer (BD Biosciences) equipped with a 488 nm
nuclear blue laser. The cells with exo β-Glu activity
hydrolyzed FDGlu, and the emitted light signal was
collected through different filter sets: (1) 488/10 band
pass for right angle light scatter (RALS), (2) 530/30
band pass filter for green fluorescence signal from
the fluorescein hydrolysis product of FDGlu (see
Fig. S1 in the Supplement). Fluorescent beads (1 µm;
Polysciences) were used as internal standards for
 calibrating the above parameters. Gating was done
against green versus RALS signals to determine the
number of cells expressing β-Glu (Fig. S1D).

Total bacterial count

Samples to determine total bacterial count (TBC)
were preserved using 1% paraformaldehyde (final
conc.) at −20°C, thawed to room temperature (n = 3),
stained with SYBR Green I, and incubated in the
dark for 15 min (1:10000 final conc.; Molecular
Probes). After incubation, the stained samples were
analyzed using a BD FACSAriaTM II flow cytometer
equipped with 530/30 band pass green filter and cal-
ibrated using 1 µm fluorescent beads. The collected
data sets were processed using BD FACS Diva soft-
ware (v.6.2).

Bacterial production

In the present study, 5-bromo-2-deoxyuridine
(BrdU) was used to measure bacterial production
(BP) in estuarine samples. BrdU is a thymidine ana-
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log and can be incorporated specifically into actively
synthesizing DNA in place of thymidine. Many
studies warrant that BrdU is a suitable substrate for
measuring BP in pelagic environments (Pernthaler
et al. 2002, Hamasaki 2006). BrdU was added to the
surface water samples (1 µM final conc.; BD Bio-
sciences) and incubated for 3 h at in situ tempera-
ture. After incubation, the samples were fixed with
paraformaldehyde (1% final conc.) and stored at
−20°C until BrdU immunofluorescence detection
(IFD). IFD was performed using FITC-labeled anti-
BrdU. In brief, samples stained with FITC-labeled
anti-BrdU with DNase I (BD Biosciences) were incu-
bated for 30 min in the dark and analyzed using a
BD FACSAriaTM II flow cytometer equipped with a
488 nm nuclear blue laser. The samples without
BrdU were used as controls. For calculating bacter-
ial carbon production, 11 fg C per bacterium as a
cell-to-carbon conversion factor was used (Garrison
et al. 2000).

Enumeration of protist abundance

Protist abundance was determined using a modi-
fied protocol described by Christaki et al. (2011).
Briefly, paraformaldehyde-fixed (1% final conc.)
frozen samples were thawed, stained with SYBR
Green I (1:10000 final conc.; Molecular Probes) and
incubated in the dark for 15 min before measure-
ment. Analysis of stained samples was carried out
using an BD FACS Aria II instrument. Emitted light
was collected through 488/10 band pass filter for
right angle light scatter (SSC), 530/30 band pass filter

for green fluorescence, and 695/40 for red fluores-
cence. The detector voltage was reduced based on
SSC versus green signal plot to cut off the intrusion of
bacterial populations with protist abundance. Yel-
low-green fluorescent beads (1 µm; Polysciences)
were used as an internal standard. The data sets
were processed using BD FACS Diva (v.6.2) software.

Extraction of DNA

Water samples collected in the field were brought
to the laboratory on ice. Subsequently, 2 l of samples
were filtered onto 0.22 µm pore size filters
(GSWP04700; Millipore) under low vacuum. The fil-
ters were then stored at −20°C until the extraction
procedure was performed. DNA extraction was per-
formed using the power water DNA isolation kit
(MOBio) as per the manufacturer’s instructions.

qPCR analysis

Bacterial community composition

The qPCR analyses were performed to evaluate
BCC using a set of primers which are specific to 16S
rRNA genes of the Proteobacteria subclasses (Alpha,
Beta, and Gamma), Bacteroidetes, Firmicutes, and
Actinobacteria (Table 1). The reaction was carried
out in a real-time PCR system (Rotor-Gene Q 5X
HRM; Qiagen) using Quantitech SYBR Green PCR
master mix (Qiagen). Each 20 µl reaction mix con-
tained 10 µl of 2× SYBR Green PCR Mix, 0.5 µl of
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Target group Target gene Name Sequence Reference

Universal 16S rRNA 8F AGA GTT TGA TCC TGG CTC AG Lane (1991)
1492R GGT TAC CTT GTT ACG ACT T

Alphaproteobacteria 16S rRNA 926F AAA CTC AAA KGA ATT GAC GG Bacchetti De Gregoris et al.
1062R CTC ACR RCA CGA GCT GAC (2011)

Betaproteobacteria 16S rRNA Beta359f GGG GAA TTT TGG ACA ATG GG Ashelford et al. (2002)
Beta682r ACG CAT TTC ACT GCT ACA CG

Gammaproteobacteria 16S rRNA 1080 F TCG TCA GCT CGT GTY GTG A Bacchetti De Gregoris et al.
1202R CGT AAG GGC CAT GAT G (2011)

Bacteriodetes 16S rRNA 798cfbF CRA ACA GGA TTA GAT ACC CT Bacchetti De Gregoris et al.
cfb967R GGT AAG GTT CCT CGC GTA T (2011)

Firmicutes 16S rRNA 928f-Firm TGA AAC TYA AAG GAA TTG ACG Bacchetti De Gregoris et al.
1040FirmR ACC ATG CAC CAC CTG TC (2011)

Actinobacteria 16S rRNA Act920F3 TAC GGC CGC AAG GGC TA Bacchetti De Gregoris et al.
Act1200R TCR TCC CCA CCT TCC TCC G (2011)

β-glucosidase gene β-Glu bgluF2 TTC YTB GGY RTC AAC TAC TA Cañizares et al. (2011)
bgluR4 CCG TTY TCG GTB AYS WAG A

Table 1. Quantitative PCR (qPCR) primer sets used in this study
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each primer, 1 µl of a template, and 8 µl of RNase-
free water. Primer sets and thermal cycler conditions
are described in Tables 1 & S1, respectively. Melt
curve analyses were performed to test the specificity
of each primer set at the end of the cycle. In brief,
melt curves were obtained by adding a high-resolu-
tion melting (HRM) step at the end of the final cycle.
The temperature was raised from 60 to 90°C at 0.5°C
intervals. A clear single peak was obtained between
84 and 86°C, indicating the presence of site-specific
PCR amplicon (see Fig. S2 in the Supplement). A 10-
fold serially diluted purified PCR product containing
target DNA was used to generate the standard curve
for quantification of unknown target samples. The
curves were attained by plotting the cyclic threshold
(CT) values against the logarithm of the concentration
of each 10-fold dilution series of PCR fragments.
A known series of standards were included in tripli-
cate during each run to correct the potential error
for unknown samples. The reaction efficiency
was always between 0.98 and 1.0. Datasets were
 processed using Rotor-Gene Q Software v.2.3.1.49
(Qiagen).

Quantification of the β-Glu gene

In the present study, the gene encoding β-Glu was
quantified by qPCR using a set of degenerate
primers (BgluF2/BgulR4; Table 1) as described by
Cañizares et al. (2011). The standard curve and CT

were calculated by serially diluting a purified PCR
amplicon of a β-Glu gene from E. indicum. Further,
the specificity of the primer set was evaluated using
a melt curve analysis, and obtained data were
 processed using Rotor-Gene Q Software v.2.3.1.49
(Qiagen).

Statistical analysis

Before statistical analysis, data were log(x + 1)
transformed to meet assumptions of parametric tests.
Shapiro-Wilk test proved normality of log-trans-
formed data. A 3-way analysis of variance (3-way
ANOVA) followed by post hoc Tukey’s HSD test was
performed to assess the significant temporal and spa-
tial variation in bacterial components and environ-
mental variables along the estuary with tides, sea-
sons, and stations as factors (SPSS Statistics v.22;
IBM). Further, a similarity (SIMPROF) test was per-
formed to identify the spatial variation in BCC using
Primer v.6 software (Clarke & Gorley 2006).

The relationship between biotic (TBC, BP, pro -
tist abundance, β-Glu gene abundance, number
of cells expressing β-Glu, and BCC) and environ-
mental variables were evaluated using multi -
variate redundancy analysis (RDA). The analyses
were performed using CANOCO v.4.5 for Win-
dows software package (ter Braak & Smilauer
2002). Before RDA analyses, data were checked
for linear characteristics and standardized (length
of first detrended correspondence analysis axes <
2 SD units), and a Monte Carlo test was used to
assess the significance of the RDA method (p <
0.05; 999 permutations). Meanwhile, generalized
linear models (GLM) in a stepwise manner fol-
lowed by F-statistics were performed to predict
the species response to environmental ordination
axes in RDA.

RESULTS

Environmental parameters, dissolved nutrients, 
chl a and TEP

The variations in environmental parameters along
the Zuari estuary during the sampling periods are
provided in Figs. 2 & 3, respectively. Briefly, the
average surface water temperature was high during
PreM spring tide from mouth to the upstream region
of the estuary (31.36 to 32.48°C). Salinity ranged
from 34 to 0 psu, was high at the mouth, decreased
from upper-mid to upstream during the non-mon-
soon season, with a significant reduction during
SW-Mon throughout the estuary (F = 24.30, df = 3,
p = 0.001; Fig. 2A,B). A similar decreasing trend
from the mouth to upstream was evident in nitrite
(F = 17.93, df = 3, p = 0.001) and nitrate (F = 2.28,
df = 3, p = 0.01) concentrations during spring tide
(Fig. 2C,E). Convsersely, phosphate and silicate
were higher towards the upstream region, espe-
cially in the SW-Mon (2.90 and 53.76 µmol l−1) and
PostM (4.62 and 95.69 µmol l−1), irrespective of the
tides (Fig. 2G,H,K,L).

During all seasons, total chl a and SPM increased
with increasing salinity (Fig. 3A−D). TEP values
were high towards the upstream area and peaked
during spring tide of PostM (497.47 ± 153.81 µg Xeq.
l−1) and SW-Mon (345.10 ± 29.47 µg Xeq. l−1), respec-
tively (Fig. 3E,F). Overall, organic carbon showed
significant seasonal variability (ANOVA; F = 65.20,
df = 2, p = 0.001) with high POC during PostM, and
DOC during PreM, especially during spring tide
(Fig. 3G−L).
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Variation in TBC, BP, and protist abundance

Overall, TBC and BP showed significant temporal
variability (ANOVA; F = 13.14, df = 2, p = 0.0001 and
F = 12.50, df = 2, p = 0.0001, respectively) when com-
pared to sites and tides (Fig. 4A−D). The TBC was
high during PreM at the mouth (1.01 ± 0.4 × 107 cells
ml−1), lower mid (1.74 ± 0.7 × 107 cells ml−1) and
upper mid (2.44 ± 0.7 × 107 cells ml−1), with a clear
decrease during SW-Mon from the mouth to up -
stream region (2.28 ± 0.2 × 106 to 4.70 ± 0.9 × 106 cells
ml−1) irrespective of the tides (Fig. 4A,B). The TBC
was positively related to temperature, salinity, and
chl a, and negatively related to TEP (Fig. 5A,C,D,F).
Unlike TBC, BP was high towards upstream during
SW-Mon (7.61 ± 1.46 µg C l−1 h−1) and PostM (7.31 ±
1.46 µg C l−1 h−1), and was negatively related to salin-

ity, SPM, and chl a, and positively related to TEP,
especially during spring tide (Figs. 4C,D & 5A).

In the case of protist abundance, a significant
temporal (ANOVA; F = 31.00, df = 2, p = 0.0001),
spatial (ANOVA; F = 8.13; df = 3, p = 0.0001), and
tidal variation was observed (ANOVA; F = 32.16;
df = 1, p = 0.0001) with higher abundance during
neap tide of SW-Mon (3.76 ± 0.5 × 105 cells ml−1)
and PostM (4.31 ± 0.4 × 105 cells ml−1) (Fig. 4E,F).
Their abundance increased with decreasing salinity
during SW-Mon (mouth < lower mid < upper mid <
upstream) and reversed during PreM (mouth >
lower mid > upper mid > upstream) (Fig. 4F). The
number of protists was positively related to temper-
ature, SPM, and TOC, and negatively related to
chl a and POC, especially during neap tide (F =
15.1, p = 0.0008; Fig. 5D,F).
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Fig. 2. Mean (±SD) values of salinity and dissolved nutrient concentrations in surface waters from the mouth to upstream re-
gions of the Zuari estuary during spring and neap tides. Lower mid: lower middle; upper mid: upper middle; PreM: premon-
soon; SW-Mon: southwest monsoon; PostM: post monsoon. Significant differences among the seasons and stations were evalu-
ated using 3-way ANOVA followed by post hoc Tukey’s HSD test at a significance level of α = 0.05. Different letters (a−c) and 

numbers (1−7) above the bars denote significant differences among seasons and stations, respectively
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Variation in β-Glu gene abundance and number of
cells expressing β-Glu

In general, β-Glu gene abundance and number of
cells expressing β-Glu varied significantly among the
sites (F = 10.85, df = 3, p = 0.0001 and F = 19.57, df = 3;
p = 0.0001, respectively) as well as seasons (F = 24.86,
df = 2, p = 0.0001 and F = 43.54, df = 2, p = 0.0001, re-
spectively) (Fig. 4G,H,K,L). Tidal variation was not
significant. The number of cells expressing β-Glu in-
creased during PreM (4.05 ± 1.5 × 106 cells ml−1 and
49% with respect to TBC), and a clear decrease was
evident during SW-Mon (3.65 ± 1.3 × 105 cells ml−1

and 16% with respect to TBC) and PostM (1.62 ± 0.9
× 105 cells ml−1 and 4% with respect to TBC) from the
mouth to upstream region (Fig. 4G,H & Fig. S3A,B
in the Supplement at www. int-res. com/ articles/
suppl/ a080 p273 _ supp. pdf). Whereas gene abun-
dance showed a significant increase from PreM (3.18
± 0.13 × 106 copies µl−1) to PostM (1.51 ± 0.16 × 108

copies µl−1) (Fig. 4K,L). Gene abundance and the
number of cells expressing β-Glu were high at the
mouth and decreased towards upstream, but the

 opposite was observed in the case of BP. The un -
coupling  between BP, β-Glu gene abundance, and
the number of cells expressing β-Glu was more pro-
nounced during SW-Mon (Fig. 5A,D, Table S2C in
the Supplement). Gene abundance was positively
 related to salinity, TOC, and POC (Fig. 5A,C,D,F),
while the number of cells expressing β-Glu was
 positively  related to temperature, salinity, SPM,
chl a, and DOC, and negatively related to TEP
(Fig. 5A,C,D,F Table S2A−C).

Variation in BCC and its relationship to β-Glu gene
abundance and number of cells expressing β-Glu

Overall, a clear shift in BCC was evident between
the seasons and sites (post hoc Tukey’s HSD p < 0.05;
Figs. 5B,E & 6). Likewise, total community recovery
also varied with the seasons (Fig. S3C,D). A higher
percentage of populations recovered during PostM
(45 to 68%) compared to other seasons; high re -
covery was mainly related to Alphaproteobacteria
abundance (Fig. S3C,D). The mouth and lower mid-
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Fig. 3. Mean (±SD) values of chlorophyll a (chl a), suspended particulate matter (SPM), transparent exopolysaccharides (TEP, as
Xanthan gum equivalent [Xeq.]), total organic carbon (TOC), particulate organic carbon (POC) and dissolved organic carbon
(DOC) concentrations in surface waters from the mouth to upstream regions of the Zuari estuary during spring and neap tides. 

See Fig. 2 for abbreviations
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estuary were dominated by Alpha- and Gammapro-
teobacteria, which appear to be marine as evidenced
by their significant positive relation to salinity
(Figs. 5A,D & 6A,B,E,F; p < 0.05). Both groups were
abundant during non-monsoon seasons. The Beta -
proteobacteria dominated the upper mid and up -
stream regions of the estuary and were negatively
related to salinity during SW-Mon (Fig. 6C,D). Simi-
larly, the proportions of Actinobacteria and Firmi-
cutes were high in the upper-mid estuary, and their
abundance increased during SW-Mon and PostM
seasons (Fig. 6I−L). Bacteroidetes was observed in
significant numbers along the estuary irrespective of
the seasons (Fig. 6G,H). The RDA analysis showed a
strong coupling between TBC, chl a, SPM, DOC,
number of cells expressing β-Glu, and Gammapro-
teobacteria abundance during PreM (Fig. 5A−E,
Table S2A−C; p < 0.001). Further, a decrease in
Gammaproteobacteria abundance and number of
cells expressing β-Glu during SW-Mon was signifi-
cantly related to protist abundance and salinity
change. β-Glu gene abundance was associated with
diverse groups (Alpha- and Gammaproteobacteria,

Firmicutes, Actinobacteria, and Bacteroidetes) in
which Alphaproteobacteria appeared to be most
 significant, especially during PostM (Fig. 5A,D,
Table S2C; p < 0.01). However, non-expression of the
gene in these communities could be related to envi-
ronmental factors, mainly SPM, salinity, and TOC
(Fig. 5A,D; Monte Carlo test, p < 0.05). BP was
strongly influenced by Betaproteobacteria abun-
dance, which largely uncoupled with β-Glu gene
abundance and the number of cells expressing β-Glu
during SW-Mon (Table S2C).

DISCUSSION

In the present study, total bacterial abundance was
high during the PreM season and was mainly driven
by temperature, salinity, and TOC, whereas bacterial
production was high during SW-Mon and PostM
towards the upstream region of the Zuari estuary. A
recent study by Kaartokallio et al. (2016) reported
similar results in the inner estuarine regions of the
west and south coast of Finland, which was related to
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Fig. 4. Mean (±SD) values of total bacterial count (TBC), bacterial production (BP), protist abundance, number of cells express-
ing β-glucosidase (β-Glu expression), 16S ribosomal RNA (16S rRNA), and β-Glu gene abundance in surface waters from 

the mouth to upstream regions of Zuari estuary during spring and neap tides. See Fig. 2 for abbreviations
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the strong influence of riverine water mixing with an
estuarine gradient. In the present study, the number
of cells expressing β-Glu were high at the mouth (40
to 80% of the total abundance) and lower-mid estu-
ary (10 to 50% of total abundance) with a seasonal
pattern similar to that of total bacterial abundance.
Both the number of cells expressing β-Glu and total
abundance was positively related to chl a and nega-
tively related to TEP. The high chl a (3.44 mg l−1)
level at the mouth of the estuary indicated high
phytoplankton abundance. Most estuaries are highly
productive, and both autochthonous (in situ produc-
tion) and allochthonous (external input) substrates
influence bacterioplankton abundance and produc-
tion (Coffin & Sharp 1987). Heterotrophic bacteria
are known to actively consume DOM produced by
the phytoplankton cells (Cole et al. 1982, Petit et al.
1999). Phytoplankton produce carbohydrate-rich
polymers, either as low molecular weight or poly-
meric forms, that are degraded through enzymatic
activity (Hama & Yanagi 2001, Steen et al. 2008).

TEPs are one of these organic polymers, and activ-
ity/expression of β-Glu is frequently used to describe
the degradation of these carbohydrate-rich polymers
(Hoppe et al. 1998). Thus, low levels of TEP at the
mouth of the estuary in the present study indicates
their active breakdown by high numbers of β-Glu
expressing bacteria.

However, TEPs were abundant in the upstream
region, especially during the onset of the monsoon,
and this can be related to a decline in the number of
cells expressing β-Glu from the mouth to upstream.
This relationship suggests an influence of the large
salinity variations in our study area that occur be -
tween monsoon and non-monsoon seasons (i.e.
<5 psu at the mouth and >15 psu upstream). A study
by Cunha et al. (2000) also pointed out that exoenzy-
matic activities are significantly related to tempera-
ture, salinity and chl a. Similarly, a study in the Baltic
Sea region showed that the alteration in OM compo-
sition and salinity via high river loads resulted in a
significant change in enzymatic activity (Figueroa et
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Fig. 5. Redundancy analysis (RDA) showing the relationship between biotic and abiotic variables during the spring and neap
tides in Zuari estuary. (A,D) RDA triplots: red arrows indicate environmental variables; dotted red lines are highly significant
(Monte Carlo test, p < 0.05); blue arrows indicate species variables. (B,E) RDA sample ordination plots: individual colored dots
denote all biotic data set of a particular station and season. (C,F) Eigenvalues and intersect correlation scores of RDA axes 

1 and 2, respectively
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al. 2016). It is known that microbial processes in estu-
aries are also controlled by the nature, source, and
composition of particles in SPM. In the present study,
a significant positive relationship was observed
between SPM and the number of cells expressing β-
Glu. Observation at the turbid Elbe estuary also
reported a similar correlation between enzymatic
activity and SPM and noted it to be a controlling fac-
tor for the distribution of organisms and nutrients
(Bernát et al. 1994). A recent study by Boras et al.
(2015) at Blanes Bay also reported a similar relation-
ship with β-glucosidase activity. The suspended load
in the present study area is influenced by an annual
seasonal cycle with high inorganic mineral grains
and allochthonous materials during SW-Mon com-
pared to the dry season (Gonsalves et al. 2009). Thus,
other than salinity, the decrease in the number of
cells expressing β-Glu during SW-Mon could be due
to a change in the SPM composition.

Clear seasonal and spatial shifts in the bacterial
community structure were evident. Among the
sites, proportions of Alpha- and Gammaproteobac-
teria were higher at the marine mouth, lower in the

mid region and decreased gradually towards the
up stream area. Similar findings have been reported
in other estuarine regions such as the Gulf of
Delaware (Cottrell & Kirchman 2004, Elifantz et al.
2005), Chesapeake Bay (Bouvier & del Giorgio
2002), Columbia River estuary (Crump et al. 1999),
Baltic Sea (Herlemann et al. 2011), and River Pearl
estuary (Zhang et al. 2006). In our study, the mouth
and lower-mid stations showed similar bacterial
community composition and had similar physical
characteristics, i.e. salinity. However, the upstream
region was distinctly different and was dominated
by Betaproteobacteria irrespective of the season.
Earlier studies have also reported dominance of
Betaproteobacteria in freshwater and Alphapro-
teobacteria in salt water areas (Bouvier & del Gior-
gio 2002, Kan et al. 2006). TOC and POC were lin-
early related to Alphaproteobacteria abundance.
The temporal variations in bacterial communities
are linked to the changes in chl a, temperature,
salinity, and availability of OM (Murray et al. 1998,
Crump et al. 1999, Bouvier & del Giorgio 2002, Pin-
hassi et al. 2004, Kan et al. 2006).
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Fig. 6. Mean (±SD) copy numbers of different bacterial groups in surface waters from the mouth to upstream regions of the
Zuari estuary during spring and neap tides. See Fig. 2 for abbreviations
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Other than environmental factors, grazers can also
play a significant role in shaping bacterial communi-
ties (Pernthaler et al. 2001). In the present study, an
increase in protist abundance resulted in a signifi-
cant decrease in the relative abundance of Gamma -
proteobacteria towards the upstream region and dur-
ing the SW-Mon. Beardsley et al. (2003) also reported
that selective grazing by heterotrophic nanoflagel-
lates controlled the Gammaproteobacteria genera in
the North Sea. The upper mid-estuary showed
higher proportions of Actinobacteria and Firmicutes.
Members of these have been detected in the mesoha-
line waters (<20 psu) and related to freshwater taxa
(Newton et al. 2011). Furthermore, members of this
clade are sensitive to salinity changes and depend on
a specific range of organic substrates (Sharp et al.
2009, Campbell & Kirchman 2013). A study by Harji
(2011) in this region showed that terrestrially derived
OM mainly dominated the lower-mid estuary due to
riverine influence. Thus, it seems that low saline con-
ditions during SW-Mon and high input of riverine
sources favored the proliferation of freshwater taxa
with low β-glucosidase activity at the upper-mid
estuary. However, Bacteroidetes were fairly persist-
ent along the estuary, as has been observed in other
estuaries, and their abundance was related to SPM
and TEP (DeLong et al. 1993, Bouvier & del Giorgio
2002, Crump et al. 2004). Members of Bacteroidetes
are known to be dominant in organic-rich particles
and possess large amounts of hydrolytic enzymes to
degrade complex polysaccharides (Azam & Malfatti
2007, Dang et al. 2009, Edwards et al. 2010).

Microbial degradation via ectoenzymes is one of
the major sources of substrate addition in aquatic
systems for bacterial utilization (Hoppe et al. 1988).
Although previous studies have hypothesized that
the source of OM and the microbial community can
significantly influence the seasonality of β-Glu com-
pared to hydrography (Bhaskar & Bhosle 2008,
Boucher & Debroas 2009), such links were not evalu-
ated in this estuary. During this study, β-Glu gene
abundance and the number of cells expressing β-Glu
showed strong seasonality along with the changes in
BCC. The number of cells expressing β-Glu to gene
abundance ratios were high during PreM and appar-
ently decreased during SW-Mon and PostM, as well
as towards the upstream region. The β-Glu gene
copies covaried with the relative abundance of Alpha
and Gammaproteobacteria, Firmicutes, and Actino -
bacteria irrespective of the tides. The number of cells
expressing β-Glu and the relative abundance of
Gammaproteobacteria were related and influenced
by salinity, chl a, TOC, and SPM. Most of the factors

showed a positive loading on the number of cells
expressing β-Glu and Gammaproteobacteria abun-
dance, and negative with Alphaproteobacteria, Fir-
micutes, and Actinobacteria. In estuaries, Gamma-
and Alphaproteobacteria and Bacteroidetes play a
significant role in the degradation of DOC and exo -
polymers and have shown association with micro-
algae (Hold et al. 2001, Grossart et al. 2005, Haynes
et al. 2007). Specifically, members of Gammapro-
teobacteria benefit from algae and their derived OM
(Puddu et al. 2003, Teeling et al. 2012). Furthermore,
they contribute significantly to the decomposition of
the OM produced by algal communities, suggesting
that Gammaproteobacteria are the potential group
expressing the β-Glu enzyme. A few exopolymer en -
richment studies have revealed that members of
Gammaproteobacteria (mainly Acinetobacter and
Pantoea) possess genes for β-Glu production and can
degrade polysaccharides (Tajima et al. 2001, Arora
et al. 2012). Zoppini et al. (2005) also pointed out
that OM enrichment favored Gammaproteobacteria
growth in the northern Adriatic Sea. A previous
study by Khandeparker et al. (2011) in this estuary
showed that 65% of the bacterial isolates could pro-
duce complex carbohydrate-degrading enzymes and
the majority of the strains included Vibrio, Altero -
monas, Enterobacter, Marinobacter, Aeromonas, and
Exiquinobacterium — indicating a major contribution
of Gammaproteobacteria taxa in the degradation of
carbohydrate-derived OM. Similarly, a study by Yu
et al. (2011) evaluated the degradation capability
of glucosidase substrates and reported that it was
mainly distributed in the Gammaproteobacteria and
Bacteroidetes groups when compared to Alphapro-
teobacteria and Actinobacteria. A study by Moreno
et al. (2013) also observed higher genetic diversity of
β-Glu encoding genes in Proteobacteria followed by
the representative members of Chloroflexi, Deiono-
cocci, Actinobacteria, Thermotogae, and Firmicutes.
Likewise, Berlemont & Martiny (2013) analysed 5123
bacterial genomes sequences and reported that 79%
of the genome contained the β-Glu gene, which in -
cluded phyla such as Proteobacteria (2200), Cyano-
bacteria (70), Actinobacteria (514), Fusobacteria (33),
Spirochetes (236), Aquificae (7), Chloroflexi (17),
Planctomycetes (13) and Acidobacteria (9). Further, a
transplant experiment by Lindh et al. (2015) in Baltic
Sea basin waters revealed a significant correlation
between β-Glu activity and taxa such as Flavobacte-
riaceae, Chromatiaceae, and Verrucomicrobia.

The proportions of Gammaproteobacteria de -
creased during the SW-Mon, along with a decrease in
the number of cells expressing β-Glu throughout the
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estuary and changes in DOM. It is known that in this
estuary along the salinity gradient, an upper fresh-
water region is dominated by terrestrial inputs,
whereas phytoplankton-derived DOC dominates the
saline mouth region (Mannino & Harvey 2000, Harji
2011). Although the present study did not measure
DOM chemistry, the decoupling between BP, β-Glu
gene abundance, and the number of cells expressing
β-Glu could be related to changes in OM composition,
which influences the bacterial community. An in-
crease in BP can be related to Betaproteobacteria and
a decrease in salinity, but this increase neither influ-
enced the β-Glu gene abundance nor the number of
cells expressing β-Glu. An earlier study carried out in
the Zuari estuary also indicated that BP is fueled by
allochthonous sources and behave as a net heterotro-
phy system during the monsoon months (Pradeep
Ram et al. 2007). A few studies also stated that a de-
crease in glucosidase activity could be explained by
substrate composition or by a change in the bacterial
community (Martinez et al. 1996, Jost & Pollehne
1998). It has been reported that physical and chemical
factors partially control ectoenzymatic patterns by in-
directly controlling bacterial community structure
(Langenheder et al. 2005, Boucher & Debroas 2009).

Overall, the results of the present study indicate
clear seasonal shifts in BCC, with high proportions of
Proteobacteria (Gamma and Alpha) groups during
PreM shifting to Actinobacteria/Betaproteobacteria/
Firmicutes groups during SW-Mon (a period of high
riverine influx), which then reverse to Alphapro-
teobacteria during the PostM recovery season. Al -
though β-Glu gene abundance was related to the rel-
ative abundance of diverse phylogenetic groups, the
number of cells expressing β-Glu was mainly related
to the relative abundance of Gammaproteobacteria
taxa. The higher ratio in the number of cells express-
ing β-Glu observed in salt water, declining towards
the freshwater region could be related to changes in
the spectrum of DOM input in this estuary. In conclu-
sion, the number of cells expressing β-Glu was influ-
enced by shifts in the BCC that appear to be regu-
lated by different environmental drivers. Further
studies should focus on the translocation of marine,
brackish, and freshwater bacterial communities into
different environmental conditions and evaluate
their potential influence on the processing of OM.
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