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Abstract 

Sea surface temperature fronts in the Northeastern Arabian Sea (NEAS) facilitate nutrient 
enhancement in the surface layers, 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 agedNEAS 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 dominated by HNA bacteria, α-glucosidase, and chitinase activity.In contrast,an 
acceleration in β-glucosidase activity, bacterial production, whichwas 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 
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Introduction 

The Northeastern Arabian Sea (NEAS) is a highly productive zone due to transport of nutrients to the 

surface through convective mixing process during the winter monsoon (Madhupratap et al. 1996) and 

known to harbour sea surface temperature (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 et al.2015). 

Enhancement of nutrients in a frontal region often supports high productivity and organic matter 

accumulation (Fernándezet 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 to 25 % of the particulate fraction (Decho 1990; Benner et al. 1992). Dissolved 

carbohydrates act as precursor molecules and mediateacidicpolysaccharide formation, called 

transparent exopolysaccharides (TEP) (Passow et al. 1994; 2000; Engel et al. 2004). Also, TEP are 

directly released in the water column during the growth cycle of phytoplankton and bacterial 

communities (Grossart et al. 2006; De La Rocha et al. 2008; Harlay et al. 2009). The highly sticky 

TEP matrixacts as an initiating factor in particle formation (mainly detritus) and promote sinking of 

carbon from the surface to the deeper ocean (Passow et al. 1994; 2001; 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 

Rassoulzadegan2004; Arnous et al. 2010) and copepods (Decho and Moriarty 1990), thus playing a 

central role in food web processes. However, most exudates from marine microorganisms are 

releasedas complex polymeric forms, which cannot be utilized directly by surrounding bacterial 

communities (Arnosti 2004). Bacterial communities can easily assimilate the molecules that are 

lower than 600 Da (Chrost1990).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 referredto 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 environments (Christian 

and Karl 1995). Specifically, β and α – glucosidases hydrolyzeβ and α glycosidic linkage in the 

complex polysaccharides, and their productionis mainly associated with heterotrophic 

bacteria(Chrost 1989; Hoppe 1993).Other than glucosidases, chitinasesare also polysaccharide-
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degradingenzymes that specifically cleave glycosidic linkages in chitin biopolymersand likely 

release dissolved 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 (Monticelli et al. 2014), reported 

enhanced recycling processes via stimulated bacterial abundance, bacterial production (BP) and high 

ectoenzymatic activities as compared to thenon-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). However, 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, phytoplankton pigment composition, zooplankton, 

and microbial 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 indifferent 

nucleic acid contentin the natural environment depending on the nutrients and other environmental 

conditions, 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, metabolically 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 heterotrophic 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 states in different aged fronts would provide information on the type of OM related to 

the heterotrophic bacterial activities and TEPs cycling.In this context, a total of five different aged 

transects were sampled inthe coastal, shelf, and open ocean environments. The objectives of the 

present study were to (i) examinethe variations in TEP, ectoenzymatic activities, and bacterial 
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nucleic acid content(HNA and LNA bacteria)and (ii) 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 January 2014 to 3rdFebruary 2014 in the NEAS between 19.67 ºN, 69.34 ºE and 20.90 ºN, 

68.59 ºE (Fig. 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 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 stations were identified in each of the transects. To evaluate the front's age, 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). 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 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 collectedat different depthsusing 

Seabird Conductivity – Temperature – Depth (CTD) rosette system fitted with 10 L Niskin bottles 

(Fig. 1).The vertical profiles of salinity and temperature from different transectswereobtained using a 

Seabird CTD probe, and data were processed using Sea save V7 software. The phytoplankton 

biomass was measured in terms of chlorophyll a (Chl a)using High-Performance Liquid 

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

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 4.5mL samples were collected in triplicates, fixed with 

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

analyses.Beforeanalyses, the samples were thawed at room temperature,stained with SYBR Green I 
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nucleic acid stain (1:10000 final concentration; Molecular Probes, USA) and incubated in the dark 

for 15 min. Subsequently, the SYBR green I stained cells were counted using BD FACS Aria II flow 

cytometer equipped with a488nm blue laser, and emitted light signals were recorded through 488/10 

bandpassfilter for right-angle light scatter (RALS/SSC),and 530/30 bandpassfilter for green 

fluorescence (FL-1). Fluorescent microsphere beads (1μm, 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 populations. 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 (Khandeparker et al. 2018). Depth-integrated TBC, HNA, and LNA bacterial 

abundancewerecalculated as described earlier by Khandeparker et al. (2018). 

Bacterial Production 

For measuring bacterial production (BP), subsamples were incubated with 5-Bromo-2-Deoxyuridine 

(BrdU; 1µM final concentration; BD-Biosciences, USA) for 3hrs at in situ temperature. After 

incubation, samples were fixed with filtered paraformaldehyde (1 % final concentration) and stored 

at - 80°C until BrdU immunofluorescence detection. Immunofluorescent staining was carried out 

using FITC labeled anti – BrdU. Briefly, BrdUincorporated cellswere stained with FITC labeled anti 

– BrdU with DNase I (BD – Biosciences, USA) for 30min in the dark and counted using a BD 

FACSAriaTM II flow cytometer equipped with a 488nm nuclear blue laser (Eswaran and 

Khandeparker 2017). For calculating bacterial carbon production, 11 fg C per bacterium as a cell-to-

carbon conversion factor was used (Garrison 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 (1:10000 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 signalswere 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 voltageswerereduced based on SSC vs.FL-I signal dot 

plot to cut off the intrusion of bacteria with protists. 1μm yellow-greenfluorescent size beads 
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(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 diluting 

the fluorescently tagged substrate in sterile water with the addition of methylcellosolve. The standard 

curve was established using a series of known substrate concentrations (50 nM – 5 µM) and 

incubated with the seawater samples (25mL) for a period ranging from 30min to 24h. 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 – 440nm 

excitation and emission wavelengths.  

TEP estimation 

For TEP analyses, 500mLof seawater samplesin triplicate were filtered onto 0.4 μm isopore 

polycarbonate filters (HTTP; Millipore, USA). Thematerials retained on the filter papers were 

resuspended in 5mL of GF/F filtered seawater. The resuspended materials werethen centrifuged at 

3200 × g for 10 min,and obtained pellets were storedat –20°C until analyses. Duringthe analyses, the 

pellets werethawed 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 wererinsed with a 

known amount of distilled water (1mL) until clear supernatants were obtained, and 4 mL of 80% 

H2SO4was then added to the pellets.After 2 h, the absorbance was measured at 787nm using a 

spectrophotometer. The measured TEP values were expressed as microgram Xanthan Gum weight 

equivalent per litre (μg XG equivL–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 analyzedas 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 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, 
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LNA bacteria, α, β-glucosidase, and chitinase) and environmental variables (salinity, temperature, 

chlorophylla, 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 standardized. 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 followed 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 environmental 

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 – frontalregions observed during the SSK #060 cruiseis 

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. Chla 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).   

Variation inthe 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 bacterial count 

(TBC)ranged from 3.1 × 108 to 9.3 × 109 cells L-1, was high inthe open ocean (T-2)followed by 

coastal (T-5) and shelf region(Fig. 2b). The abundance of HNA bacteriawas higher in the coastal 

region (T-5; 3.5± 1.2× 109 cells L-1) andwas significantly different from the non-frontal stations of 

the other two regions as indicated by ANOVA (Fig. 2c; F= 30.7; p =0.0001).In contrast, LNA 

bacteriawere 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 to30.6 µg C L-1 h-1, was 

high in the open ocean frontal station (T-2) followed by coastal and shelf fronts (Fig. 2e).The depth 

integrated HNA abundance was higher in the coastal followed by shelf and open ocean regions 
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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 BPto vary significantly between the front and non-frontalstations 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 significantlyvaried when 

compared with the non-frontalstations (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 environmental 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 (FL1; GLM: F = 31.13, p < 0.0001), and BP (GLM: F = 8.6, p < 0.05) (Fig. 4a; 

suppl. Table. S2a-c). Furthermore, 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 abundance was positively related to the TEP (Fig. 

4a; Suppl. Table S2a-c). Likewise, the protists in the open ocean and shelffrontal stationsshowed a 

significant positive relationshipwith BP and TEP(Fig. 4a; Suppl. Table S2a-c).In contrast, 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 significantly 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).  
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Three different ectoenzyme activities, i.e.,α-glucosidase (AGase), β-glucosidase (BGase), and 

chitinase,were measured along the cruise transect.The AGase and chitinaseactivities 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 inthe shelf 

(T-3), open ocean frontal stations (T-2), and ranged from 4.8 – 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 carbohydrate-rich polymers in the 

water column (Monticelli et al., 2014). In the present study area, theAGase/BGase ratio differed 

between the frontal and non-frontal stationsof all the five transects (Fig. 5e). The average 

AGase/BGase valuesranged 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 whichAGase activity (RDA1/RDA2 score: 

-0.41/0.39) was more related to TEP in coastal frontal stations(T-5; Fig. 4a), and BGase activity 

(RDA1/RDA2 score: - 0.35/ -0.42) in shelf (T-3) and open ocean (T-2)frontal water column (Fig. 4a; 

Suppl. Table S2a-c). The BGase activity also showed a positive relationshipwith 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 separately and were 

associated with different variables. High TBC and BP wereobserved 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 regionsare 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 

physiological states,which could be another possible reason for the increase in TBC and BP in the 

frontal stations of different 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 stations showed the dominance of highly 
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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 nutrients, 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), whereasa 

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 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 (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 linkages (Somville 

1984; Chrost 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 carbohydrates 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 phytoplankton 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 

glucosidase activities during the initial phase of a phytoplankton 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, glucosidaseactivity, 

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 environments, whichneeds further validation. 
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The chemical composition of TEP depends on the source (species composition) and 

environmental drivers (turbulence, salinity, and nutrients) in the water column (Passow 2002; 

Pedrotti et al. 2010).The microphytoplankton community analysesin the present study area revealed 

the presenceand dominance of different diatoms (Bacteriastrum furcatum, Chaetoceros 

spp.,Thalassiosira spp.,Navicula spp.,and Pseudo-nitzschiaseriata), 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 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 glucose, fucose, rhamnose, and 

galactose, whereas, in Thalassiosira spp., mannose, xylose, glucuronicandgalacturonic acid were 

dominant (Myklestad et al. 1972; Smestad et al. 1975; Giroldo et al. 2003; Størseth et al. 2006). 

TEPare 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 hydrolases that break down 

glycosidic bonds in chitin biopolymer (Gooday 1990). Zooplankton (molts and carcasses) are 

significantsources of chitin in the marine environment and colonization of bacteria on chitin surface 

plays a role in carbon 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 environments 

is estimated to be 40 mg m−2 yr−1 (Cauchie 2002). However, some genera of centric diatoms, such as 

Thalassiosira 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 activities, but TEP 

formation 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 by 

zooplankton (mainly copepods) potentially 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 biomass in the coastal 

fronts (2316 ± 930 mg m-2) when compared to the other two frontal regions (741 ± 233 mg m-2) 

(Sarma et al. 2018). Similarly, isotopic study at NEAS frontal regions indicated that both 
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phytoplankton and zooplankton biomass predominantly contribute to organic matter (Krishna et al. 

2018). This suggests that other than glucosidases, 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 

stationssuggesting that heterotrophic prokaryotes could also be a possible TEPsource. 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 Subarctic Pacific region, respectively. 

Further, high BP and TEP in agedfrontal stationswerealso related to BGase 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 and BGase and suggested that high TEP concentration might 

stimulate high BGase production which is involved in the degradation of TEP 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, which may be later hydrolyzed. Our 

cytometry data’s inference also suggested that larger/growing HNA cells (high SSC and DNA 

fluorescence 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 - 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 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 theprotists 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 withinsize-selective grazing, mid-size cells (0.4-

1.6 µm) are grazedmore 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 
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aged fronts that were dominated by bacteria with high cell complexity and DNA content.Higher 

abundance of protists in older fronts isalso due to the lag period in response.Earlier studies by Šimek 

et al. (2013) and Sintes and del Giorgio (2014) havereported 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 grazing pressureon actively growing bacteria and TEP 

by protist populations couldenhance the energy transfer to a highertrophiclevel andallow the fronts to 

be more productive. 

Conclusions 

Overall, the present study resultsindicatedclearphysiological shifts in bacteria, with a high abundance 

of less metabolically active bacteria in non-fronts shifting to high metabolically active populations in 

the frontal regionsinfluenced by frontal age and hydrographic conditions (Suppl. Fig. S2a-c). 

Likewise, TEP and related bacterial enzymatic activities also differed wherein TEP was possibly 

influenced by AGase activityinthe younger front, whereas BGase activity dominated in theolder 

fronts. This points out the timescale variation in TEP composition and related microbial 

ectoenzymatic activities. Highabundance 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 communities, enable a stronger microbial loop as evidenced through an increase in HNA 

bacteria, bacterial production, and enzymatic activities thus resultingin the frontal system to be more 

productive irrespective of the spatial difference (Suppl. Fig. S2a-c). Such physiological and 

functional characteristics of bacteriaarealso dependenton the microbial communities' phylogenetic 

composition and elucidating the microbial community structurecan provide deeper insights into their 

role in NEAS frontal regions and is a way forward. 
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Legends to figures 

Fig. 1 Map showing the sampling locations in the north-eastern Arabian Sea (NEAS). 

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 profilesare "non-frontal" stations in each transect. 

Fig. 3 Depth-integrated profiles of a) TEP and Chl a, b) total bacterial count (TBC), High nucleic 
acid content (HNA) bacteria, and Low nucleic acid content (LNA) bacteria, c) protists, and d) 
bacterial production (BP) along the section. Profiles with a symbol are "frontal"; unmarked profiles 
are "non-frontal" stations in each transect. 

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. 

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. 

Suppl. Fig. S1 Spatial and vertical profiles of a) HNA-complexity (SSC) b) LNA-complexity (SSC), 
c) HNA-DNA content (FL1), d) LNA-DNA content (FL1), e) variation in DNA contentratio of HNA 
and LNA bacteria, f) variation between complexity ratio of HNA and LNA bacteria along the cruise 
transect. Profiles with a symbol are "frontal"; unmarked profiles are "non-frontal" stations in each 
transect. 

Suppl. Fig. S2a-c Response of abiotic and biotic variables in the non-front and fronts of different 
regions in the NEAS. All values are expressed as a depth-integrated; X-axis indicate different 
variables; Different Y-axis represent the units for different variables. 

 

Legends toTables 

Suppl. Table S1Environmental variables in the frontal and non-frontal regions during cruise in the 
NEAS 

Suppl. Table S2RDA associated statistics; (a) Species Scores (adjusted for species variance) – 
Fronts, (b) Sample Score which are linear combinations of environmental variables – Fronts, (c) 
Interset correlation score – Fronts, (d) Species Scores (adjusted for species variance)  - Non-fronts, 
(e) Sample Score, which are linear combinations of environmental variables – Non-fronts, (f) Interset 
correlation score – Non- fronts 
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Supplementary Table S1 Environmental variables in the frontal and non-frontal regions during cruise in the NEAS 

S.No Variable T1 T2 T3 T4 T5 

  Front Non-Front Front Non-Front Front Non-Front Front Non-Front Front Non-Front 

1. Chl a (mg m-2) 28.3 30.0 60.1 26.6 36.2 28.2 31.3 29.4 44.1 34.8 

2. Nitrite (mmol m-2) 77.57 71.45 89.37 70.98 97.05 62.25 86.65 71.02 83.17 62.4 

3. Nitrate (mmol m-2) 118.3 111.6 190.8 142.8 125.0 95.0 173.6 146.6 135.1 126.6 

4. Phosphate (mmol m-2) 55.0 54.7 70.9 60.5 49.6 32.3 54.3 50.1 47.3 44.8 

5. Silicate (mmol m-2) 108.4 100.3 198.0 117.0 142.3 132.7 167.4 134.3 165.3 125.6 
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Supplementary Table S2 RDA associated statistics 

 

 

 

 

   

(a) Species Scores (adjusted for species 
variance)  - Fronts 

S.NO Variable RDA 1 RDA 2 

1 BP 0.31 -0.39

2 TBC -0.51 0.18

3 HNA -0.83 0.05

4 LNA 0.12 0.31

5 Protists 0.17 -0.68

6 AGase -0.41 0.39

7 BGase -0.35 -0.42

8 Chitinase -0.48 -0.45

9 DNA content-LNA -0.36 0.87

10 DNA content-HNA 0.73 -0.51

11 Granularity-LNA 0.85 0.46

12 Granularity-HNA 0.82 0.53

13 Agase:BGase -0.22 0.60

(b) Sample Score which are linear combinations of environmental variables - Fronts 
S.N
o Stations RDA 1 RDA 2 

1 T1 1.16 0.99 

2 T1 1.54 0.12 

3 T1 1.79 0.39 

4 T2 0.64 -1.00 

5 T3 -0.43 -0.73 

6 T3 -0.63 0.24 

7 T3 -0.43 -1.23 

8 T3 -0.23 -1.10 

9 T4 -0.19 -0.62 

10 T4 -1.10 0.20 

11 T5 -1.32 1.31 

12 T5 -0.81 1.42 

 
(c) Inteset correlation score - Fronts 

S.NO Variable  RDA 1 RDA 2

1   Temperature  -0.15 -0.13

2   Salinity  0.57 -0.58

3   Nitrite   -0.62 0.55

4   Nitrate   -0.12 -0.57

5   Phosphate 0.41 -0.27

6   Silicate  -0.35 -0.13

7   TEP       -0.23 -0.56

8   Chlorophyll  0.42 0.10
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(e) Sample Score, which are linear combinations of environmental variables – Non-fronts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
f) Inteset correlation score – Non- fronts 

S.NO Variable 
RDA 

1 
RDA 

2 

1 
  

Temperature 0.43 -0.33 
2   Salinity  -0.30 -0.52 
3   Nitrite   0.37 0.17 
4   Nitrate   -0.33 -0.29 
5   Phosphate -0.75 0.01 
6   Silicate  -0.43 0.08 
7   TEP       0.49 -0.30 
8   Chlorophyll 0.44 0.16 

(d) Species Scores (adjusted for species variance)  - 
Non-fronts 
S.NO Variable RDA 1 RDA 2 
1 BP 0.11 -0.20 

2 TBC 0.24 0.59 

3 HNA 0.67 0.49 

4 LNA -0.10 0.43 

5 Protists -0.12 0.20 

6 AGase 0.70 -0.36 

7 BGase 0.58 -0.44 

8 Chitinase 0.46 -0.46 

9 DNA content-LNA 0.54 0.46 

10 DNA content-HNA -0.59 -0.08 

11 Granularity-LNA 0.09 0.30 

12 Granularity-HNA -0.19 0.27 

13 Agase:BGase 0.74 -0.11 

S.NO Stations RDA 1 RDA 2 

1 T1 -1.44 1.00 

2 T1 -1.34 -0.58

3 T1 -1.22 -0.79

4 T1 -0.32 -0.09

5 T2 -0.57 0.67 

6 T2 -0.93 0.34 

7 T2 -0.99 0.76 

8 T3 0.27 0.30 

9 T3 0.08 -0.45

10 T4 -0.77 1.10 

11 T4 -0.41 -0.04

12 T4 0.16 -0.67

13 T4 0.18 -1.17

14 T4 0.77 -2.08

15 T4 1.11 -1.31

16 T5 1.11 0.01 

17 T5 2.28 1.35 
18 T5 1.23 2.11 


