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Chapter 1.
Introduction: Significance of the marine

microbial loop along the west coast of India.



1.1. Introduction

NIO extends from 30°N to 10°S and 50°E to 100°E and comprises three distinct
oceanographic regions which include the Arabian Sea (AS) and Bay of Bengal (BoB) to
the west and east of the Indian sub-continent and the Equatorial Indian Ocean (EIO) to
the south (Figure 1.1). All these three regions are unique and have distinct biogeochemical
characteristics owing to the contrasting hydrography of these regions (Prasanna Kumar
et al. 2009). Over the past few decades, our understanding of the biogeochemical
processes and microbiological diversity in the NIO has significantly deepened since the
initiation of the International Indian Ocean Expedition (IIOE) between 1962 and 1965.
This was largely driven by the establishment of the oceanographic research institutes in
India, within the Council of Scientific and Industrial Research-National Institute of
Oceanography (CSIR-NIO) in 1966 and the Ministry of Earth Science in 1981. Numerous
significant research initiatives have been undertaken to further our understanding of the
biogeochemical processes and microbiological diversity in the NIO. These projects
include the Global Ocean Ecosystem Dynamics (GLOBEC: 1992 - 2009), Joint Global
Ocean Flux Study (JGOFS(India): 1992 - 1997), Bay of Bengal Process Studies (BOBPS:
2001 - 2006), Poly-metallic nodules-Environmental Impact Assessment (PMN-EIA:
1982 onwards), Indian Ocean Global Ocean Observing System (IOGOOQOS: 2001
onwards), Sustained Indian Ocean Biochemical Biogeochemical and Ecological Research
(SIBER: 2006 - onwards) and various others (Hood et al., 2009; Prasanna Kumar et al.,
2009). The oceanographic process in the NIO has been significantly advanced through
the generous funding provided by international organisations such as the Scientific
Committee on Oceanic Research (SCOR) and the Intergovernmental Oceanographic
Commission (IOC) of UNESCO and national scientific bodies (https://incois.gov.in/).
Research activities at universities and industry-sponsored studies have been crucial in
advancing our understanding of marine ecosystems by pioneering innovative
methodologies and exploring understudied aspects of marine biology (Hood et al., 2009).

Unlike the Atlantic or the Pacific Ocean, the Indian Ocean is landlocked in the
north. It is shown to experience seasonally changing monsoonal circulation which is
characteristic of this region and causes the coastal and open ocean upwelling in the central
AS (Banse, 1959; Wyrtki, 1973; Shetye et al. 1991; Smitha et al. 1998; Madhupratap et

al.1996). In addition, winter cooling during the northeast monsoon (December-February)
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also adds up to the variability of physical features (Prasanna Kumar et al. 2001). This
leads to seasonal differences in primary production, with very high productivity in the
AS, compared to the BoB or EIO regions (Banse 1968; Sarma et al. 2003). Therefore,
seasonal differences in biological production greatly influence the biogeochemistry and
sedimentation rates (Bourgoin and Tremblay, 2010). Another characteristic feature in the
NIO is the seasonal coastal denitrification along the WCI, an extremely well-developed,
perennial, open ocean, oxygen minimum zone (OMZ) (Naqvi et al. 2000) in mid-depths
of the AS and a shallow oxygen-depleted environment in the BoB (Azhar et al. 2017).

The eastern region of the Indian Ocean, the BoB, is a unique embayment with
many large rivers such as Irrawaddy, Brahmaputra, Ganges, Mahanadi, Godavari,
Krishna and Cauvery which discharges its riverine inputs. The upper 30 - 40 m column
in most of the region north of the BoB remains almost perennially stratified (Prasanna
Kumar et al. 2002) due to excessive precipitation and lower evaporation, accompanied
by low-saline surface waters and warmer sea-surface temperatures (Han and Webster,
2002). Because of heavy loads of suspended terrestrial sediment, the surface waters are
rather perennially turbid shallowing the euphotic layer. This along with the existence of
low subsurface chlorophyll maxima leads to low photosynthetic production in this region
(Prasanna Kumar et al. 2002; Madhupratap et al. 2003). The EIO, which is south of the
Indian sub-continent, is primarily oligotrophic in the absence of equatorial upwelling.
These open regions experience expectedly low primary productivity due to the
combination of very low nutrient concentrations and minimal coastal influence (Schott et
al. 2002). However, the relatively higher ratio between the bacterial and primary
productivity signifies the importance of heterotrophic bacteria in the food web dynamics
in these regions of low autotrophic production (Ramaiah et al. 2009).

1.2. Ecological significance of microbes in the marine

biogeochemical process

The ocean serves as a major repository for anthropogenic CO2 and the current global
awareness of climate change has prompted intense interest in studying carbon
biogeochemistry in marine habitats. Nearly one-half of global photosynthesis occurs in
the ocean and this results in the production of huge amounts of organic matter. VVarious
biological, chemical and physical forces in the oceanic realm modify, decompose and

2



redistribute it within diverse time frames ranging from a few hours to long periods
extending up to hundreds of years (Hansell and Carlson, 2013). Heterotrophic bacteria,
the largest component of the microbial community, account for the substantial
transformation of particulate organic matter in aquatic ecosystems into dissolved organic
matter and run the microbial loop. Viral breakdown and heterotrophic activity by fungi,
yeasts and other protists also play an important role in the marine biogeochemical cycle
through the microbial loop (Buchan et al. 2014). Studies have shown that the microbial
diversity and community of the heterotrophic microbes change with the availability of
dissolved organic matter (Giovannoni et al. 2005; Jiao et al. 2010). The microbial ecology
investigations in the latter part of the twentieth century have proved beyond doubt that
microbial communities play a central role in organic matter recycling in marine
ecosystems (Castillo et al. 2022). Gaining a thorough understanding of the bacterial
communities and their activities in the NIO, which is one of the productive marine regions
is essential for comprehending their significance in the present-day context which is
witnessing a major shift due to climate change (Dalpadado et al. 2023; Sridevi et al.
2023).

Microbial communities are of prime ecological importance as the transformation
of organic matter from labile to recalcitrant states is known to occur through the microbial
carbon pump. A proportion of this transformed organic matter is not mineralized but is
instead stored for hundreds of years in the form of refractory organic matter in the ocean.
The modest fluctuations in the ocean's carbon reservoir can wield a substantial influence
on the atmospheric carbon dioxide reservoir. As a result, research efforts have been
sparked to investigate the contribution of microbial communities in the biotransformation
of organic matter (Carlson et al. 2011; Castillo et al. 2022). Understanding these processes
is crucial for comprehending the mechanisms by which carbon is transformed in the ocean
as there are numerous unanswered guestions from the microbial carbon pump perspective,
especially from the NIO. This basin is unique as it is one of the highly productive regions
due to the semi-annual, monsoonal influence and harbours one of the major pelagic
oxygen-depleted environments. Hence it is imperative to get a complete understanding of
the scientific information available on the bacterial abundance, composition and
distribution of the different phylogenetic taxa and their functional importance from this

region.



1.3. Understanding of bacterial ecology in the NIO during the

pre-genomics era using conventional tools

The pioneering works on marine microbial ecology were carried out in the NIO
regions during the IIOE and from coastal regions along the Indian coastline were
reviewed by lyer and Pillai (1976). The paper provides an extensive analysis of the work
carried out from 1950 to 1970, utilizing the available conventional tools of that time,
offering valuable insights into the research conducted during that era. It includes the first
studies which showed the presence of autochthonous bacteria from these regions and the
diversity of bacterial and fungal flora associated with many marine organisms is also
summarised (lyer and Pillai, 1976). Studies carried out to understand the bacterial
community from the latter part of 1970 up to the 1990s, were largely based on culture-
based techniques and plate counts to estimate the bacterial CFUs (Figure 1.2). In these
studies, the microbial groups present in the marine habitats were determined based on the
biochemical assays to identify the bacteria and determine their activity (Appendix 1.1).

The studies from this period largely were from nearshore and coastal regions (Nair et
al. 1978; Nair and Loka Bharathi 1982; Loka Bharathi and Chandramohan 1990; Ramaiah
and Chandramohan 1992a). Ship-based observations were also carried out to determine
the vertical distribution of heterotrophic bacteria (Nair et al. 1979; Chandramohan et al.
1987; Loka Bharati et al. 1992; Duklow, 1993). The physiological activities of the
bacterial isolates from the southwest coast of India and Lakshadweep regions in the
Arabian Sea region were carried out based on biochemical assays (Appendix 1.1). The
authors reported considerable monthly changes in the bacterial populations, indicating
that terrestrial runoff influences bacterial dispersion. Proteobacteria, Firmicutes,
Bacteroidetes and Actinobacteria were the only bacterial phyla identified during this time
frame, based on biochemical assays (Figure 1.3). The carbohydrase, lipolytic and
proteolytic activities and the role of bacteria in the marine, nitrogen and sulfur cycle were
also characterized based on biochemical tests (Figure 1.4 and Appendix 1.1).

Studies on the novel and unique groups such as the photosynthetic bacteria were
characterized from the sediments of the Lakshadweep lagoons of Agatti atoll by Loka
Bharathi and Chandramohan (1986), who identified them as Prosthecochloris spp. and

Chromatium spp. using electron microscopy.
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Figure 1.1: Map showing sampling locations of bacterial studies in different periods in the Northern Indian Ocean.



Limited research has been conducted on the photosynthetic non-sulfur bacteria belonging
to the Rhodospirillaceae family in this region. Similarly, studies on luminous bacteria,
which employ various enzymes to produce light energy are distinctive and widespread in
marine environments, including the N10O region. These luminous bacteria occupy diverse
ecological niches within the marine environment. Despite their significance,
comprehensive investigations on these bacteria in tropical seas are lacking, leaving a gap
in our understanding. To date, there have been no reported studies specifically focused
on the production of enzymes by luminous bacteria. Ramaiah and Chandramohan (1992b)
investigated the activity of L-asparaginase in marine photosynthetic bacteria collected
from different marine ecosystems. While reports on these bacterial groups have emerged
from the Andaman Sea, shedding light on their mechanisms of bioluminescence in marine
habitats (Zari et al. 2020), there is still much to explore regarding many of these novel
marine bacterial groups and their distribution patterns. The current understanding remains
incomplete, and further research is needed to delve into the exploration of these bacteria
and gain a more comprehensive understanding of their diversity and ecological
distribution. In the pre-genomic era, studies to understand the microbial process relied on
quantifying colony-forming units (CFUs) which were supported with microscopic
observations to determine bacterial abundance and estimation of productivity using
radiolabelled compounds (Figure 1.2). Studies to determine the bacterial abundance based
on microscopic analysis using chromogenic dyes such as Acridine orange are reported
from the early 1990s in the Indian Ocean region (Appendix 1.1). Since then, there have
been significant advancements in the approach to determining microbial abundance
(Ramaiah et al. 1996b; Hoppe and Ullrich 1999; Pomroy and Joint 1999; Koppelmamn
et al. 2005). Estimating bacterial abundance remains a critical parameter that continues
to be studied extensively even till the present day using molecular probes (Figure 1.2).
Starting from the early 1990s, studies on bacterial productivity in the open ocean regions
of the Arabian Sea and BoB, including the oligotrophic waters of the EIO, were conducted
using labelled thymidine or leucine (Figure 1.2). These methods were employed to assess
and quantify bacterial productivity in these marine environments. The focus of these
studies was to gain insights into the metabolic activity and growth rates of bacteria in the
oligotrophic waters of the EIO, as well as in the AS and BoB basins (Ducklow 1993;
Ramaiah et al. 1996b; Hope and Ullrich; Pomroy and Joint 1999; Prasanna Kumar et al.
2000; Gauns et al. 2005; Gonsalves et al. 2009; Basu et al. 2013).
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In a study conducted by Ramaiah et al. (1996a), the researchers examined the variations
in bacterial abundance and productivity across different seasons and locations in the central
and eastern regions of the Arabian Sea. The findings highlighted a significant turnover of
bacteria during the inter-monsoon period in April-May. This turnover was suggested to play a
crucial role in supporting the dominance of the ‘microbial loop’ within the food web and as a
source of dissolved organic carbon. These results shed light on the seasonal and spatial
dynamics of bacterial communities, emphasizing their importance in nutrient cycling and
carbon fluxes in the Arabian Sea ecosystem. Furthermore, this study established the significant
role of microbes in biogeochemical processes by elucidating the relationship between
transparent exopolymer particle concentrations, labile particulate organic carbon, and total
organic carbon. The findings highlighted the importance of microbial activity in the production
and degradation of organic matter, which are known to influence the cycling of carbon in
marine ecosystems. This relationship provides valuable insights into the intricate interactions
between microbes and organic carbon pools, further emphasizing the essential role of microbes
in biogeochemical processes.

Monsoon season and increased primary productivity are characteristic features of the
NIO, hence many studies tried to establish the correlation between primary and bacterial
productivity. The researchers evaluated the biological response to physical forcing and its
impact on the primary productivity and the biological pump of the northern Arabian Sea during
the northeast monsoon of 1997 (Dileep Kumar et al. 1998; Prasanna Kumar et al. 2001). Studies
suggest that the average bacterial production in the global oceans is approximately 30 % of the
primary production (Cole et al. 1988). However, bacterial productivity is reported to be up to
40 % of primary production during the summer monsoon in the eastern half of the AS, along
the west coast of India (Ramaiah et al. 1996a). The average ratios of bacterial to primary
production accounted for about 29 % in the central BoB and 31 % in the western BoB, along
the east coast of India. Additionally, the study demonstrated that the relationship between
phytoplankton and bacterial production differs in open ocean and coastal waters. The
heterotrophic bacteria are also shown to utilize in situ dissolved organic carbon, rather rapidly
and it is also apparent that they use allochthonous, organic matter to meet their carbon demands
(Fernandes et al. 2008). The autotrophic production in the ultra-oligotrophic EIO is poor,
however, the higher bacterial productivity reported in these regions is a critical link in the
trophodynamics, as the bacterial biomass production generates food for phagotrophic
heterotrophs through the microbial loop and mineralization provides nutrients for autotrophs
(Damare and Raghukumar 2008; Fernandes et al. 2008). The classical ‘Arabian Sea
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mesozooplankton stable-biomass paradox’ through the microbial loop was established based
on the studies by quantifying the abundance of heterotrophic bacteria, protists,
microzooplankton and bacterial growth rates in the northern AS. This showed that
heterotrophic bacteria play a key role in supporting microzooplankton growth, particularly in
the mesopelagic zone (Ramaiah et al. 2005). Such important microbial processes were
established based on the abundance, biochemical tests and productivity measurements (Figure
1.2 and Appendix 1.1) which have shown the role played by the bacterial community in the
NIO. These methods, although limited by their reliance on cultivable organisms, were

instrumental in studying microbial processes before the emergence of genomic techniques.

1.4. Improved understanding based on genomic and metagenomic

studies

Molecular tools to study the bacterial diversity from various niches including marine
habitats were established in the late 1990s (DeLong, 1997; Hugenholtz et al. 1998). The first
reports of bacterial diversity, based on Denaturing Gradient Gel Electrophoresis (DGGE)
analysis from the NIO region were reported in the same year by the international community
(Riemann et al. 1999) from the central AS and along the Oman coast (Figure 1.1 and Appendix
1.2). However, detailed studies using molecular tools were carried out from 2009 onwards
which targeted the microbial community from the AS oxygen minimum zone (OMZ)
(Jayakumar et al. 2009). They investigated the bacterial diversity and community structure in
these regions by analysing the 16S rRNA gene based on Restriction Fragment Length
Polymorphism (RFLP). Along with it, they also characterized the gPCR-based functional
markers to understand the denitrifying and anammox bacterial community (Pitcher et al. 2011;
Jay et al. 2013). Following this, the use of 16S rRNA gene sequence for the identification of
cultivable bacterial groups was reported (Figure 1.2). Studies have also described the
taxonomic and functional diversity of culturable bacteria in the sediments underlying the OMZ
in the AS based on the amplified rDNA restriction analysis (ARDRA) along with 16SrRNA
sequencing for genotypic characterization (Divya et al. 2010).

The cultivable bacterial diversity was studied for analysis of the phylogenetic diversity
from the OMZ (Figures 1.2 and 1.3). Most of the studies also characterized their ecological
importance based on the analysis of their functional characteristics to study their role in the
nitrogen and sulfur cycle (Amberkar et al. 2018; Mulla et al. 2018; Fernandes et al. 2019;
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Menezes et al. 2020; Bhattacharya et al. 2020). Studies were also carried out in the open ocean
region to study the cultivable diversity and bacterial markers such as fatty acid methyl esters
(FAME) were also used for taxonomic characterization and comparative analysis (Isaccs et al.
2021). Khandeparker et al. (2011) investigated the abundance and phylogenetic diversity of
culturable bacteria in coastal, estuarine habitats and their ability to produce carbohydrate-
degrading enzymes was reported (Figure 1.4). The study showed that 65 % of isolated bacteria
were able to hydrolyse complex marine carbohydrates. Many coastal studies were carried out
using these molecular tools and they also investigated the secondary metabolite production of
the cultivable bacteria along with their taxonomic characterisation (Rajyasabhapathi et al.
2013; Anas et al. 2016; Pawar et al. 2018). These studies on the cultivable diversity of bacteria
using 16S rRNA sequence analysis grouped the isolates into the major five bacterial phyla
Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria and Chloroflexi which increased to
about 15 recognised and 7 candidate bacterial phyla based on metagenomic analysis using
different molecular tools like DGGE, RFLP, cloning and sequencing technique (Appendix 1.2
and Figure 1.3). Metagenomic, 16S rRNA clone library analysis, characterized the bacterial
community structure and diversity in the OMZ sediments of the eastern AS which showed the
presence of unidentified candidate bacteria phyla, Microgenomates, Omnitrophica and
Aminicenantes for the first time from this region (Figure 1.3). Proteobacteria were shown to
be the most prevalent taxa, followed by Planctomycetes and Chloroflexi; other bacterial phyla
such as Spirochetes, Firmicutes, Acidobacteria, Verrucomicrobia and Thermodesulfobacteriota
were also reported. The bacterial dynamics determined based on the variations in the OMZ
intensity between the slope and offshore stations showed that anaerobic bacteria are the
dominant community (Gonsalves et al. 2011). The presence of the fermenters, nitrate-reducing,
ammonia-oxidizing, nitrite-oxidizing and sulfate-reducing bacterial populations in the OMZ in
these studies suggests that these bacterial groups have an impact on the OMZ and lead to the
formation of a more intense and thicker OMZ in the eastern AS than in the western AS based
on biochemical assay (Appendix 1.2). DGGE-based investigations to study the influence of
seasonal variations in physicochemical features and phylogenetic makeup of bacterial
communities from the OMZ region of AS and BoB have reported, seasonal fluctuations in the
bacterial groups belonging to Alphaproteobacteria, Gammaproteobacteria, Cyanobacteria,
Bacteroidetes, Chlamydiae, Chloroflexi, Planctomycetes and candidate phyla such as
Latescibacteria (Jain et al. 2014; Divya et al. 2017).
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The AS-OMZ characterized based on 16S rRNA cloning and sequencing studies on the
depth-wise profiles of the bacterial community, showed that Proteobacteria and Cyanobacteria
contributed to the maximum bacterial diversity and taxa such as Alteromonodales,
Sphinogomonadales, Rhodobacterales, Burkholderales and Acidimicrobiales. They were
shown to contribute to the microaerophilic metabolism and ability to degrade and assimilate
particulate organic matter (Bandekar et al. 2016; 2017). Further previously undescribed
diversity both in surface and OMZ layers was also reported with bacterial communities that
were shown to be involved in major biogeochemical processes such as denitrification,
anammox and sulfur oxidation within the OMZ (Gomes et al. 2015; Gomes et al. 2017). Studies
on the functional diversity from this region were also carried out to quantify the denitrification
and anammox activity using markers genes such as 16Sr RNA, nitrate (narG), nitrite (nirS),
nitrous oxide (nosZ) reductase and anammox-specific hzs and hzo genes (Wang et al. 2017;
Qian et al. 2018; Bandekar et al. 2018; Lincy & Manohar 2020; Lincy & Manohar 2021). These
studies have elucidated the diversity and abundance of both denitrifying and anammox bacteria
which indicates that both the denitrification and anammox processes are occurring
simultaneously. Functional profiles of bacterial communities showed that these reductases
were present in a diverse range of taxonomic groups, mostly well-known denitrifiers and many
novel assemblages of candidate bacterial groups (Figure 1.3). The findings show that the
bacterial populations are varied, with various communities predominating at different depths
in the OMZ with greater diversity in the surface layers from the AS and BoB regions (Appendix
1.2).

Bacterial diversity from the coastal regions along the WCI from Maharashtra,
Karnataka, Goa and Kerala including the mud bank areas off Cochin were also studied using
DGGE analysis. These studies carried out along the southwest coast of India have shown that
upwelling influences the bacterial community structure (Singh and Ramaiah 2011; Veettil et
al. 2015; Anas et al. 2018; Anas et al. 2021). Some studies used these techniques to investigate
the microbial dynamics in the open ocean regions of the NIO to understand the seasonal
changes (Riemann et al. 1999; Jing et al. 2016). These studies based on DGGE largely help in
the identification of the dominant bacterial groups which was a major drawback. Hence 16S
rRNA clone library and sequencing-based studies were much preferred, which brought to light
the phylogenetic diversity of the total bacterial communities at a higher taxa level
(Khandeparkar et al. 2014; Nair et al. 2016). Studies in the upwelling regions along the WCI
have reported a significant seasonal variation and a positive correlation between primary and

bacterial productivity. Studies with the advent of genomic and metagenomic tools paved the
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way to understand the bacterial dynamics in the NIO region in unparalleled detail. Before the
genomic era, the understanding of bacterial communities in this region was largely based on
culture-dependent biochemical methods, which could only account for a fraction of the actual
bacterial diversity (Figure 1.3). With the introduction of genomic techniques, researchers were
able to identify individual bacterial strains, leading to a better understanding of their physiology

and ecological roles.

1.5. Present understanding based on metagenomic studies using

Next Generation Sequencing (NGS) tools

In recent years, the NGS approaches have exponentially increased the understanding of
the bacterial community and introduced an increased number of Candidatus taxa that are still
known only based on their genomic makeup. Since then, there has been an exponential increase
in reports on the identification of bacterial phyla (Figure 1.3). The application of these tools
has brought to light a greater understanding of the microbial community and their contribution
to the marine biogeochemical process. These NGS-based studies were carried out from the
coastal habitats such as the tropical estuaries of Mandovi and Zuari situated in Goa, port areas,
coastal regions along the WCI from Gujarat to Kerala and from the east coast of India (Gomes
et al. 2017; Parvati et al. 2019; Nathan et al. 2020; Parvati et al. 2020; Mote et al. 2021). The
impact of the estuarine and coastal activities on the bacterial community structure was also
studied using these latest high throughput sequencing techniques (Khandeparker et al. 2017;
Sachithanandam et al. 2020; Jasna et al. 2020; Kuchi et al. 2021). The association of the
microbial communities investigated using the NGS method showed the presence of archaeal
and bacterial groups. The distinct microbial communities identified, suggest differing
microbial activity contributes to the sediment nutrient cycling. Studies from the mangrove
habitats and characterizing the anthropogenic factors show that they have a significant role in
community composition and ecosystem functioning. The bacterial diversity studied from
coastal habitats and associated with pollutants using metagenomics tools have also identified
the bacterial communities that can be used for the bioremediation of harmful pollutants such
as hydrocarbons (Fernandes et al. 2019).

The NGS-based studies on 16S rRNA sequence are used to study only the bacterial
diversity and some studies have used 16S rRNA primers to study the specific functional groups
like the annamox community (Villanueva et al. 2014; Lincy & Manohar 2021). These NGS-
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based studies were also carried out in the open ocean region, however as most of these studies
provide information only on bacterial diversity (Sujith et al. 2017; Gao et al. 2021), studies are
often supplemented with functional diversity analysis using shotgun metagenomic sequencing
analysis (Appendix 1.1 and Figure 1.2). In 2017, Verma et al. explored the bacterial
communities in the deep-sea sediments of the Bay of Bengal and the volcanic Barren Island in
the Andaman Sea. The research revealed that Actinobacteria emerged as the dominant phylum
across all stations. An intriguing finding was the influence of sediment texture on the
differences observed in bacterial composition between the two locations. The study also delved
into the genetic variations within the sediment bacteria, which might play a crucial role in
enabling their adaptation to the extreme and extremophilic conditions of the deep-sea
environments. Recent studies for understanding bacterial communities and metabolic
potentials from the open ocean regions contribute significantly to our understanding of
bioprospecting efforts and the intricate geochemical cycling processes occurring in the deep
sea (Wu et al. 2019; Ding et al. 2021). Another study by Zhu et al. (2022) studied the EI1O, with
a particular focus on microbial communities in deep-sea sediments. The findings reported the
dominance of bacterial phyla such as Proteobacteria, Firmicutes and Chloroflexi, alongside
abundant archaeal (Thaumarchaeota and Euryarchaeota) and fungal (Ascomycota and
Basidiomycota) taxa. Interestingly, a significant portion of the archaeal and fungal
communities remained unclassified in existing databases, shedding light on the vast unexplored
territory of microbial life in this inaccessible marine ecosystem. Moreover, the study revealed
that bacterial communities exhibited higher dynamics compared to archaeal and fungal
communities, suggesting unique ecological roles for each group in this less-explored marine
ecosystem. In the same year, Marimuthu et al. (2022) studied a deep-sea region of the BoB,
employing the Nanopore sequencing technique. They investigated the microbial diversity and
metabolic potentials of deep-sea sediment samples. Their findings showcased the dominance
of Proteobacteria in sediment samples, with depth playing a crucial role in determining
taxonomic diversity. Notably, these bacterial communities demonstrated potential for carbon
dioxide fixation, nitrogen, and sulfur metabolism, as well as bioremediation capabilities for
various pollutants (Figure 1.4). The genomic tools are used not only to understand the diversity
but also to elucidate their functional characteristics based on transcriptomic and proteomic
analysis (Bhattacharya et al. 2020; Bhattacharya et al. 2021; Xing et al. 2021). However,
reports of these latest approaches are very few from the NIO region.

15



Iron oxidiser =3
Dehalogenetion B Activity based on biochemical assay
Catalase
Citrate synthase OgPCR based functional diversity
Esterase
Butyrase @ Functional diversity based on NGS
Dehydrogenase
Oxalic acid degradation ==
Hydrocarbon degradation
Oxidase
Siderophore production
DNAs
Amino acid utilization
Methane cycle
Phosphorus cycle
Sulphur cycle |
Nitrogen cycle I |
Lipase
Protease
Carbohydrase-Polysaccharides |
Carbohydrase-Monosaccharides |

0 5 10 15 20 25 30

Functional activities

Number of publications

Figure 1.4: Number of publications reporting functional activities of bacterial communities using different techniques in the Northern Indian

Ocean.

16



In conclusion, N1O is one of the most characteristic regions with diverse oceanographic
features. Understanding of the microbial community structure in these unique habitats has
rapidly increased in the last decade, especially with the advent of molecular tools and the
application of NGS technologies. Early studies on marine microbial ecology in the N1O regions
date back to the 1950s-1990s. These pioneering studies utilized culture techniques, qualitative
plate assays and biochemical tests to identify and understand bacterial activity. Autochthonous
bacteria were discovered in these marine regions, with specific studies focusing on their
physiological activities and involvement in marine nitrogen and sulphur cycles. Techniques
before the genomic era relied on quantifying colony-forming units (CFUs) and microscopic
observations. These earlier methods, although limited by their reliance on cultivable organisms,
were essential in studying microbial processes. Molecular tools, introduced in the late 1990s,
significantly enhanced the understanding of bacterial diversity. Techniques such as DGGE,
RFLP, ARDRA and cloning-dependent 16S rRNA gene sequencing were employed. These
molecular tools revealed the presence of many more bacterial phyla and provided insights into
their functional characteristics, especially concerning nitrogen and sulphur cycling (Figure
1.4). Metagenomic studies further expanded the understanding of bacterial community
structures, especially in the oxygen minimum zones (OMZ) and deep-sea sediments. These
tools have identified bacterial taxa in-depth, revealing the existence of numerous Candidatus
taxa known only by their genomic makeup. Also, studies to characterize the functional diversity
of bacterial communities have been consistently used to understand the metabolic processes
and functional characteristics in these habitats. Despite advancements, a large part of the
bacterial diversity from the NIO remains unexplored, with many unanswered questions related
to microbial carbon pumps, especially from the biogeochemically active upwelling regions.
This can be addressed by mapping the abundance, composition and distribution of the
microbial parameters along with the transcriptome studies. Studies based on their
metabolomics need to be carried out to improve our understanding of the microbial processes
in the NIO, which is a dynamic, oceanographic habitat. Hence in this study, the relationship
between the physicochemical characteristics and primary productivity on the bacterial
abundance, cultivable diversity, its activity and metagenomics-based phylogenetic and
functional profiles along the WCI during the non-monsoon and monsoon seasons were studied

based on the following objectives:

1. To investigate the spatial variations in bacterial abundance and activity along the west
coast of India.
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2. To map the bacterial community structure along the west coast of India.
3. To determine the functional diversity of the bacterial groups along the west coast of

India.

1.6. Study area and sampling strategy

For this research work, sampling was carried out on oceanographic cruises during the
non-monsoon season (Cruise SSK113-January 2018 and SSK125-February 2019) and
monsoon seasons (Cruise SSD053-July 2018 and SSK131-September 2019). Samples were
collected from both these seasons along the WCI at three stations, off Goa, Mangalore and
Trivandrum, which lie between 8 and 16°N and 72 to 76°E (Figure 1.5). The three locations at
each station are (i) in the coastal, continental shelf region at ~ 30 m water depth, (ii) in the
slope along the ~300 m contour and (iii) in the off-shore location at ~ 600 m water depth. The
sampling stations off Goa from the continental shelf, slope and off-shore region are designated
as G30, G300 and G600 respectively, similarly, sampling stations off Mangalore are designated
as M30, M300 and M600 and off Trivandrum station as T30, T300 and T600 (Figure 1.5).

Figure 1.5: Study area and sampling stations along the west coast of India at Goa, Mangalore

and Trivandrum.
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Chapter 2.
Bacterial dynamics and community
structure based on culturable diversity

along the west coast of India.



Abstract

The West Coast of India (WCI) is influenced largely by semi-annual changes in
the wind pattern and monsoonal currents. This is reported to cause upwelling which
increases the phytoplankton growth in this region during the summer monsoon and it is
recorded to be one of the world’s highest primary productivity. Increase in the
phytoplankton productivity is known to influence the microbial activity which is one of
the key biogeochemical processes of the marine ecosystem as it plays an important role
in the biotransformation of organic matter. However, the changes in the bacterial
community structure and their heterotrophic enzyme activity with increasing primary
production are not clearly understood from this region. Hence in this study, the bacterial
dynamics along the WCI at Goa, Mangalore and Trivandrum, were investigated from the
continental shelf, slope and off-shore region during the non-monsoon and monsoon
season. Seasonal changes in the bacterial parameters such as abundance, viable counts
and radioactivity based in-situ primary and bacterial productivity were estimated, along
with the physicochemical characteristics. Statistical analysis shows a significant (p <
0.05) correlation between primary and bacterial productivity. Significant seasonal
variations could also be established for the physicochemical parameters such as dissolved
oxygen, nitrate, nitrite and phosphate, fluorescence values representing the chlorophyll
concentration, bacterial abundance, viable counts and productivity. Taxonomic diversity
studies on the cultivable bacterial morphotypes have shown that Proteobacteria,
Firmicutes and Actinobacteria were the major phyla found during both the non-monsoon
and monsoon season and Bacteroidetes, was represented only in the non-monsoon season.
The bacterial community structure at phylum, genus and operational taxonomic unit
levels also changed with higher diversity in the monsoon season. However, the hydrolytic
enzyme activity of the bacterial morphotypes was comparatively lower during the
monsoon season probably due to the active primary production. Though this study has
improved our understanding of the monsoonal influence on the bacterial dynamics along
the WCI, further studies based on metagenomic and transcriptome analysis are required
to get a better understanding of the role played by the bacterial community from this

region.
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2.1. Introduction

Nearly one-half of the global photosynthesis occurs in the ocean due to the carbon
fixation by the phytoplankton community and this leads to the production of huge
amounts of organic matter (OM) (Karl et al. 1998; Muhlenbruch et al. 2018). Various
physical, chemical and biological processes such as viral lysis, microbial activities and
protistan grazing of phytoplankton cells; modify, decompose and redistribute the OM
within diverse time frames ranging from a few hours to millennia (Robinson and
Ramaiah, 2011; Stoecker et al. 2017). The carbon fixed by the phytoplankton can be
categorized into two distinct oceanic carbon pools: particulate organic matter and
dissolved organic matter (Jiao et al. 2014). The phytoplankton biomass, zooplankton,
nektons and their degraded cells, and the microbial communities constitute the particulate
organic matter, estimated to be approximately 30 x 10 g C (Hansell and Carlson, 2001).
Most of it is immediately respired back as CO2 by diverse biota and a small fraction is
actively transported to the seafloor by higher organisms through the ‘biological pump’
and the ‘microbial carbon pump’ by the heterotrophic microbial communities (Ducklow
et al. 2001; Jiao et al. 2011; Enke et al. 2018). The heterotrophic activity of the microbes,
especially the enzymatic breakdown of OM, is the major pathway that produces dissolved
OM and drives the oceanic carbon cycle (Fang et al. 2015; Moran et al. 2022).

Understanding the importance of microbial activity has increased significantly after
the role of microbial transformation of particulate OM to labile and refractory forms in
the oceanic habitats was characterized (Jiao et al. 2014; Lian et al. 2021). Though most
of the OM would be readily respired, a small fraction is known to be converted into
refractory organic matter which has a turnover time of millennia (Hansell and Carlson,
2013; Siegel et al. 2021). Recent studies indicate that specific bacterioplankton lineages
are responsible for remineralizing the OM (Landa et al. 2016). It is also evident that many
of the bacterial communities are structured with unique metabolic capabilities that are
important in determining the fate of the exported OM and its lability (Robinson and
Ramaiah, 2011). Heterotrophic bacteria utilize the OM through the hydrolytic activity of
the extracellular enzymes and the ability of the bacterial groups to utilize the OM varies
considerably. Reports have shown that Alpha, Beta and Gamma Proteobacteria and
Bacteroidetes have the metabolic genes necessary to produce and secrete a variety of

extracellular hydrolytic enzymes (Zimmerman et al. 2013; Teeling et al. 2016; Mahmoudi
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et al. 2019). This implies that the ability to produce these enzymes is a functionally
distinct rather than a functionally redundant feature and that changes in the taxonomic
composition will affect the hydrolytic activity (Mahmoudi et al. 2020). The ability of
microbial extracellular hydrolytic enzymes to access and break down complex organic
substances as a source of carbon and energy is the central metabolic process of the marine
habitat as it can, in turn, control the production of the primary producers (Arnosti, 2011;
Amin et al. 2015; Bolch et al. 2017).

The West Coast of India (WCI) extends from 7°N to 25°N bordering the eastern
Arabian Sea covering a total length of approximately 3010 km coastline of the Indian
sub-continent. This region is influenced largely by semi-annual changes in the climate,
wind pattern and monsoonal currents. The Arabian Sea and its coastal regions are known
to be one of the highly productive regions of the World Ocean (Sarma et al. 2003;
Dalabehara and Sarma, 2021). Studies have shown that the average primary productivity
(PP) along the WCI is calculated to range from about 210 mg C m? d! and it increases
close to 950 mg C m d* during the summer or southwest monsoon season (Gauns et al.
2005). During this season, the upwelling of nutrient-rich subsurface waters leads to an
increase in the phytoplankton biomass and this is known to control the production of OM
in these regions (Ram et al. 2003; Jacob et al. 2009; Shanthikrishnan et al. 2021). Bacterial
abundance and activities are also shown to have a similar changing pattern with low
abundance and reduced bacterial productivity, during the winter (December-February)
which increases during the summer monsoon (June-September) (Ramaiah et al. 2009).
However, the bacterial activity of the communities that also proportionately increases
during the monsoon season is not elucidated thoroughly from this region. Hence this study
aimed to understand the relationship between the physicochemical characteristics and PP
on the bacterial abundance, cultivable diversity and its activity during the non-monsoon
and monsoon season along the WCI representing the continental shelf, slope and off-

shore regions.

2.2. Methodology

2.2.1. Study area, sample collection and measurement of physicochemical

parameters
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Sampling was carried out during the non-monsoon season onboard RV Sindhu
Sankalp (Cruise # SSK-113) in January 2018 and the productive, summer monsoon
season onboard RV Sindhu Sadhana (Cruise # SSD-053) in July 2018. In total 42 samples
were collected from each seasons along the WCI at three stations, off Goa, Mangalore
and Trivandrum, which lie between 8°N to 16°N and 72°E to 76°E (Figure 1.5). The three
locations at each station were (i) in the coastal, continental shelf region at ~ 30 m water
depth, (ii) in the slope along the ~ 300 m contour and (iii) in the off-shore location at ~
600 m water depth. The sampling stations off Goa from the continental shelf, slope and
off-shore region are designated as G30, G300 and G600 respectively, similarly, sampling
stations off Mangalore are designated as M30, M300 and M600 and off Trivandrum
station as T30, T300 and T600 (Figure 1.5).

The conductivity-temperature-depth (CTD) underwater profiler (Sea-Bird, USA,
model: SBE-911 plus, sensor accuracy of £ 0.0003 S/m, + 0.001°C and £ 0.015 % for
conductivity, temperature and depth respectively) was used to measure the water column
physicochemical properties temperature, salinity, dissolved oxygen (DO) and
fluorescence representing the chlorophyll concentration using the respective electronic
probes at all the nine stations in the January and July 2018 sampling. Water samples from
the shelf stations G30, M30 and T30 were collected from the surface, chlorophyll maxima
depth (C-Max), based on the CTD profile; and bottom waters, at about 3 m above the
seafloor. Similarly, at the slope stations, G300, M300 and T300 samples were collected
at the surface, C-Max, 100 m, 200 m and bottom water depths (~300 m). In the off-shore
stations, along the 600 m contour, samples were collected from the surface, C-Max, 100,
200, 300, 400 m and bottom depth (~ 600 m). The C-Max depth varied for each station
and it was determined based on the values obtained from the fluorescence sensor
representing the chlorophyll concentration during the downward haul of the CTD profiler
and the water samples were collected at discrete depths during the upward haul, using
pre-cleaned Niskin samplers connected to the underwater CTD unit (Sea-Bird, USA). The
water samples collected were immediately sub-sampled and stored appropriately for
further analysis. Nutrients such as nitrate, nitrite, phosphate and silicate levels in the water
samples were analyzed using an automated continuous flow analyzer (SKALAR 5000,
Netherlands).

2.2.2. Primary productivity measurements
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The PP measurements in the water samples from the coastal, shelf and off-shore
stations in both seasons were measured using the **C-labelled inorganic C, NaH*CO3 as
per JGOFS protocols (UNESCO 1994). For this water samples were collected from the
surface, C-Max, and 30 m depth at the shelf stations and from the surface, C-Max, 100 m
and 200 m of the off-shore stations in three light and one dark, 300 ml polycarbonate
bottles (Nalgene, Germany). One ampoule of NaH*COs (Board of Radiation and Isotope
Technology, Mumbai; Specific activity 185 kBq) was added to each bottle and incubated
in-situ using a mooring system for 12 hours from sunrise to sunset. At the end of the
incubation period, water samples were filtered through GF/F 47 mm diameter, 0.7 um
pore size filters (Whatman, USA) and stored in the dark in scintillation vials. For analysis,
filters were dissolved overnight in concentrated HCI, followed by incubation in a liquid
scintillation cocktail (Sisco Research Laboratory, Mumbai). The radioactivity was
measured in the scintillation counter (PerkinElmer Wallac 1409 DSA, USA) and
expressed as mg C m=3d?,

2.2.3. Estimation of bacterial abundance, viable counts, productivity,

respiration and growth efficiency

Bacterial abundance (BA) was determined following the modified method of Porter
and Feig (1980). In brief, subsamples of ~20 ml water, from each depth were preserved
with buffered formalin (2 % final concentration) immediately after sampling and stored
at room temperature in the dark for further analysis. One to five ml aliquots of the
preserved samples in triplicates were incubated with 4’6’-diamidino-2-phenylindole
(DAPI) at the final concertation of 1 ug mIt and filtered onto black, 0.22 um pore size
polycarbonate membrane filters (Millipore, U.S.A). Counts were made from 10 - 20
microscopic fields with an epifluorescence microscope (Olympus BX-51, Japan). The
final bacterial counts were expressed as numbers L of the water sample.

Total viable counts (TVC) of bacteria were enumerated from water samples
following the spread plate technique on Zobell Marine Agar (ZMA) microbiological
plates. For this, seawater samples of 100 pL aliquots were plated aseptically on ZMA
plates in triplicates and incubated aseptically for 24 - 48 hours at 28°C along with

appropriate controls to minimize contamination. Bacterial colony counts were determined
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at the end of the incubation and expressed as colony forming units (CFUs). Bacterial
colonies grown were characterized based on their colony morphology and grouped into
morphotypes. One representative colony for each morphotype was streak-purified on
ZMA plates for further analysis.

The bacterial production (BP) rate was determined based on the *H-thymidine
incorporation rates in the water samples following the method described in JGOFS
Protocols (UNESCO, 1994). BP was estimated at shelf, slope and off-shore stations from
all the depths during both seasons. For this, 20 ml of water samples in triplicates were
incubated in the dark with *H-thymidine (specific activity 18 Ci mmole™, Bhabha Atomic
Research Centre, Mumbai) for 2 hours at ambient temperature. The incubation was
terminated by the addition of filtered formalin and the samples were filtered through 0.22
pum cellulose acetate, 25 mm diameter filters (Millipore India, Bangalore). The filters
were rinsed with cold trichloroacetic acid (10 % w/v) followed by ethanol (70 % v/v) and
stored in scintillation vials for further analysis. To measure the radioactivity, the filter
papers were incubated overnight in ethyl acetate, followed by the addition of a liquid
scintillation cocktail (Sisco Research Laboratory, Mumbai) in the recommended volume;
and measured in a scintillation counter (PerkinEImer Wallac 1409 DSA, USA) and
expressed as mg C m=3d?,

Community respiration (TR) rates were estimated from the decrease in DO
concentration in water samples incubated in pre-cleaned 125 ml of BOD bottles for 24
hours. For this water samples were collected in BOD bottles in two sets as triplicates, the
DO in the first set was immediately fixed with Winkler reagents to estimate the initial
concentration. The DO in the second set was quantified at the end of the incubation period
in the dark for 24 hours and the decrease in DO concentration was estimated. DO was
determined using the Dosimat-865 automated titrator following the Winkler titration
method modified by Carpenter (1965). Bacterial respiration (BR) was calculated from the
ratio of BR to TR of 0.45. Bacterial growth efficiency (BGE) was estimated as the ratio
of net bacterial production (BP) to gross bacterial production (BP + BR) (Kim et al. 2017).

2.2.4. Molecular identification of bacterial morphotypes and phylogenetic

analysis
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Bacterial genomic DNA was extracted from pure cultures of all the bacterial
morphotypes grown for 24 hours in Zobell Marine Broth (ZMB) at 28°C using a high salt
concentration buffer followed by chloroform-phenol extraction and precipitation with
isopropanol. The DNA extracted was subjected to PCR amplification of the 16S rRNA
gene using the universal primers 27F (5’ AGAGTTTGATCMTGGCTCAG3') and 1492R
(5TACGGYTACCTTGTTACGACTT-3"). The 25 puL PCR reaction mixture included
genomic DNA, 1X PCR buffer, 1.5 mM MgCl2, 200 uM concentration of each deoxy
nucleotide triphosphate, 0.5 pM concentration of each oligonucleotide primer and the
final volume was adjusted to 25 pL with PCR-grade water. The amplification was
performed using initial denaturation at 94°C for 5 min, followed by 30 cycles of 94°C for
50 sec, 54°C for 45 sec and 72°C for 1 min, with a final extension at 72°C for 7 min with
1U Taq DNA polymerase (Sigma Aldrich) in an Eppendorf vapour protect master cycler.
The confirmation of 16S rRNA amplification was done by agarose gel electrophoresis in
1 % agarose gel prepared using 1X TAE buffer and results were visualized in the
SYGENE Gel documentation system. The PCR product was purified using the HiPurA™
PCR purification kit (HiMedia, India). The PCR products were sequenced in Applied
Biosystems (ABI) 3730 DNA Stretch Sequencer, with the XL Upgrade and the ABI Prism
BigDye Terminator version 3.1 Cycle Sequencing Ready Reaction Kit. They were
processed to remove primers and were also screened for quality using Chromas version
2.6.6. These sequences were analyzed in the NCBI database using the bioinformatics tool
BLAST (Basic local alignment search tool) to confirm their taxonomic and phylogenetic
similarity. GenBank accession numbers of sequences deposited of the bacterial
morphotypes are MW785066-MW785148 and MW795735-MW795873.

The 16S rRNA sequences of the bacterial morphotypes obtained from January and
July 2018 sampling were aligned against the SILVA reference alignment in MOTHUR
version 1.46.1 to obtain pairwise alignment. Based on the distance matrix the sequences
were assigned into operational taxonomic units (OTUs) in MOTHUR using the cluster
command and the average neighbour rule at a cut-off of 0.1 sequence similarity. A total
of 222 sequences obtained from both the samplings were assigned to 111 OTUs. A
representative sequence from each OTU was identified using the get.oturep command
(Schloss et al. 2009) and a phylogenetic tree of representative OTUs was built in MEGA-
X using the maximum likelihood method and Kimura 2-parameter substitution model,
with bootstrap values calculated using the neighbour-joining method with a resampling
size of n = 1000.
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2.2.5. Estimation of hydrolytic enzyme activity

The different morphotypes isolated were analyzed for their carbohydrase, protease
and lipase activity based on qualitative substrate utilization assay following standard
protocols. The utilization of monosaccharides by bacterial morphotypes was studied by
inoculating each bacterial morphotype in media containing pH indicator (Bromocresol
purple) and supplemented with different monosaccharides such as dextrose, arabinose,
rhamnose and galactose individually (Reiner, 2016). The monosaccharide utilization
ability was estimated based on the colour change from purple to yellow due to a change
in pH due to substrate utilization after 48 hours of incubation at 28°C. Extracellular
enzyme activity for hydrolysis of polysaccharides such as starch (1 %), carboxyl
methylcellulose (CMC 1 %), agar (2 %), alginate (0.5 %) and xylan (0.5 %) was also
carried out by using each of the substrates as a carbon source in basal salt agar plates for
estimating the carbohydrase activity (Meddeb-Mouelhi et al. 2014; Sawant et al. 2015;
Khalifa and Kldayel, 2019). Protease and lipase activity were tested on basal salt agar
plates supplemented with Skim Milk (SM) and Tween 80, respectively (Fenice et al.
2007). Each of the bacterial morphotypes was grown on the substrate plates and incubated
at 28°C for 48 hours and observed for their zones of hydrolysis around bacterial colonies.
The hydrolytic activity of amylase, agarose and alginate lyase was determined by staining
with Gram’s iodine for 10 min at the end of the incubation period. Cellulase and xylanase
activity was determined by staining with 0.5 % Congo red for 15 min followed by
destaining with 1N NaCl for 10 min. The protease and lipase activity were estimated by
measuring the zone of hydrolysis around bacterial colonies. The bacterial morphotypes
showing hydrolytic enzyme activity (%) were categorized into no activity or minimum
activity for monosaccharide substrates. For the polysaccharide, protease and lipase
activity (%) the morphotypes could be grouped based on the zone of hydrolysis exhibited
into isolates with very good activity (21-30 mm), good activity (11-20 mm), minimum
activity (1-10 mm) and no activity group. Hydrolytic enzyme activity (%) on different

substrates by the bacterial morphotypes within each phylum was also estimated.

2.2.6. Statistical analysis
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The significance of distribution between physicochemical and biological
characteristics in the two seasons was determined using a single factor ANOVA.
Pearson’s correlation analysis was performed to interpret relationships within
physicochemical and biological parameters between two seasons at the 5% (p < 0.05)

level of significance. Statistical analyses were performed using SPSS 21.

2.3. Results

2.3.1. Physicochemical characteristics, primary productivity and bacterial

dynamics

Seasonal changes were observed in the physicochemical parameters determined
from the sampling locations along the WCI. The average sea surface temperature (SST)
was 28 + 1°C in all the stations during the non-monsoon season in January 2018 sampling;
and during the July 2018 monsoon season, the SST reduced to 27 & 1°C in almost all the
stations, except at Trivandrum shelf station, where the lowest temperature of 22°C was
recorded. In all the shelf (30 m) stations the temperature was almost uniform throughout
the water column in non-monsoon season. However, during the monsoon season, there
was a reduction in temperature by 2 to 4°C from the surface to the bottom waters in the
shelf stations. In the 300 m and 600 m stations, the thermocline was up to ~ 100 m during
the non-monsoon season and in the monsoon season the thermocline depth was reduced
to ~ 50 m at Goa and Mangalore and in the southern station at Trivandrum, it was shallow
at ~ 25 m depth (Figure 2.1). The sea surface salinity during the non-monsoon season was
34 + 2 PSU and the values were uniform throughout the water column in the shelf stations.
During the monsoon season, in the shelf stations, the salinity varies from the surface to
the bottom from ~30 to 34 PSU at Goa and ~33 to 35 PSU at Mangalore. However, there
was no change at Trivandrum (30 m) station. The surface salinity at the 300 m (slope
station) and 600 m station (off-shore station) were 34 + 2 PSU in both seasons and did
not show any seasonal changes. The halocline depth, in the slope and off-shore station,
was similar to the thermocline depth at 100 m during the non-monsoon season and is

reduced to 25 - 50 m depth in the monsoon season (Figure 2.1).
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Figure 2.1: Profiles of physiochemical variables temperature (T, °C), salinity (S, PSU), dissolved oxygen (DO, mg L) and fluorescence (F,

mg m3) in the water column of the shelf, slope and off-shore stations during non-monsoon and monsoon season.
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The surface DO values during the non-monsoon season were ~ 6 mg L™ at the
shelf, slope and off-shore station. In the productive monsoon season, the surface DO
values dropped down to ~ 4 mg L in all the stations and at the shelf region, in
Trivandrum station T30, the value was < 1 mg L. The DO values in the 30 m stations
were uniform throughout the water column during the non-monsoon season, but the
values at Goa and Mangalore dropped to < 1 mg L™ at mid-depth during the monsoon
season. At the 300 m and 600 m stations, the mixed layer depth (MLD) based on the DO
concentration was at 100 m, where the levels reached close to anoxic conditions. During
the monsoon season, the MLD was reduced to a shallower depth (25-50 m) like the other
hydrographic features observed based on the temperature and salinity profiles (Figure
2.1). The chlorophyll concentration was determined using the fluorescence sensor
mounted on the underwater CTD unit in all the locations sampled along the WCI. High
surface fluorescence values of 10 mg m were observed at the G30 station off Goa and 6
mg m at the off-shore station, T600 during the southwest monsoon season. Average
Chlorophyll maxima observed during the monsoon season was at 15 m depth and in the
non-monsoon season, it was at 25 m on the shelf and 50 m on the slope and off-shore
stations. The chlorophyll maxima were observed to be shallower during the monsoon
season than during the non-monsoon season. Average fluorescence values recorded
during the productive monsoon season in the water column were ~ 0.92 mg m3 which
was comparatively higher than the non-monsoon season where the average water column
value was ~ 0.24 mg m™ (Figure 2.1). Nitrate concentration, in all the stations in the WCI
during the non-monsoon season was an average of ~ 13 uM and it reduced to ~ 0.2 uM
in the monsoon season (Figure 2.2). The average nitrite concentration along all the
stations was only ~ 0.1 uM in the non-monsoon season and it increased to ~ 6.6 UM in
the monsoon season. The average phosphate and silicate concentration in the water
column during the non-monsoon season and monsoon season was ~ 2 and ~ 10 uM
respectively. The concentration of phosphate and silicate did not vary much between both
seasons (Figure 2.2).

The average PP in the water column during the non-monsoon season was ~ 48 mg
C m3d* and the values increased during the monsoon to ~ 63 mg C m= d* (Table 2.1).

A similar observation was recorded in the BP measured during both seasons.
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Figure 2.2: Station-wise variables of the chemical parameters nitrate (NO3’), nitrite (NO2),

silicate (SiOs*) and phosphate (PO4+*) measured during non-monsoon and monsoon

season in the shelf, slope and off-shore station.
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Table 2.1: Station-wise profiles of primary productivity (PP), bacterial productivity (BP),
total respiration (TR), bacterial respiration (BR) and bacterial growth efficiency (BGE)

during the non-monsoon and monsoon season.

Station PP* BP* TR* BR* BGE (%)

Non-monsoon

G30 36.8 £61 51114 60.5 + 88 27.2 40 46 + 48
G300 ND 1.2+1.3 9.4+15 42+7 68 + 45
G600 20.7 £ 36 1.8+2.0 2982+421 1342+190 41+51
M30 111.1 + 165 25121 2614 12+2 78 £39
M300 ND 3.1+49 29.5 + 23 13.3+£10 13+13
M600 37.0+48 6.4+5.2 18.2+26 8.2+12 60 + 44
T30 60.3+41 1.2+09 1535+263 69.1+118 52 +50
T300 ND 4+35 57.8+76 26+ 34 35124
T600 24.0 £ 27 1.2+1.38 27.1+25 122 +11 25+ 38
Monsoon
G30 76.6 £ 95 109+08 55.4+80 24.9 + 36 56 + 41
G300 ND 79+16 241.7+333 108.8+150 29+25
G600 229+ 35 85+11 166.7+243 75+109 308 +662
M30 93.2+091 9.1+04 15+3 071 28+ 48
M300 ND 8+0.6 168.2+133 75.7+60 13+7
M600 58.2 £ 65 89+18 91.9+124  444+57 23+22
T30 89.1+76 105+23 13086 58.9+3 15+2
T300 ND 72+21 75.3£55 33.9+25 26+ 18
T600 38.3+40 84+23 193.6+240 90.7 £107 14+8

ND- No data; " (mg C m3d?)

BP was lower during the non-monsoon season in the range of 1.2 to 6.4 mg C m=3d?, as
compared to the monsoon season which was in the range of 7.2 to 10.9 mg C m=d*. The
average TR during the non-monsoon season was ~ 73 mg C m= d* across the sampling
stations and in the monsoon season, it was ~ 125 mg C m* d. A similar trend was
observed in the BR and BGE calculated. During the non-monsoon season and monsoon

season, the BR was 33 and 57 mg C m™ d* respectively.

31



Shelf station

Slope station

Off-shore station

Non-monsoon

BA (x10° Cells L)

10

Depth (m)

N
o

30

100 -

Depth (m)

N

o

o
1

300

200

Depth (m)

oS
o
o

600

TVC (CFU ml)

1500 3000

1500 3000

Monsoon

BA (x10° Cells L)

100

200

—O— Goa

—o=— Mangalore

—@— Trivandrum

0

200

400

600 -

1500 3000

TVC (CFU ml)

0 40 80 0 1500 3000
0
10 -
20 -
o
0 40 80
0
I
100 W 100
200 200
300 300
0 40 80 0 1500 3000
0 0
200 200
400 400
—3— Mangalore
—— Trivandrum
600 600 -Ei

Figure 2.3: Profiles of bacterial abundance (BA) and total viable counts (TVC) in the

shelf, slope and off-shore stations during non-monsoon and monsoon season.
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The average BGE was 46 % during the sampling in the non-monsoon season and
increased to 57 % during the monsoon season (Table 2.1). The average BA, which is the
count of free-living bacteria in the water samples during the non-monsoon season was
13.6 x10° counts L and in the monsoon season, the average water column bacterial cell
counts were 4.9 x10%cells L. BA in the water column was observed to be uniform in
the order of 10° counts L in all the stations during both seasons (Figure 2.3). Total viable
counts of cultivable bacteria determined based on the CFU, estimated during the non-
monsoon season were in the range of 10 to 1910 CFU mlI! and during monsoon sampling,
it was in the range of 75 to 3425 CFU ml™?. Average viable counts during the non-
monsoon season were 224 CFU ml* and 928 CFU ml™* in the monsoon season (Figure
2.3).

Statistical correlation of the physicochemical, autotrophic and heterotrophic,
bacterial parameters in both seasons was studied. DO and Temperature show a very good
correlation with a significance level of 0.01 (Table 2.2). Temperature influences
Fluorescence, PP, TR and BR significant correlation at 0.05 level. DO also showed a
significant correlation with the PP, TR and BR. PP parameters, fluorescence and PP
showed a correlation with very good significance (Table 2.2). A negative correlation with
good significance between DO and bacterial parameters, BP and TVVC and between nitrate
concentration with BP, BR and TVC observed, could be due to the impact of the OMZ
(Gonsalves et al. 2011). Denitrifying conditions are reported from these stations and the
positive correlation between nitrite and BP could be because of the secondary nitrite
maxima reported from these regions due to bacterial activity (Lincy and Manohar, 2021).
Correlation between PP and BP with good significance shows that the bacterial
parameters are influenced by the changes in the PP (Table 2.2). ANOVA analysis of
different parameters between both seasons shows variations with good significance for
DO and nutrients, such as nitrate, nitrite and phosphate which proves the influence of
upwelling on the autotrophic activity (Fluorescence). Significant seasonal variations were
also observed for bacterial parameters BA, TVC and BP (Table 2.3). These results suggest
that the bacteria utilize labile OM which is available in abundance during the productive
season (Ramaiah et al. 2005; Ramaiah et al. 2009).
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Table 2.2: Pearson’s correlation matrix of physicochemical and biological variables, Temperature (T), dissolved oxygen (DO), nitrate (NO3z),
nitrite (NO2"), Fluorescence (F), primary production (PP), bacterial production (BP), Total respiration (TR), bacterial respiration (BR), Bacterial
growth efficiency (BGE) and total viable counts (TVC).

T DO NOz NO2 F PP BP TR BR BGE TVC
T 1
DO 0.87** 1
NOs- -0.20* -0.09 1
NO2 -0.12 -0.11 -0.20* 1
F 0.29* 0.15 -0.17 0.04 1
PP 0.39* 0.24* -0.07 0.09 0.46** 1
BP -0.15 -0.32* -0.37* 0.29* 0.24* 0.23* 1
TR 0.31* 0.27* -0.02* 0.14 0.18 0.12 0.01 1
BR 0.30* 0.27* -0.22* 0.14 0.18 0.12 0.02 0.99** 1
BGE -0.18 -0.11 -0.02 0.00 -0.07 -0.16 0.11 -0.15 -0.15 1
TVC -0.12 -0.31* -.32* 0.14 0.17 0.22* 0.42** 0.05 0.05 0.21* 1

**Correlation is significant at the 0.01 level (2-tailed), * correlation is significant at the 0.05 level (2-tailed).
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Table 2.3: ANOVA: single factor to show the significance of distribution between various
parameters, Temperature (T), dissolved oxygen (DO), nitrate (NO3y nitrite (NO2),
Fluorescence (F), primary production (PP), bacterial production (BP), Total respiration
(TR), bacterial respiration (BR), Bacterial growth efficiency (BGE) and total viable

counts (TVC) during two seasons.

Variables Df F value F critical p-value
Temperature 1 2.22 3.96 0.14
DO 1 19.08 3.96 < 0.001***
Salinity 1 0.36 3.96 0.55
Fluorescence 1 6.19 3.96 0.01**
NO:s- 1 34.74 3.96 < 0.001***
NO2- 1 12.27 3.96 < 0.001***
PO+ 1 22.47 3.96 < 0.001***
SiOs* 1 0.84 3.96 0.36
BA 1 12.88 3.96 < 0.001***
TVC 1 34.92 3.96 < 0.001***
PP 1 0.49 4.08 0.49
BP 1 91.24 3.96 < 0.001***
TR 1 2.14 3.96 0.15
BR 1 2.30 3.96 0.13
BGE 1 0.28 3.96 0.60

Df: degree of freedom, F value greater than F critical value indicates statistical significance, ***significant at 0.1%,

**significant at 1%.

2.3.2. Culturable bacterial diversity and community structure

Unique morphotypes were characterized based on the 16S rRNA sequence for
diversity analysis from non-monsoon and monsoon season sampling. A total number of
83 and 139 unique morphotypes were picked from the non-monsoon and monsoon
sampling, respectively. Proteobacteria, Firmicutes and Actinobacteria were the major

phyla found during both the non-monsoon and monsoon seasons and Bacteroidetes were
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represented only in the non-monsoon season (Figure 2.4). The relative abundance of
Firmicutes phylum was highest (55 %) in January 2018, during the non-monsoon season,
followed by Proteobacteria (42 %), Actinobacteria and Bacteroidetes phyla contributed
to 1 % each in the non-monsoon season (Figure 2.4a). During the monsoon season, the
bacterial communities included Firmicutes, which was represented with the highest
relative abundance of 53 % followed by Proteobacteria with 27 %. The contribution of
Proteobacteria was relatively lower in monsoon compared to non-monsoon sampling
(Figure 2.4). However, Actinobacterial diversity increased to 20 % in the monsoon
sampling and Bacteroidetes were completely absent. Phylum-wise distribution of the
bacterial morphotypes in the shelf, slope and off-shore locations at each sampling station
was also determined. The results show that in the non-monsoon sampling, the distribution
of bacterial morphotypes from the major phyla Proteobacteria and Firmicutes were
uniform in all the stations. Actinobacteria and Bacteroidetes which were represented by
1 % each were identified from the Trivandrum shelf (T300) and Goa shelf location (G30)
respectively (Figure 2.4a). The major phyla, during the monsoon season, included
morphotypes from Firmicutes, Proteobacteria and Actinobacteria. The distribution of
these morphotypes was almost uniform across the shelf, slope and off-shore stations at
all the locations (Figure 2.4b).

The 16S rRNA sequences of 83 and 139 morphotypes from non-monsoon and
monsoon seasons were analyzed together using MOTHUR and clustered into 111 OTUs
which are sequentially represented from BWCI1 to BWCI111. Phylogenetic analysis of
the OTUs shows that 49 OTUs belonged to Proteobacteria which was clustered within
Alpha, Beta and Gamma Proteobacteria class. Firmicutes were represented by 41 OTUs,
Actinobacteria by 20 OTUs and Bacteroidetes by only one OTU (Figure 2.5a-d).
Bacteroidetes were represented by one OTU (BWCI91) only from the non-monsoon
season and clustered with strong bootstrap support with Flavobacterium sp. (Figure 2.5a).
Actinobacteria was represented by 1 % only during the non-monsoon season and it
increased (20 %) during the monsoon season. Within, Actinobacteria, OTU, BWCI81
Micrococcus luteus was the only representative in the non-monsoon season and during
the monsoon season, OTUs BWCI83 and BWCI22 clustered with Micrococcus sp.
sequences. Other Actinobacterial OTUs belonged to major genera such as
Aeromicrobium sp., Corynebacterium sp., Brachybacterium sp., Pseudoclavibacter sp.

and Actinobacteria bacterium.
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Brevibacterium spp. was represented by 2 OTUs, Gordonia spp. and Demequina spp.,
with 3 OTUs and Microbacterium spp. with 4 OTUs with a total representation of 19
OTUs belonging to the monsoon season and there was no shared OTUs within this cluster
(Figure 2.5a). The 49 OTUs of phyla Proteobacteria grouped within the Alpha, Beta and
Gamma clusters (Figure 2.5b, ). No representatives were observed belonging to the Delta
and Epsilon Proteobacteria class from both the samplings. The OTUs belonging to
Proteobacteria clustered within Alphaproteobacteria with 13 OTUs (Figure 2.5b), the
Betaproteobacteria cluster had only 2 OTUs and the Gamma cluster had the maximum
representation with 34 OTUs belonging to well-classified bacterial genera (Figure 2.5c).
Alphaproteobacteria and Gammaproteobacteria had representative OTUs from both
seasons which included major representatives grouping with Erythrobacter spp., from the
former and Alteromonas spp., Alcanivorax spp. and Pseudomonas spp. from the latter.
Betaproteobacteria OTUs clustering with Acidovorax sp. and Comamonas sp. were
represented only from the non-monsoon season and none of the OTUs were common to
both the sampling seasons (Figure 2.5b, c). OTUs belonging to Firmicutes were
represented uniformly in both seasons and of the 41 OTUs clustered within this phylum,
6 OTUs were shared between both seasons. The majority of the OTUs clustered with the
Bacillus spp. followed by Staphylococcus spp. within the Firmicutes cluster (Figure
2.5d).

2.3.3. Hydrolytic enzyme activity of culturable bacterial morphotypes

Characterization of the hydrolytic enzyme activity was determined in all the
representative 83 and 139 morphotypes. The results showed that the bacterial
morphotypes were able to utilize all three major groups of substrates as they exhibited
carbohydrase, protease and lipase enzyme activity. It was observed that monosaccharide
glucose was the most utilized substrate in both seasons (Figure 2.6). The bacterial
morphotypes from the non-monsoon sampling showed higher hydrolytic enzyme activity
with only an average of 50 % which showed no activity and during the monsoon season
sampling, an average of 78 % of the bacterial morphotypes did not show activity in any
of the substrates tested (Figure 2.6). Based on the zone of hydrolysis, the percentage of
morphotypes from the non-monsoon season showed activity in alginate >agar > starch >
CMC >Tween 80 > SM > xylan (Figure 2.6a). The activity of the morphotypes was
relatively lower in the morphotypes from the monsoon season and the hydrolytic enzyme
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activity was characteristically distinct, especially the protease activity which was
relatively the highest. The morphotypes showed activity in SM >alginate >agar > starch
> CMC > xylan> Tween 80 (Figure 2.6b). A small percentage of morphotypes were
largely Bacillus spp. or Pseudomonas spp. exhibited very good activity in the non-
monsoon and monsoon seasons (Figure 2.6). This shows that the isolates from the non-

monsoon season exhibited better hydrolytic enzyme activity.

Non-monsoon Monsoon
Dextrose* () o
Arabinose* O °
Rhamnose* (] o
Galactose* . [
Starch () ° o
% cMC ® . .
% Xylan () .
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*Monosaccharide activity is categorized only into no activity or minimum activity.

Figure 2.6: Hydrolytic enzyme activity of bacterial morphotypes (%) isolated during the

non-monsoon and monsoon season.
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The hydrolytic enzyme activity of the morphotypes belonging to each phylum was studied
and the results show that bacterial isolates from phylum Firmicutes followed by
Proteobacteria from both the sampling season exhibited good hydrolytic activity and were
able to utilize all the 11 substrates tested. Actinobacteria was represented by 1 % only at
phylum and genus level during the non-monsoon season, which increased up to 20 %
during the monsoon season. However, its activity increased marginally from 1 to 8 %
during the monsoon season (Figure 2.7). Bacteroidetes which were represented only by
1% in the non-monsoon season showed minimum activity in major carbohydrate
substrates along with protease and lipase activity. Results show that Firmicutes exhibited

good hydrolytic enzyme activity in both seasons (Figures 2.6 and 2.7).

2.4. Discussion

2.4.1. Relationship between physicochemical characteristics, primary

productivity and bacterial dynamics

The northwestern region of the Indian Ocean, the Arabian Sea, especially the WCI
has higher biological productivity than the eastern, Bay of Bengal or the central,
Equatorial Indian Ocean regions. Studies have shown that the semi-annual reversal of
monsoonal winds annually from June to September induces open ocean upwelling and
divergence in the Arabian Sea. These seasonal features regulate near-surface currents,
influence mixed layer development and affect the nutrient supply to this region (Shetye
et al. 1991; Sarma et al. 2003; Kumar et al. 2007). In addition, winter cooling during the
northeast monsoon (December-February) also adds up to the variability of physical
features (Kumar et al. 2001). The predominant characteristics which include strong
winds, cooler waters, heavy rainfall and a significant increase in phytoplankton
production during the monsoon and warm waters, weak winds, low rainfall and low
phytoplankton production from the non-monsoon season have been reported from the
coastal, southwest region (Santhikrishnan et al. 2021; Kottayil et al. 2022). In this study,
the consequence of the seasonal variations that influence primary productivity and their
impact on bacterial dynamics was investigated.

The water column characteristics assessed during the monsoon and non-

monsoon seasons revealed distinct variations during both seasons. The temperature and
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salinity values characteristically influenced the MLD in the continental slope and off-
shore station, which was observed to be at ~ 100 m depth in the non-monsoon season and
it was shallower at 25 to 50 m depth in the monsoon season. A similar trend was seen in
the oxycline depths in both seasons (Figure 2.1), shallow MLD which is an upwelling
phenomenon was observed during the monsoon season as previously described (Smitha
et al. 2008). A significant increase in fluorescence value was recorded during the
monsoon season (Figure 2.1). Earlier studies from the WCI have shown that the average
PP increases during the monsoon season (June-September) due to upwelling (Ramaiah et
al. 2005). The concentration of the essential nutrient, nitrate reduced significantly during
the monsoon season (Figure 2.2), which could be due to the active PP which could have
depleted the nitrates. An increase in nitrite concentration in the monsoon season (Figure
2.2) is possibly due to the nitrite build-up from denitrification activity in the coastal
stations reported occurring from seasonal hypoxia along the WCI (Naqvi et al. 2010;
Gonsalves et al. 2011; Lincy and Manohar, 2021). TR representing the community
respiration, PP measuring the autotrophic activity and heterotrophic activity based on BP,
BR and BGE all show a significant increase in the monsoon in comparison with non-
monsoon season (Table 2.1). BA estimated during this study was in the order of 10° cells
ml during both seasons. However, the bacterial CFUs during the monsoon increased in
comparison to the non-monsoon season. Increased bacterial abundance during the
monsoon season highlights the bacterial dependence on phytoplankton-derived organic
matter (Molina et al. 2020). These results are consistent with those of the previous studies
from the Arabian Sea suggesting that increases in primary productivity during the
monsoon influence bacterial numbers (Ramaiah et al. 2005; Fernandes and Bogati, 2022).
However, there are no reports on the seasonal variations of the bacterial community and
its activity which is characterised in this study to understand their ecological role during

the monsoon season with increasing productivity.

2.4.2. Seasonal variations in the bacterial community structure

Bacterial diversity from water samples assessed by 16S rRNA sequencing during
this study revealed that the morphotypes belonged to four major phyla, Proteobacteria,
Firmicutes, Actinobacteria and Bacteroidetes which are identified as the predominant

culturable bacterial groups from marine habitats (Amberkar et al. 2021). Proteobacteria
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contributed about 42 % of the bacterial diversity during the non-monsoon season and was
reduced to 27 % during the monsoon season. Gammaproteobacteria was the dominant
class found within the Proteobacteria phylum during both seasons (Figure 2.4).
Proteobacteria is the major phylum represented in many marine habitats such as the
coastal regions (Khandeparker et al. 2017), upwelling zones (Li et al. 2014; Vijayan et al.
2021) and OMZ (Bandekar et al. 2018; Mulla et al. 2018). Bacterial diversity at the OTU
level showed that Proteobacteria had maximum representation in this study with 49 OTUs
from Alpha, Beta and Gamma classes. There were no shared OTUs within the
Proteobacteria cluster and their numbers reduced from 29 to 20 OTUs in the monsoon
season. OTUs clustering with Pseudomonas spp., Vibrio spp., Alteromonas spp. and
Alcanivorax spp. were the major Gammaproteobacteria identified. Recent studies have
shown that Gammaproteobacteria of the phylum Proteobacteria are the dominant groups
during algal blooms. Within Gammaproteobacteria Vibrio spp. and Psudoalteromonas
spp. were the major genera contributing to the bacterial communities associated with algal
bloom (Chen et al. 2021).

Firmicutes contributed almost equally during both seasons, with a representation
of four genera Staphylococcus spp., Bacillus spp., Halobacillus spp. and Jeotgalicoccus
sp. from both seasons and a few genera which was exclusively isolated from the non-
monsoon and monsoon season (Figure 2.5). Major bacterial genera such as
Staphylococcus which had a major contribution during the non-monsoon season reduced
considerably during the monsoon season, which is one of the major pathogenic groups of
bacteria (Isaacs et al. 2021). They could not proliferate during the monsoon season due
to the presence of active phytoplankton communities which are known to produce anti-
bacterial compounds to prevent infection (Shannon and Abu-Ghannam, 2016;
Miuhlenbruch et al. 2018). This prevents the growth of pathogenic bacteria and in turn,
paves the way for the proliferation of native bacterial communities such as Marinococcus
spp. which are represented in higher numbers during the productive monsoon season
(Figure 2.5). Studies have reported that Bacillus spp. and Staphylococcus spp. are the
major culturable bacteria associated with the phytoplankton bloom (Basu et al. 2013).
Their dominance was also reported during the phytoplankton bloom decay period (Zhao
et al. 2017; Gomez-Consarnau et al. 2019). Many of the Firmicutes bacteria are also
known to be euryhaline, which can degrade OM efficiently in marine habitats (Margesin
and Schinner, 2001).

45



Genus Micrococcus was the only representative of phylum Actinobacteria in the
non-monsoon season. It increased considerably in the monsoon season and was
represented by genera such as Microbacterium, Corynebacterium, Aeromicrobium and
Gordonia (Figure 2.5). Actinobacteria are also reported in the OMZ, mesopelagic and
deep-sea regions (Wright et al. 2012; Rodriguez-Mora et al. 2013; Kamjam et al. 2017)
from culturable and metagenomics studies (Ghai et al. 2013). The seasonal appearance of
Actinobacteria in many marine habitats is often attributed to the presence of
phytoplankton blooms (Basu et al. 2013; Parulekar et al. 2017; Zhou et al. 2018). Recent
research also suggests that changes in the phytoplankton communities have a significant
impact on the dynamics of heterotrophic bacterial diversity in coastal and oceanic waters.
Which is reported to be influenced by the autochthonous organic matter generated by the
changing phytoplankton composition (Landa et al. 2016; Aytan et al. 2018; Arandia-
Gorostidi et al. 2022). Marine Bacteroidetes are known to express the polysaccharide
utilization loci which facilitate the degradation of algal polysaccharides (Kruger et al.
2019; McKee et al. 2021). Genus Flavobacterium sp. was the only Bacteroidetes isolated
from the non-monsoon season and this group was not represented in the monsoon season
(Figure 2.5). They are reported to be one of the major contributors to the remineralization
of carbohydrates leading to refractory carbon storage in the ocean (Zhang et al. 2015).
Many marine bacterial genera such as Idiomarina, Marinococcus and Marinobacter were
exclusively obtained only during the monsoon season which is majorly known for the
degradation of OM (Lucas et al. 2016; Gomes et al. 2019; Mukherjee et al. 2020). Studies
have suggested that the bacterial metabolic processes and products of remineralization
can also influence the phytoplankton community structure (Bolch et al. 2017). More
detailed studies on this could help us to understand the complex bacteria phytoplankton

interactions.

2.4.3. Seasonal variations in the bacterial hydrolytic enzyme activity

Hydrolytic enzyme activities of bacteria and their enzymatic potential are studied
in various coastal regions (Khandeparker et al. 2011; Singh and Ramaiah 2011).
However, comparative studies on the hydrolytic enzyme activities of bacteria from the
coastal/shelf, slope and open ocean water column are not addressed to understand the

seasonal difference in the BA, community structure and hydrolytic enzyme activities.
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Different types of carbohydrates, lipids and protein substrates were tested in this study to
characterize the hydrolytic enzyme activity of bacteria during the non-monsoon season
and productive monsoon season (Figure 2.7). Bacterial communities play an important
role by synthesizing extracellular enzymes for the remineralization of oceanic OM which
is composed of carbohydrate polysaccharides, monosaccharides, lipids and protein
polymers (Traving et al. 2015; Bolch et al. 2017). Carbohydrates make up a 90 % share
of phytoplankton-derived OM including various polysaccharides and monosaccharides
(Underwood et al. 2010), neutral monosaccharides like glucose, arabinose, rhamnose and
galactose are the major contributors to the phytoplankton derived OM (Passow et al.
2007; Engel and Héndel, 2011). Results from this study show that 50 % of bacterial
morphotypes exhibit enzyme activity during the non-monsoon season and from monsoon
season an average of only 20 % of morphotypes showed activity. This result suggests the
metabolic potential of microbes was higher during the non-monsoon season, which could
be due to the availability of DOM which is sustained for an extended period in the water
column and could be available for bacterial utilization (Smriga et al. 2016). The low
hydrolytic activity during the monsoon season suggests that culturable bacteria isolated
during the monsoon season did not express enzymes to utilize fresh and complex OM
generated from phytoplankton blooms. Studies have also found that the enzyme activity
of bacteria exhibited variation based on the availability and nature of OM, implying an
unequal distribution of enzyme activity in different seasons and regions (Basu et al. 2013;
Khodse and Bhosle, 2013, Mahmoudi et al. 2020).

Proteobacteria, such as Stenotrophomonas sp. and Alcanivorax spp., that degrade
organic substances are shown to have made a significant contribution to bacterial
communities; a similar finding was obtained in recent research in the Southern East China
Sea, where the existence of these groups was recognized (Yang et al. 2020). Recent
research also shows that the production of extracellular enzymes in bacteria increases in
harsh environments to recycle available organic materials (Bolch et al. 2017; Showalter
and Deming, 2021). Bacterial numbers and extracellular enzyme activity were found to
be sustained even at low oxygen concentrations in recent investigations in the eastern
tropical South Pacific OMZ, implying that bacteria can efficiently recycle OM in the low
oxygen environment (MaBmig et al. 2020). Our results accordance with previous studies
which have also found that the dominant class Gammaproteobacteria synthesizes
enzymes that hydrolyse diverse types of polysaccharides enzymes (Alderkamp et al.
2007; Teeling et al. 2016). The shift in the bacterial community suggests that the
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availability of OM is the major factor that controls the expression of extracellular
enzymes in bacterial groups. It is also reported that among Firmicutes, Bacillus spp.
which was highest during both seasons; can play an important role in OM degradation in
marine environments (Divya et al. 2010). Actinobacteria can produce extracellular
enzymes like cellulase, and chitinase, as well as Actinobacteria, which are also known for
degrading recalcitrant OM (Manucharova, 2009). Recent studies have documented that
Actinobacteria from marine sediment possess enzymes to degrade refractory OM as well
as different polysaccharide compounds (Chen et al. 2016). Significant seasonal
fluctuations in bacterial communities reported in the southern Benguela upwelling region
imply that bacterial communities alter depending on the nature of the OM present in the
water column (Rocke et al. 2020). Recent metagenomic studies have revealed that
microbial communities and metabolism potentials differ between the depth zones of the
water column, with microbial communities in the mesopelagic zone having a higher
metabolic potential to degrade amino acids, lipids, nucleotides and xenobiotics (Sripan et
al. 2021). Though metagenomics approaches have greatly enhanced our understanding of
bacterial diversity, there is still a large diversity that is still unexplored. It is also very
vital to cultivate native, bacteria from marine habitats using media to mimic the native
habitat and to understand the metabolic processes (Giovannoni and Stingl, 2007). Such
studies can help in establishing the importance of phylogenetic diversity to its ecological

functioning.

2.5. Conclusion

This study investigated the bacterial dynamics along the WCI at Goa, Mangalore
and Trivandrum, from the continental shelf, slope and off-shore region during the non-
monsoon and monsoon seasons. Seasonal variations in the bacterial parameters such as
abundance, viable counts and radioactivity-based in-situ primary and bacterial
productivity were estimated, along with the physicochemical characteristics. Statistical
analysis shows a significant correlation between primary and bacterial productivity.
Significant seasonal variations could also be established for the physicochemical
parameters such as dissolved oxygen, nitrate, nitrite and phosphate, fluorescence values
representing the chlorophyll concentration, bacterial abundance, viable counts and
productivity. Taxonomic diversity studies on the cultivable bacterial morphotypes have

shown that Proteobacteria, Firmicutes and Actinobacteria were the major phyla found
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during both the non-monsoon and monsoon seasons and Bacteroidetes, was represented
only in the non-monsoon season. The bacterial community structure at phylum, genus
and operational taxonomic unit levels also changed with higher diversity in the monsoon
season. However, the hydrolytic enzyme activity of the bacterial morphotypes was
comparatively lower during the monsoon season probably due to the active primary
production. However, we still lack an understanding of the factors that influence
extracellular enzyme activity in marine habitats. It is interesting to note that monsoon
influences the abundance and culturable diversity of heterotrophic bacteria positively and
decreases bacterial activity along the WCI. Though this study has improved the
understanding of the monsoonal influence on the bacterial dynamics along the WCI,
further studies based on metagenomic and transcriptome analysis are required to get a
better understanding of the role played by the bacterial community from this region.
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Chapter 3.
Bacterial dynamics and community
structure based on unculturable diversity

along the west coast of India.



Abstract

An increase in primary productivity is recorded annually during the southwest
monsoon season in the West coast of India (WCI). The influence of seasonal variations
in primary productivity on bacterial dynamics in coastal and offshore regions off Goa,
Mangalore and Trivandrum at chlorophyll maxima (C-Max) depths was explored during
the non-monsoon and productive monsoon season. The physicochemical characteristics
exhibited significant seasonal differences, shallow mixed layer depth and higher primary
productivity was recorded during the monsoon season. A significant positive correlation
between the in situ primary productivity, estimated using the radiotracer method and
bacterial parameters shows the influence of the former on the latter in the study region.
Based on metagenomic analysis, bacterial diversity was assessed in the C-Max depths,
which recorded the highest viable counts during both seasons. Taxonomic profiles
showed that the most dominant bacterial communities identified from the study region
include the Proteobacteria and Firmicutes during the non-monsoon season and
Cyanobacteria followed Proteobacteria, Bacteroidetes, Actinobacteria and candidatus
phyla during the monsoon season. Canonical correspondence analysis (CCA) showed the
influence of primary productivity parameters on bacterial communities with distinct
seasonal variations. Seasonal variations in the primary productivity also significantly
influenced the functional profiles of the bacterial communities. It was evident that
pathways related to heterotrophic metabolism were represented in the non-monsoon and
monsoon season, however, during the monsoon season prokaryotic autotrophic activities
were predominantly higher. These observations underscore the significant influence of
primary productivity variations on bacterial abundance and community composition in
the WCI.
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3.1. Introduction

Heterotrophic bacteria are known to contribute significantly to the marine food
webs and biogeochemical process as they play a significant role in recycling the organic
matter, which is fixed by the primary producers (Lgnborg et al. 2019; Heinrichs et al.
2020). Through the ‘microbial loop,’ they break down the particulate organic matter into
the dissolved form, thus providing necessary nutrients for the growth and proliferation of
phytoplankton, which forms the basis of the marine food web (Wiggert et al. 2005; Azam
and Malfatti, 2007). Bacterial extracellular enzymes initiate microbial remineralization
throughout the water column and sediment. They catalyze the breakdown of high
molecular weight organic matter into smaller compounds that can be effectively re-
utilized (Hach et al. 2020; Liu & Liu, 2020). A portion of the re-mineralized organic
matter is integrated into the biomass of various marine biological entities, another portion
is converted to CO. and a smaller fraction is converted into refractory organic matter (Jiao
etal. 2011). Evaluating the processes that influence the structure of bacterial communities
on spatial and temporal scales is essential for understanding the recycling of organic
matter in marine ecosystems (Danovaro et al. 2017).

Studies on the bacterial dynamics associated with the organic matter generated
due to varying primary productivity from upwelling regions such as the Benguela
upwelling system, Northern South China Sea and Ria de Vigo, Spain, using genomics
tools have shown the association of dominant bacterial communities, including
Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes and Planctomycetes (Kuypers
et al. 2005; Cai et al. 2007; Alonso-Gutiérrez et al. 2009). Recent Next-generation
sequencing (NGS) technologies have provided valuable advancements in understanding
bacterial communities and allowing an in-depth examination of the functional profiles
and their dynamics. These studies have found bacterial communities including
Proteobacteria, Cyanobacteria, Bacteroidota, Firmicutes, Actinobacteria and certain
previously unidentified Candidatus phyla prevalent in diverse regions such as the South
China Sea (Jing et al. 2013; Liu et al. 2022), northern Benguela upwelling (Bergen et al.
2015) and Canary current system (Thiele et al. 2019). These studies highlight the
participation of specific bacterial communities in the breakdown of phytoplankton
biomass. NGS technologies have enhanced the understanding of the active groups and

have revealed the ecological significance of rare phylotypes such as SAR11,
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Alteromonadales and Vibrionales in their response to organic matter availability
(Gutiérrez-Barral et al. 2021; Mena et al. 2022; Gong et al. 2022).

The West coast of India (WCI), is influenced by semi-annual changes in the wind
pattern which leads to an increased primary productivity, annually from June to
September, during the southwest monsoon season (Smitha et al. 2008; Gupta et al. 2016).
Despite technological advancements, a large part of the bacterial diversity from the WCI
remains unexplored, with many unanswered questions related to the microbial carbon
pump. Studies on the bacterial communities from this region have primarily focused on
specific regions, such as the oxygen minimum zones (Bandekar et al. 2018; Fernandes et
al. 2020; Lincy and Manohar, 2021), the mud bank regions (Anas et al. 2021; Vijayan et
al. 2022) and estuarine habitats (Khandeparker et al. 2017; Kuchi et al. 2021). Studies
have shown the influence of monsoon and seasonal variations of primary productivity on
the bacterial community structure based on culturable approaches in the estuarine, coastal
and open ocean waters along the WCI (Anas et al. 2021; Vijayan et al. 2022; Parab et al.
2022). Prior investigation, on the culturable bacterial diversity along the WCI, showed
higher bacterial abundance during the monsoon season and with the highest colony-
forming units (CFUs) from the C-Max depths (Parab et al. 2022). The C-Max is a
prominent feature of tropical marine environments occurring between 20-100 m water
depth with maximum primary productivity, increased organic load and higher bacterial
activity (Cullen, 2015). However, there is limited research from the WCI, on the impact
of seasonal variations of primary productivity on the bacterial communities using high-
throughput sequencing techniques. To address this knowledge gap, this study aimed to
comprehensively analyze the impact of increased productivity on the bacterial dynamics
and functional profiles along one of the most productive zones, the WCI, during non-

monsoon and Monsoon seasons.

3.2. Methodology

3.2.1. Study location, sample collection and assessment of physicochemical

parameters

Sampling was conducted during oceanographic cruises onboard RV Sindhu

Sankalp during the non-monsoon season in February 2019, Cruise # SSK-125 and in the
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southwest monsoon season in September 2019, Cruise # SSK-131 along the WCI.
Samples were collected between 8°N and 16°N and 72°N to 76°E, at three stations: off
Goa, Mangalore and Trivandrum (Figure 1.5). At each station, samples were collected
from a coastal location at 30 m water depth and an off-shore location at 600 m depth. The
sampling locations in the coastal and off-shore regions of Goa are designated as G30 and
G600 respectively. Similar to this, sampling locations off Mangalore and Trivandrum
stations are designated as M30, M600 and T30, T600 respectively (Figure 1.5). At each
of the six sampling locations, the physicochemical characteristics, including water
column temperature, salinity, dissolved oxygen (DO) and fluorescence, were measured
using the conductivity-temperature-depth (CTD) underwater profiler (Sea-Bird, SBE-911
plus, USA) in both the seasons following standard methodologies as described in Chapter
2, section 2.2.

3.2.2. Estimation of chlorophyll and primary productivity

Chlorophyll-a (Chl-a) concentrations in the water column at discreet depths were
determined fluorometrically following a standard protocol of the Joint Global Ocean Flux
Study (JGOFS, UNESCO 1994). For this, 1 L of seawater sample from each depth was
filtered using a 0.4 um, 47 mm GF/F filter (Whatman, USA) in triplicates. Chl-a was
extracted from the filters using 10 mL of 90 % acetone through overnight incubation at
20°C in the dark. After the incubation, the samples were vortexed and centrifuged to
remove cellular debris. The clear supernatant was collected and used for the estimation
of chl-a concentration on a Trilogy Laboratory Fluorometer (Turner Designs, USA). The
water column chl-a concentration from the euphotic zone was determined through the
integration of chl-a values from the surface to 100 m depth and was expressed as mg m-
2, Primary productivity (PP) was assessed in water samples from coastal and off-shore
locations in both seasons based on the in-situ radiotracer method using labelled inorganic
C, NaH“CO; following the standard protocol of the JGOFS (UNESCO 1994) as
described in Chapter 2, section 2.2.

3.2.3. Estimation of bacterial productivity and dynamics
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The rate of bacterial productivity (BP) at coastal and off-shore stations, was
determined from all the sampling depths during both seasons based on the radiotracer
method as outlined in the JGOFS protocols (UNESCO 1994). Bacterial abundance was
estimated using epifluorescence microscopy. The bacterial counts were also converted to
bacterial carbon (BC) using the conversion factor of 20 fg cell * (Ducklow et al. 1995)
and reported as mg C m. The total viable counts (TVC) of heterotrophic bacteria present
in the water samples were also determined based on the spread plate technique on Zobell
Marine Agar (ZMA) expressed as colony-forming units (CFUs mL™) as described in

Chapter 2, section 2.2.

3.2.4. Bacterial community and functional diversity analysis

Extraction of metagenomic DNA, library preparation and Illumina sequencing

For extraction of metagenomic DNA, 20 L of water samples from C-Max depths
at each location were filtered through 0.22 mm Durapore filters (Millipore, USA) in
duplicates using a Peristaltic pump (Millipore, USA) on board the research vessel. The
filters were immediately stored in cryovials at -80°C in a DNA storage buffer containing
0.75M sucrose, 40 mM EDTA and 50 mM Tris (pH 8.3). DNA extraction was carried out
using a FastDNA™ SPIN kit (MP Biomedical, USA) according to the manufacturer’s
protocol. The quality of the metagenomics DNA extracted from each filter paper was
tested, pooled together and a sufficient quantity of DNA was utilized for library
preparation, which targeted the 16S rRNA gene VV3-V4 region using specific proprietary
primers (16S amplicon PCR forward primer: 5 TCGTCGGCAGCGTCAGATGTGTAT
AAGAGACAGCCTACGGGNGGCWGCAG 3' and 16S amplicon PCR reverse primer:
5 GTCTCGTGGGCTC GGAGATGTGTATAAG AGACAGGACTACHVGGGTATC
TAATCC 3. lllumina PCR sequencing adapter sequences used were, Index 1 Read 5’
CAAGCAGAAGACGGCATA CGAGATI[i7]GTCTCGTGGGC TCGG and Index 2
Read 5" AATGATACGGCGACC ACCGAGATCTACAC [i5] TCGTCGGCAGCGTC
(Quetal. 2018; Bora et al. 2022). The 16S rRNA gene libraries generated were sequenced
on the NovaSeq 6000 v1.5 lllumina sequencing platform (lllumina Inc., USA) at the
National Institute of Biomedical Genomics, West Bengal, India. The sequences of the
amplicons of about 250 bp obtained from the C-Max depths from all the locations during

both seasons were processed with a standard pipeline using the QIIME2 tool (Bolyen et
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al. 2019). The raw reads were initially quality filtered and primers were removed using
Cutadapt v4.2. After quality filtration, the ASV file was generated using the DADA2 tool
v3.16 and taxonomic profiling of the operational taxonomic units (OTU) was carried out
against the VV3-V4 classifier.

Functional diversity analysis

Functional diversity of bacterial communities was derived from marker gene
sequences using the PICRUSt2 software, version 2.4.1. These acquired gene profiles were
subsequently categorized into KEGG pathways (Douglas et al. 2020). The PICRUSt tool
facilitated the prediction of potential functionalities from 16S rRNA sequence data.
Employing the KEGG database, closed reference OTU picking was performed against
the Greengenes taxonomy. The predicted functional profiles with gene profiles were
further grouped into KEGG pathways, following PICRUSt protocols. Additionally, to
measure the variance between reference genomes and the inferred metagenome, NSTI

(Nearest Sequenced Taxon Index) scores were determined.

3.2.5. Data analysis

Statistical analyses were performed using SPSS v26, to investigate the
significance of the distribution between physicochemical and biological characteristics in
the two seasons using a single-factor analysis of variance (ANOVA). Pearson’s
correlation analysis was employed to interpret relationships within the physicochemical
and biological parameters between the two seasons, at a significance level of 5 % (P <
0.05). Alpha diversity indices and Beta diversity between two seasons at the OTU level
were calculated using Non-metric Multidimensional Scaling Analysis (NMDS) based on
Bray—Curtis distance using the R package Phyloseq v1.22.3 (McMurdie and Holmes,
2013). The significance of the distribution of bacterial community between non-monsoon
and monsoon season were estimated using STAMP bioinformatics software v2.1.3 (Parks
et al. 2014). Heatmap of bacterial communities at a class level was plotted using
hierarchical clustering analysis based on the Euclidean similarity index in R package
Pheatmap v1.0.12. The R packages: ggplots2 and were used for the visualization of the
data. All these analyses were performed in R studio v3.5.1 (R Core Team, 2015). Bacterial

community structure at the genera level, along with environmental variables of the non-
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monsoon and monsoon season, were analyzed based on canonical correspondence
analysis (CCA) using PAST software v3.23 (Hammer et al. 2006).

3.3. Results

3.3.1. Physicochemical parameters

The physicochemical parameters varied significantly between the non-monsoon
and monsoon seasons. During the non-monsoon season, the temperature in the water
column remained constant at coastal stations. In the monsoon season, the temperature
decreased by 2 to 4 °C from the surface to the bottom of the water column at coastal
stations. In the off-shore stations, the thermocline depth was observed between 80 and
100 m during the non-monsoon season and it was shallower at 25 to 50 m, during the
monsoon season (Figure 3.1). During the non-monsoon season, halocline depth was
observed at 80 + 20 m in the off-shore stations, which decreased to 25 to 50 m during the
monsoon season similar to the thermocline depth (Figure 3.1). The influence of salinity
on the water column density was also studied based on Brunt-Vaisala frequency from
both seasons (Appendix 3.1). Analysis of these physiochemical parameters clearly shows
that the monsoon season has a shallower mixed layer depth (30 £ 20 m) than the non-
monsoon season (80 + 20 m). The average sea surface DO concentration at the coastal
and off-shore locations was 4 + 2 mg L™ during the non-monsoon and monsoon seasons.
In the coastal stations at 30 m, DO values were consistent throughout the water column
during the non-monsoon season and in the monsoon season the DO values dropped to <
1 mg L™ at mid-depth and nearly reached anoxic conditions at the bottom depths. In the
off-shore stations (600 m depth) DO concentration reached close to anoxic conditions at
the mixed layer depths (MLD) in both the the non-monsoon and monsoon seasons (Figure
3.1).

Fluorescence values recorded during the non-monsoon season throughout the
water column was an average ~ 0.4 + 0.3 mg m=and it reached a maximum of around 1
mg m3 at the C-Max depth. In the monsoon season, the average value of fluorescence in
the water column was ~ 0.9 + 1 mg m™ and it reached a maximum of ~ 6 mg m= at the
C-Max depth (Figure 3.1). In the monsoon season, C-Max in coastal and off-shore

stations was observed at approximately 10 m and 30 m respectively.
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Figure 3.1: Profiles of physiochemical variables temperature (T), salinity (S), dissolved oxygen (DO) and fluorescence (F) in the water

column of the coastal and off-shore stations during non-monsoon and monsoon season along the west coast of India.
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Figure 3.2. Profiles of nitrate, nitrite, phosphate and silicate in the water column of the coastal and off-shore stations during non-monsoon

and monsoon season along the west coast of India.
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C-Max depths in the water column varied during both seasons, which were about
15 m and 55 m during the non-monsoon season in the coastal and off-shore stations
respectively. Higher nutrient concentration was also observed in the monsoon season in
both the coastal and off-shore stations. The nitrate concentration, measured at all stations
during the non-monsoon season, had an average of around 2.55 + 2.47 uM, which
increased to ~ 17.37 + 16.14 uM in the monsoon season (Figure 3.2). The average nitrite
concentration along all stations was ~ 0.16 = 0.2 uM during the non-monsoon season and
increased in the monsoon season to ~ 0.53 £ 0.85 puM. The average phosphate
concentration in the water column during the non-monsoon and monsoon seasons was ~
3+ 2.8 uM and 0.92 £ 0.73 uM respectively (Figure 3.2). The average silicate values
detected during the non-monsoon and monsoon seasons were ~10.83 = 7.30 uM and

~18.93 £ 12 uM, respectively.

3.3.2. Primary productivity and bacterial dynamics

Chl-a concentration estimated fluorometrically from discreet water depths ranged
from 0.002 to 0.16 mg m= in the non-monsoon and monsoon season it was estimated to
be 0.003 to 1.05 mg m™ (Appendix 3.4) Column integrated chl-a in the euphotic zone
calculated for coastal and off-shore stations was observed to be 5.64 + 2 mg m™ in the
non-monsoon and it increased to 11.42 + 6 mg m during the monsoon seasons (Figure
3.3a). The PP in the water column during the non-monsoon season varied between 1.20
to 145.38 mg C m d?, while during the monsoon season, it ranged from 29.62 to 266.24
mg C m3d? (Appendix 3.4). The column-integrated PP in the euphotic zone was 800.31
+ 538 mg C m during the non-monsoon season and the PP estimated during the monsoon
season was higher and estimated to be 3355.60 + 1608 mg C m™ (Figure 3.3b). The
bacterial activity in both seasons was estimated by quantifying the bacterial abundance
and productivity. The estimated BP did not vary much between the seasons which was
about 10 £ 2 mg C m3 din the coastal and off-shore stations (Table 3.1). Bacterial counts
were determined microscopically and were expressed as bacterial carbon, which was
estimated to be 209.88 + 47 mg C m™3 during the non-monsoon season and it increased to
an average of 1017.62 + 132 mg C m=in monsoon season (Table 3.1).
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Figure 3.3: Column integrated (a) chlorophyll-a (Chl-a) concentration and (b) primary
productivity (PP) in the water column of the coastal and off-shore stations during non-

monsoon and monsoon season along the west coast of India.

TVC was enumerated to estimate the viable bacterial counts in the water column
from all the stations. An average of 4.16 x10°® CFU mL™* in the non-monsoon season was
recorded and it increased to 11.39 x 10® CFU mL™ during the monsoon season (Figure
3.4). The highest bacterial CFUs were obtained from the C-Max depths from almost all
the locations sampled along the WCI (Figure 3.4). An increasing trend of the bacterial
carbon biomass and CFUs could be due to the higher primary productivity observed
during the monsoon season. Statistical analysis based on the ANOVA test was carried out
to evaluate the significant changes in different parameters during both seasons (Table
3.2).
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Table 3.1: Average bacterial productivity (BP), bacterial abundance (BA) and bacterial

carbon biomass (BC) in the water column of the coastal and off-shore stations during non-

monsoon and monsoon season.

BP BA BC

Stations (mgCm3d?l) (Cellsx10°L?) (mgCm?)
Non-monsoon season
G30 4.30+£5.19 10.64 £ 2.68 212.87 £ 53.52
G600 2.95+1.33 11.31 £4.37 226.11 £ 87.48
M30 3.79+£2.72 13.65+£0.78 272.99 + 15.65
M600 25.92 +10.99 6.36 £ 2.06 127.23 +41.14
T30 6.75+0.93 10.97 £0.09 219.30 £ 1.73
T600 17.80 + 9.53 10.04 +4.10 200.78 £ 82
Monsoon season
G30 13.89 +0.79 52.94 + 14.27 2657.00 + 1436.22
G600 7.34 £2.26 57.09 + 40.05 1682.00 + 293.67
M30 7.13+0.44 55,51 +10.33 1923.33 £ 158.31
M600 7.91+£2.04 41.25+11.19 1580.00 + 394.08
T30 1451 £2.35 54.45 + 26.72 2226.67 + 156.86
T600 10.93 + 2.27 44.05 £ 26.75 1756.50 + 399.50
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Figure 3.4: Total viable counts (TVC) of culturable bacteria in the water column of the
coastal and off-shore stations during non-monsoon and monsoon season along the west

coast of India.

Estimated environmental parameters including DO, fluorescence, nitrate, nitrite,
phosphate, silicate, chl-a, PP, BC and TVC showed significant variations between
seasons (p < 0.05). Correlation between environmental variables was also determined
using Pearson's correlation matrix for the physicochemical and biological variables
measured from water samples during non-monsoon and monsoon seasons (Table 3.3). A
significant correlation was observed between the different environmental variables
estimated during both seasons. Temperature and DO had a significant positive correlation
with fluorescence. In situ, fluorescence concentration determined showed a significant

positive correlation with PP and BC. Among the nutrients, nitrate and silicate were
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positively correlated with Chl-a and PP showed a positive correlation with TVC and BC
respectively (Table 3.3). These results indicate temperature has a significant impact on
the fluorescence values which is a measure of the phytoplankton abundance. A significant
positive correlation between the primary productivity variables and bacterial abundance

and counts shows the influence of the former on the latter in the study area.

Table 3.2: Analysis of variance (ANOVA: single factor) assessing the seasonal difference
in the physicochemical and biological parameters: temperature, salinity, dissolved
oxygen (DO), fluorescence, nutrients, chlorophyll-a (chl-a), primary productivity (PP),
bacterial productivity (BP), bacterial abundance (BA), bacterial carbon (BC) and total

viable counts (TVC) between non-monsoon and monsoon season.

df F F crit P-value
Temperature 1.00 0.57 4.03 0.45
Salinity 1.00 0.02 4.03 0.88
DO 1.00 8.68 4.03 0.001**
Fluorescence 1.00 4.58 4.03 0.04*
Nitrate 1.00 22.34 4.03 <0.001**
Nitrite 1.00 4.86 4.03 0.03*
Phosphate 1.00 14.39 4.03 <0.001**
Silicate 1.00 9.14 4.03 <0.001**
Chl-a 1.00 5.41 4.04 0.02*
PP 1.00 11.45 4.08 <0.001**
BP 1.00 0.96 4.03 0.33
BA 1.00 70.05 4.03 <0.001**
BC 1.00 70.05 4.03 <0.001**
TVC 1.00 3.78 4.03 0.06*

Df: degree of freedom, F value greater than F critical value indicates statistical significance.
*: Significant at 0.1%., **: Significant at 1%.
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Table 3.3: Pearson’s correlation matrix of physicochemical and biological parameters, temperature (T), salinity (S), dissolved oxygen (DO),

fluorescence (F), nutrients, Chlorophyll-a (Chl-a), primary production (PP), bacterial production (BP), bacterial carbon biomass (BC) and

total plates counts (TVC) during non-monsoon and monsoon season.

T S DO F Nitrate  Nitrite  Phosphate  Silicate Chl-a PP BP
T
S -0.06 1
DO .80™ -0.16 1
F 43" -.40" 39" 1
Nitrate -727 -0.01 -58™ -0.30 1
Nitrite -0.03 -0.01 -0.26 -0.05 -0.05 1
Phosphate  0.01 0.31 0.16 -0.25 -0.14 -0.05 1
Silicate -59™  0.08 -.45" -0.35 76 0.22 0.24 1
Chl-a -0.06 0.14 0.04 -0.02 0.15 -0.12 -0.10 0.11 1
PP 0.13 -37" 0.003 727 0.04 0.05 -.44" -0.03 0.24 1
BP -0.013 0.23 -0.03 -0.03 -0.18 -0.26 0.25 -0.16 0.04 -0.12 1
BC -0.01 -0.30 -0.17 58" 0.24 0.17 -42" 0.13 0.14 .90™ -0.23
TVC 0.00 -0.01 0.04 -0.11 -0.02 0.07 -0.17 0.03 55" 0.26 -0.04

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed).



3.3.4. Alpha and Beta diversity of bacteria from the C-Max along the WCI

The bacterial diversity during the non-monsoon and monsoon seasons was
assessed from the C-Max depths, which had the highest bacterial CFUs from almost all
the locations sampled along the WCI (Figure 3.4) in this study. The bacterial sequences
generated using next-generation Illumina sequencing techniques show that the number of
reads was nearly similar during both seasons. However, OTUs generated after denoising
the sequence reads were higher in the monsoon season (Appendix 3.5). The rarefaction
curves, based on observable features, were curved toward the saturation plateau at the 97
% cut-off value, indicating that the sampling sizes were enough for the community
analysis (Appendix 3.2). The average OTU abundance in the non-monsoon season was
646 OTUs and it increased in the monsoon season, to an average of 2286 OTUs
(Appendix 3.5). For both non-monsoon and monsoon seasons, various alpha diversity
indices for diversity and richness were calculated. Shannon, Chaol and ACE indices were
significantly higher during the monsoon season. The coastal stations showed considerably
higher Shannon, Chao-1 and ACE diversity indices than the off-shore stations (Figure
3.5a). Statistical analysis of the diversity indices calculated also shows significant
seasonal differences (Appendix 3.6).

Beta diversity analysis of bacterial communities during non-monsoon and
monsoon seasons was performed based on the NMDS method. NMDS ordination
differentiates the samples into abundance-weighted community compositions based on
the Bray-Curtis distance. The bacterial communities were grouped based on the seasons
and locations and NMDS analysis showed that sampling locations during the non-
monsoon season were divided into two apparent groups (Figure 3.5b). The bacterial
communities from the non-monsoon season of the Goa and Mangalore locations clustered
together and a similar grouping was evident in the Trivandrum coastal and off-shore

communities.

3.3.5. Bacterial community structure at C-Max along the WCI

Bacterial OTUs generated in Illumina sequencing were classified based on the

Silva V3-V4 classifier for taxonomic profiling.
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Figure 3.5: (a) Alpha diversity measure and (b) Non-metric multidimensional scaling
(NMDS) plot (axis defines 2D space that allows the best spatial representation of sample
distance, based on Bray—Curtis distance with stress = 0.08) depicting variations in the
bacterial operational taxonomic units (OTUS) in the coastal and off-shore stations during

monsoon and non-monsoon season along the west coast of India.
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For bacterial classification, the sklearn classifier within QIIME was utilized,
which operated on a confidence score range of 0.7 to 1. Based on taxonomic annotation,
OTUs generated during both seasons belonged to 36 bacterial phyla in total, of which 26
phyla were present during the non-monsoon season and the number of phyla increased
during the monsoon season to 35 (Figure 3.6a). In the non-monsoon season, 18 of the 26
phyla belonged to well-defined (Based on List of Prokaryotic names with Standing in
Nomenclature (LPSN), 7 of them were of candidatus status and 1 uncharacterized phylum
was identified. During the monsoon season, the number of well-defined phyla increased
to 22, candidatus to 12 and one uncharacterized phyla was reported (Figure 3.6a). The
dominant phyla observed in the C-Max depth in the non-monsoon season were
Proteobacteria (59 %) and Firmicutes (33 %), while in the monsoon season, it was
Cyanobacteria (49 %) followed by Proteobacteria (32 %) (Figure 6b). The proportion of
Cyanobacteria communities increased significantly from 3 % in the non-monsoon season
to 49 % during the monsoon season. Though the relative abundance of phylum
Proteobacteria decreased during the monsoon season, it remained the second most
dominant phyla. The relative abundance of phylum Firmicutes decreased considerably
from 33 to 1 % during monsoon season. Bacteroidetes, Actinobacteria, Planctomycetes,
Verrucomicrobia and candidatus phylum Marinimicrobia were also among the top 10
phyla observed during both seasons and their abundance increased by two to three folds
during the monsoon season.

Among the well-defined phyla, about 5 bacterial phyla including Nitrospirae,
Lentisphaerae, Kiritimatiellaeota, Fibrobacteres and Fusobacteria were specific to the
monsoon season and only one phylum, Halanaerobiaeota was specific to the non-
monsoon season. Higher bacterial diversity in the monsoon season was evident with an
increase in the relative abundance of bacterial phyla, namely Nitrospinae, Spirochaetes,
Gemmatimonadetes, Chlamydiae, Acidobacteria and Chloroflexi. A higher diversity of
candidatus phyla was also recorded in the monsoon, which accounted for about 7 and 12
phyla from the non-monsoon and monsoon seasons respectively. The candidatus phyla
including Ca. Patescibacteria, Ca. Dependencies, Ca. Schekmanbacteria, Ca.
Latescibacteria, Ca. WPS-2, Ca. Dadabacteria, Ca. Marinimicrobia was found during
both seasons. Most of the candidatus phyla that were commonly identified in both seasons

also showed an increase in their relative abundance during the monsoon season.
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Figure 3.6: (a) Distribution of total bacterial phyla as Defined, Candidatus and Unknown
taxa, (b) Relative abundance of bacterial phyla (number in parentheses indicates the
relative abundance in the non-monsoon and monsoon season) and (c) Distribution of
bacterial phyla showing significant statistical difference during the non-monsoon and

monsoon season.

Candidatus phyla including Ca. Zixibacteria, Ca. PAUC34f, Ca. BRC1, Ca.
Margulisbacteria and Ca. Hydrogenedentes were exclusively present during the monsoon
season (Figure 3.6b). These results suggest that the monsoon season had a higher diversity
of both defined and Candidatus phyla (Figure 3.6). The temporal differences in bacterial
communities were observed in 8 well-defined and 3 candidtus phyla. Proteobacteria and
Firmicutes were identified as the dominant phyla during the non-monsoon season with
statistical significance (p < 0.001). Cyanobacteria, Actinobacteria, Bacteroides,
Verrucomicrobia, Planktomycates, Cloroflexi and candidatus phyla Patescibacteria,
Dadabacteria and Marinimicrobia are shown to have a major contribution during the
monsoon season with a statistical significance of p < 0.001 (Figure 3.6¢).

Distribution of the bacterial OTUs at the class level was also investigated using
hierarchical clustering of the heatmap, based on the Euclidian similarity index for the top

5 phyla (Appendix 3.3:). Within the Proteobacteria phylum, the bacterial class
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Gammaproteobacteria was dominant during both seasons, followed by
Alphaproteobacteria and Deltaproteobacteria. Although Gammaproteobacteria was
dominant during both seasons, their relative abundance reduced from 48 to 17 % during
the monsoon season and there was a marginal increase in the abundance of
Alphaproteobacteria and Deltaproteobacteria. The diversity of phylum Firmicutes
decreased during the monsoon season and distinct differences in the class level were also
observed with increased representation of class Bacilli and Clostridia during the non-
monsoon which decreased during the monsoon season.

The monsoon season was marked by a higher abundance of phylum
Cyanobacteria, which was represented by class Melainabacteria, Oxyphotobacteria and
Sericytochromatia (Appendix 3.3). Representation of classes of phyla Actinobacteria
(classes Acidimicrobiia, Actinobacteria, Coriobacteriia, Nitriliruptoria, Rubrobacteria,
Thermoleophilia and an unknown class) and phylum Bacteroidetes (class Bacteroidia,
Ignavibacteria and Rhodothermia) also increased during the monsoon season (Appendix
3.3). The other predominant representatives were classes Planctomycetacia and
Verrucomicrobiae of phylum Planctomycetes and Verrucomicrobia respectively in both
seasons. A few classes belonging to phylum Planctomycetes and Candidatus phylum
Marinimicrobia (SAR406 clade), namely Ca. Patescibacteria and Ca. Margulisbacteria
were exclusively present during the monsoon season.

A significant difference in the distribution of the bacterial classes was observed
between both seasons, with higher diversity in the monsoon season (Appendix 3.3). To
further investigate the community structure of bacterial populations, bacterial
communities were categorized at order and family levels. During the non-monsoon
season, the most abundant bacterial family was Moraxellaceae, belonging to the order
Pseudomonadales of Gammaproteobacteria. During the monsoon season, order
Synechococcales of the family Cyanobiaceae belonging to phylum Cyanobacteria was
the predominant autotrophic community. The most abundant heterotrophic bacterial
community at the order level in this season was the SARS86 clade from

Gammaproteobacteria and Flavobacteriales from phylum Bacteroidetes.

3.3.6. Correlation between environmental variables and bacterial

communities
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The influence of environmental and primary productivity parameters on bacterial

community structure at the genera level was evaluated for both the non-monsoon and

monsoon seasons using CCA (Figure 3.7).
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Figure 3.7. Canonical correspondence analysis (CCA) ordination plot of dominant
bacterial genera and environmental variables temperature, salinity, dissolved oxygen
(DO), fluorescence, chlorophyll-a (chl-a), primary productivity (PP) and nutrients during
(a) non-monsoon and (b) monsoon season.
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For the analysis, bacterial genera with a relative abundance of more than 0.5 %
were plotted along with temperature, salinity, DO, fluorescence and nutrient
concentrations measured during both seasons. Based on the CCA ordination results, the
environmental factors considered in this study accounted for 94.21 % and 88.99 % of the
variation in the community during the non-monsoon and monsoon seasons respectively.
In both seasons, nutrients correlated with the autotrophic bacterial genera such as
Cyanobium PCC-6307, Synechococcus CC9902 and Chloroplast_unclassified belonging
to Cyanobacteria phylum. The heterotrophic community was influenced by the primary
productivity in both seasons, but there were significant seasonal differences in the
bacterial groups. During the non-monsoon season, the dominant bacterial genera included
Salinimonas, Marinobacter, Idiomarina, Alcanivorax, Alteromonas, Acinetobacter from
Gammaproteobacteria; Sulfitobacter, Rhodobacteraceae_uncultured and
Sphingomonadaceae_uncultured of Alphaproteobacteria Bacillus and Lactobacillus of
phylum Firmicutes and Salengentibacter of Bacteroidetes were also among the major
contributing genera during the non-monsoon season (Figure 3.7a). During the monsoon
season, the majority of the bacterial genera belonged to candidatus or unclassified novel
marine groups. This included including SAR86 clade, OMG60 (NORS5),
Ectothiorhodospiraceae_uncultured, from class Gammaproteobacteria; AEGEAN-169
marine group, SAR11 clade_Clade I, Rhodobacteraceae_uncultured, from class
Alphaproteobacteria of Proteobacteria. Alteromonas, a Gammaproteobacteria was the
only taxa that was listed as the major contributor from both seasons. Representatives of
phylum Bacteroidetes including NS4 and NS5 marine groups; bacterial genera Sva0996
marine group and CA. Actinomarina, from phylum Actinobacteria; Roseibacillus of
phylum Verrumicrobia and Ca. Marinimicrobia (SAR406 clade) were the dominant

contributing taxa during the monsoon season (Figure 3.7b).

3.3.7. Functional diversity at C-Max along the WCI

The functional profiles of the bacterial communities showed that the predicted
pathways belonged to a variety of vital classes of functions like metabolism, processing
of genetic and environmental information and pathways for cellular processes during both
seasons (Figure 3.8a). Significant variations in the abundance of functional genes were

also evident between the non-monsoon and monsoon seasons. Further investigations into
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seasonal changes in the gene profiles show that, during the non-monsoon season, there
was a significant increase in the abundance of metabolic pathways related to
carbohydrate, lipid and amino acid metabolism, glycan biosynthesis and xenobiotic
degradation. Pathways related to energy metabolism including, carbon fixation by
prokaryotes, photosynthesis and membrane transport and biosynthesis of secondary
metabolites such as antibiotics were abundant in the monsoon season (Figure 3.8b and c).
Functional profiling of the pathways related to the cellular processes revealed that
signalling pathways, biofilm formation and pathways related to cellular prokaryotic
communities were abundant during the non-monsoon season. Pathways related to cell
growth and death, cell motility and prokaryotic quorum sensing were uniformly
distributed in both seasons (Figure 3.8c). Based on the functional gene profiles, it is
evident that pathways related to heterotrophic metabolism were represented in the non-
monsoon and monsoon season, however during monsoon season prokaryotic autotrophic

activities were predominantly higher than in the non-monsoon season.

3.4. Discussion

Physicochemical characteristics determined in the study region along the WCI
during the non-monsoon and monsoon seasons varied significantly. The water column
temperature and salinity variations depicted that the mixed layer depth was much
shallower in the monsoon season than in the non-monsoon season. This is a typical
characteristic of the Arabian Sea region due to the seasonal monsoonal winds, which leads
to increased primary productivity and accumulation of organic matter in this region
(Smitha et al. 2008; Gupta et al. 2021). An increase in primary productivity parameters
followed by high microbial abundance was observed in the monsoon samples from the
study region. Studies have suggested that increased microbial activity was evident in the
regions of high primary productivity for sustaining the food web and ecosystem
functioning (Gauns et al. 2005; Lamont et al. 2014; Reji et al. 2020). The increase in
viable bacterial counts during the monsoon season in the C-Max depths from the study
suggests a strong dependence of the bacterial community on organic matter derived from

phytoplankton.
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3.4.1. Seasonal variation in the bacterial diversity and community structure

Metagenomic analysis of the bacterial diversity showed that, during the non-
monsoon season, only 26 of the total 36 phyla identified in this study were represented
and about 35 phyla were represented in the monsoon season. The diversity indices also
showed that the monsoon season had a higher diversity in the coastal and offshore stations
(Fig. 4). The analysis of the bacterial community showed significant seasonal variations
at the Phylum, class and genus level determined in this study. The most dominant
bacterial communities identified from the study region include the Proteobacteria and
Firmicutes during the non-monsoon season and Cyanobacteria, Proteobacteria followed
by Bacteroidetes, Actinobacteria and candidatus phyla during the monsoon season (Fig.
5). Proteobacteria, the most prevalent heterotrophic bacterial group exhibited community
shift and significant seasonal variations with Gammaproteobacteria being the dominant
class during the non-monsoon season. Reports from various marine ecosystems have
observed an increase in the relative abundance of Gammaproteobacteria which can be
attributed to their remarkable ability to adapt and thrive under conditions of limited
organic matter availability through the secretion of extracellular hydrolysis enzymes,
enabling them to access and metabolise complex substrates present in the marine
environment (Spring et al., 2015; Liu and Liu, 2020, (Cho and Giovannoni, 2004).
Additionally, these bacteria possess the capacity to utilize alternative sources of energy
for growth (Choet al., 2007; Chenet al., 2021). Proteobacterial class,
Alphaproteobacteria and Deltaproteobacteria abundance increased significantly during
the monsoon season (Fig. S5). These groups have been identified as particle-degrading
microorganisms, which suggests their potential significance as key contributors to the
biogeochemical cycling of carbon fixed by primary producers during upwelling. Their
mutualistic interactions show that they play an important role during the monsoon season
in the breakdown of organic matter and enriching the nutrient cycles (Sheik et al., 2013;
Aldunate et al., 2018; Bachmann et al., 2018; Sun et al., 2022). Firmicutes were the
second dominant phyla in the non-monsoon season represented by major genera Bacillus
and Lactobacillus and their total abundance decreased significantly in the monsoon
(Table S4). The dominance of this group during the non-monsoon season could be due to
their ability to efficiently utilize and grow in the presence of limited organic matter. They

are also known to be metabolically versatile and can adapt to different environmental
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conditions (Siezen and van Hylckama Vlieg, 2011; Kadnikov et al., 2020). These bacteria
have evolved strategies to thrive well in these conditions by employing various
mechanisms such as sporulation and biofilm formation (Kadnikov et al., 2020).

The dominant bacterial groups during the monsoon season were from the
autotrophic bacterial phyla, the Cyanobacteria which increased by three folds during the
monsoon season. The significant increase in the abundance of Cyanobacteria from 3 %
during the non-monsoon season to 49 % during the monsoon season implies that this
group of bacteria may have a competitive advantage over other bacterial groups during
the upwelling season (Wasmund et al., 2012; Liu et al., 2022). Cyanobacteria are known
to form blooms in nutrient-rich waters and thus increase in their abundance as compared
to non-monsoon season (James et al., 2022). During both seasons, Synechococcus and
Cyanobium were the dominant genera of Cyanobacteria observed. These dominant forms
are considered significant Cyanobacteria due to their important ecological role in oceanic
upwelling regions, specifically in carbon fixation and trophic networks (Dore et al.,
2022). During the monsoon season, the presence of bacterial phyla such as
Actinobacteria, Bacteroidetes, Planctomycetes, Verrucomicrobia and various candidatus
phyla significantly increased as compared to non-monsoon (Fig. 4b). Actinobacteria and
Bacteroidetes are known to encompass diverse microbial taxa with versatile metabolic
capabilities (Bunse et al., 2016). Their reduced abundance during the non-monsoon
season suggests a potential limitation in their ability to thrive under nutrient-limited
conditions (Ho et al., 2017). These bacterial groups may rely on higher organic matter
availability, which is typically associated with the monsoon period due to increased
primary production (Alonso et al., 2006; Schattenhofer et al., 2009). They are also
reported to be important players in the breakdown of particulate organic materials in the
water column (Kirchman, 2002; Pinhassi et al., 2004; Bergen et al., 2015 (Morris et al.,
2012; Montes et al., 2020). In addition to the well-defined phyla observed in the study
region, the presence of various candidatus phyla was also detected. During the monsoon
season, candidatus phyla including Ca. Marinimicrobia, Ca. Patescibacteria and Ca.
Dadabacteria exhibited a significant increase in their relative abundance (Fig. 4b and Fig.
S4). Their potential roles in the decomposition and utilization of the abundant organic
matter generated during this period highlight their ecological significance in nutrient
cycling and carbon metabolism within the study region (Mestre et al., 2018; Frank et al.,
2016; Yilmaz et al., 2016). Further investigations into the functional potential and

ecological contributions of these candidatus phyla are warranted to elucidate their specific
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roles in microbial community dynamics and ecosystem functioning during the monsoon

season.

3.4.2. Influence of environmental variables on the bacterial community

composition

CCA aided in understanding the influence of environmental variables, especially
DO, nutrients and primary productivity parameters on the bacterial communities at the
genera level. The analysis showed, that DO and nutrient levels exhibited a significant
correlation with the Cyanobacterial community which included the Synecoccocus,
Cynanobium PCC-6307 and Cloroplast_unclassified in both seasons. Physicochemical
factors such as temperature and DO availability play a crucial role in shaping the
diversity, abundance and activity of bacterial communities in the marine ecosystem,
particularly in upwelling regions (Sun et al., 2022). In the non-monsoon season, the
majority of the dominant taxa exhibited a significant correlation with primary
productivity and fluorescence (Fig. 6a). However, during the monsoon season there was
a significant shift in the bacterial heterotrophic groups, which included a majority of
candidatus bacterial communities. The bacterial communities in the monsoon season
included SAR86, OM60 (NORS5) of Gammaproteobacteria; NS4 and NS5 marine groups
of Bacteroidetes, Actinobacterial genera Sva0996 marine groups, Ca. Actinomarina and
Ca. Marinimicrobia was observed. The enhanced availability of nutrients and labile
carbon sources during the productive monsoon season likely stimulates the growth and
metabolic activities of these bacterial phyla (Hug et al., 2015; Reji et al., 2020; Graham
and Tully, 2021). These bacterial groups have previously been shown to be associated
with high-productivity environments and their presence may reflect an increase in
nutrient availability due to upwelling (Bachmann et al., 2018; Reji et al., 2020; James et
al., 2022). This provides a vivid understanding that the seasonal variations in the primary
production in the study region influenced the autotrophic and heterotrophic bacterial

communities.

3.4.3. Seasonal variation in the bacterial functional profiles
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Seasonal variations in the primary productivity also exerted a significant influence
on the predicted functional profiles of the bacterial communities. Predictive functional
profiling showed autotrophic activities including, prokaryotic carbon fixation activities
and cellular catabolism increased during the monsoon season. This could be due to the
significant increase in Cyanobacterial populations during the upwelling season. Studies
suggest that the temporal variations in functional profiles observed using metagenomics
approaches may be influenced by the high abundance of genes associated with
photosynthesis from Cyanobacteria (Ward et al., 2017; Matsumoto et al., 2021).
Understanding the metabolic interactions between primary producers, such as
photoautotrophic species like phytoplanktons and Cyanobacteria and heterotrophic
organisms, such as bacteria and archaea, is essential for understanding how ecosystems
work (Caroppo et al., 2022). In this study, observation-based functional profiles
underscore the significant impact of primary productivity variations, particularly those
associated with upwelling events, on the composition of bacterial communities within the
WCI region. Studies indicate that during the monsoon season, the metabolism of
microbial communities is particularly active in breaking down complex organic
compounds such as carbohydrates, proteins and polysaccharides (Caroppo et al., 2022).
Bacteria are also shown to exhibit increased enzymatic activity and cellular activity such
as quorum sensing and biofilm formation allowing them to efficiently break down
available organic matter and obtain essential nutrients for growth (Lever et al., 2015;
PriR, 2017), which was also evident from our study (Fig. 7). Further investigations into
the functional potential and ecological contributions of these bacterial communities are

essential to understanding their ecological significance.

3.5. Conclusion

This study presents a detailed account of the bacterial community structure in C-
Max depths during the non-monsoon and monsoon seasons along the WCI. An increase
in primary productivity is recorded annually during the southwest monsoon season along
the west coast of India. The influence of seasonal variations in primary productivity on
bacterial dynamics was explored along with the physio-chemical parameters during the
non-monsoon and productive monsoon seasons. The physicochemical characteristics
exhibited significant seasonal differences and the water column temperature and salinity

variations depicted that the mixed layer depth was much shallower with higher primary
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productivity in the monsoon season. A significant positive correlation between the in situ
primary productivity, estimated using the radiotracer method and bacterial parameters
shows the influence of the former on the latter in the study area. Bacterial diversity based
on next-generation, metagenomic analysis was assessed in the chlorophyll maxima
depths, which recorded the highest viable counts during both seasons. Taxonomic profiles
showed that the most dominant bacterial communities identified from the study region
include the Proteobacteria and Firmicutes during the non-monsoon season and
Cyanobacteria, Proteobacteria followed by Bacteroidetes, Actinobacteria and candidatus
phyla during the monsoon season. The abundance and composition of these phyla
significantly varied between both seasons, which was evident through Canonical
correspondence analysis. It showed the influence of primary productivity parameters on
the bacterial communities at the genera level with distinct seasonal variations. In the non-
monsoon season, the dominant taxa were Idiomarina, Alteromonas, Marinobacter,
Alcanivorax belonging to Gammaproteobacteria; Sulfitobacteria, Sphingomonadaceae
uncultured, Rhodobacteraceae_uncultured from Alphaproteobacteria and Lactobacillus
of Firmicutes which exhibited a significant correlation with primary productivity.
However, during the monsoon season, there was an increase in the autotrophic
communities with Cyanobium and Synechococcus genera of Cyanobacteria and the
heterotrophic groups, included a majority of candidatus bacterial taxa. This included
SAR86, OM60 (NOR5) of Gammaproteobacteria; NS4 and NS5 marine groups of
Bacteroidetes, Actinobacterial genera Sva0996 marine groups, Ca. Actinomarina and Ca.
Marinimicrobia. Further investigations into the functional potential and ecological
contributions of these candidatus phyla are required to elucidate their importance in the
study region. Seasonal variations in the primary productivity also exerted a significant
influence on the predicted functional profiles of the bacterial communities. These
observations underscore the significant impact of primary productivity variations on

bacterial abundance and community composition along the west coast of India.
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Chapter 4.
Insights into the functional profiles of

bacteria along the west coast of India.



Abstract

The west coast of India (WCI) is known for its unique oceanographic features
such as the seasonal monsoonal winds, upwelling of nutrient-rich waters and a significant
increase in primary productivity during the monsoon season. In this study, we utilised the
shotgun metagenomics approach to determine the seasonal variations in bacterial
taxonomic and functional profiles during the non-monsoon and monsoon seasons in the
WCI. Significant seasonal variations in the bacterial community structure were observed
at the phylum and genera levels. These finding also correspond with seasonal shifts in the
functional profiles of the bacterial communities based on the variations of genes encoding
enzymes associated with different metabolic pathways. Pronounced seasonal variation of
bacterial taxa was evident with an increased abundance of Idiomarina, Marinobacter,
Psychrobacter and Alteromonas of Proteobacteria, Bacillus and Staphylococcus of
Firmicutes during the non-monsoon season. These taxa were linked to elevated nucleotide
and amino acid biosynthesis, amino acid and lipid degradation. Conversely, during the
monsoon, the taxa composition changed with Alteromonas, Candidatus Pelagibacter of
Proteobacteria and Cyanobacteria Synechococcus; contributing largely to the amino acid
and lipid biosynthesis, fermentation and inorganic nutrient metabolism which was evident
from functional analysis. Regression analysis confirmed that increased seasonal primary
productivity significantly influenced the abundance of genes associated with
carbohydrate, protein and lipid metabolism. These highlight the pivotal role of seasonal
changes in primary productivity in shaping the bacterial communities, their functional

profiles and driving the biogeochemical cycling in the WCI.
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4.1. Introduction

Marine bacteria are fundamental players in the marine biogeochemical cycles,
decomposing organic matter and recycling the nutrients essential for sustaining the
ecosystem. This breakdown is facilitated by the bacterial extracellular enzymes, such as
carbohydrases, proteases and lipases, which break down the organic matter (Muhlenbruch
etal. 2018; Dittmar et al. 2021; Dithugoe et al. 2023). In addition to supporting the marine
food web, the recycling of organic matter by bacterial communities also plays a key role
in regulating the global carbon cycle by facilitating the long-term storage of carbon in
recalcitrant forms (Jiao & Zheng, 2011; Moran et al. 2016; Heinrichs et al. 2020; DeVries,
2022). In marine ecosystems, the taxonomic composition and functional abilities of
bacterial communities are influenced by various environmental factors such as water
temperature, nutrients and organic matter availability (Zhou et al. 2021; Eigemann et al.
2023). Bacterial activity in marine environments demonstrates a marked variability,
which appears to be influenced by the availability and characteristics of organic matter,
suggesting a distinct distribution of enzymatic activities across seasons and regions (Basu
et al. 2013; Arnosti et al. 2021). The diversity and composition of these bacterial
communities are crucial in determining the rate and efficiency of organic matter recycling
(Zhou et al. 2021). Hence, understanding the bacterial community structure and their
heterotrophic functional activities is of global importance in the present climate change
scenario.

The study region, WCI is characterized by semi-annual changes in the climate,
wind pattern, monsoonal currents and upwelling, which plays a significant role in shaping
the phytoplankton productivity dynamics along this region (Vinayachandran et al. 2021,
Gupta et al. 2022; Albin et al. 2022). Increased productivity during southwest monsoon
leads to the generation of substantial amounts of organic matter in subsequent
concentration along the WCI (Shetye et al. 2022; Nandakumar et al. 2023). Seasonal
variations strongly influence the distribution of nutrients and organic matter in this region,
with the southwest monsoon playing a crucial role in driving enhanced productivity.
During the monsoon season, intense rainfall and terrestrial inputs further contribute to the
organic matter dynamics, fuelling the growth of marine microorganisms (Sarma et al.
2014; Nageswar Rao et al. 2019; Silori et al. 2022). However, during the non-monsoon

season, the WCI experiences a relatively low-productive environment (Santhikrishnan et
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al. 2021; Albin et al. 2022). Understanding the intricate dynamics of productivity, organic
matter generation and its relation to bacterial functional activities is crucial to
comprehending the complex ecological processes along WCI. Despite the importance of
bacterial communities in biogeochemical cycling in marine ecosystems, little is known
about their composition and diversity along the WCI. Previous studies have primarily
focused on the physio-chemical factors influencing bacterial diversity and community
structure in specific regions such as oxygen minimum zones, mud banks regions and
sediment cores (Vijayan et al. 2023 and reference therein), however, the specific bacterial
communities and their functional diversity involved in the biogeochemical processes have
not been studied thoroughly from this region. Furthermore, there is limited knowledge
about how bacterial communities vary during different seasons, which is important for
understanding the temporal dynamics of bacterial functional activities recycling organic
matter. Based on the culturable bacterial diversity along the WCI, it was observed that
there was a pronounced increase in bacterial abundance during the monsoon season. The
chlorophyll maxima depths (C-Max) consistently reported the most significant colony-
forming units (CFUs) (Parab et al. 2022). The C-Max, located between 20-100 m in
marine water columns, is known for high productivity due to conditions favourable for
phytoplankton growth (Cullen, 2015). This depth offers abundant organic matter,
supporting bacterial heterotrophic activities. Despite its importance, there is limited
research in WCI's about how changes in primary productivity affect bacterial functions
in C-Max zones, especially using advanced metagenomics sequencing methods.

To address this, the present study used high-throughput shotgun sequencing to
investigate the bacterial taxonomy and functional diversity at C-Max depths along the
WCI during non-monsoon and monsoon seasons. Shotgun metagenomics represents a
robust and superior approach for functional analysis in microbial ecology and
environmental studies (Quince et al. 2017), unlike targeted methods like 16S rRNA
sequencing that focus on specific conserved regions. By sequencing all genetic material
present in environmental samples, shotgun metagenomics enables the comprehensive
exploration of microbial diversity and the identification of functional genes and pathways
(Galloway-Pefia & Hanson, 2020). Thus, this study will provide an in-depth report of
bacterial functional diversity based on shotgun metagenomics, offering a comprehensive
view of the genetic potential within diverse microbial communities during non-monsoon

and monsoon seasons. This research contributes to a better understanding of the
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ecological significance of bacterial communities in this region and will provide valuable

insights into seasonal variations in bacterial heterotrophic activities.

4.2. Methodology

4.2.1. Sample collection and DNA extraction

Sampling was conducted on board RV Sindhu Sankalp in the study region along
the WCI, during the non-monsoon season in February 2019 (Cruise # SSK-125) and
southwest monsoon season in September 2019 (Cruise # SSK-131). Samples were
collected from coastal (30 m) and off-shore (600 m) locations off Goa, Mangalore and
Trivandrum along the WCI (Figure 1.5). Water samples were collected at discrete depths
in all the locations including the C-Max depth, immediately sub-sampled and stored for
subsequent analysis. Water samples collected at C-Max depths from all 6 stations during
both cruises were filtered using a peristaltic pump on board the research vessel for
metagenomic DNA extraction. Approximately 20 L of water sample in triplicates was
filtered through 0.22 mm Durapore filters (Millipore, USA) and stored in cryovials
containing DNA storage buffer, consisting of 0.75M sucrose, 40 mM EDTA and 50 mM
Tris (pH 8.3) and was maintained at -80°C. Subsequently, DNA extraction was performed
using the FastDNA™ SPIN kit (MP Biomedical, USA), from the triplicate samples
following the manufacturer's instructions and DNA was pooled together for further
analysis. The extracted metagenomic DNA was assessed for quality and an adequate

amount of DNA was obtained for subsequent sequencing.

4.2.2. Shotgun sequencing and assembly

DNA samples were sequenced using the shotgun metagenomics technique at the
National Institute of Biomedical Genomics (NIBG, West Bengal, India). For this, library
preparation was carried out using TruSeq DNA PCR-Free Library Prep Kit (Illumina,
USA) and the library was sequenced on the NovaSeq 6000 system (v1.5, lllumina, USA)
according to Illumina's recommended protocols (Illumina, USA). Quality control and
assembly of the shotgun sequencing reads were performed using a series of

bioinformatics tools. Raw sequencing reads were initially assessed for quality using
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FastQC v0.12.0. Low-quality bases and adapter sequences were removed from the reads
using Trimmomatic v0.39, (Bolger et al. 2014). To eliminate potential contamination
from untargeted DNA, Kneaddata v0.11.0 was used. The resulting high-quality reads
were then subjected to de novo assembly using MEGAHIT v1.2.8 (Li et al. 2016),
resulting in the generation of contigs. Assembly quality was evaluated using QUAST
v5.1.0 (Gurevich et al. 2013), while BUSCO v5.4.7 (Manni et al. 2021) was used to assess
the completeness of the assembly. Post-assembly processing involved read mapping
using Bowtie2 v2.5.1 (Langmead and Salzberg, 2012).

4.2.3. Taxonomic and functional annotation

For taxonomic assessment, MetaPhlAn2 was utilized to profile the metagenomic
content of the assembly, enabling the identification and quantification of microbial
species within the dataset (Truong et al. 2015). For functional diversity assessment, an
open reading frame (ORF) was predicted using Prokka v1.14.6 for comprehensive
genome annotation (Seemann, 2014). For each of the samples, gene clustering based on
sequence identity, CD-HIT v 4.8.1 was employed (Li et al. 2012). For evaluation of the
overall functional diversity of bacterial metabolic, cellular and carbohydrate utilization
processes; predicted ORFs annotated against reference databases like KEGG (Kyoto
Encyclopedia of Genes and Genomes), EQgNOG (Evolutionary Genealogy of Genes:
Non-supervised Orthologous Groups) and CAZy (carbohydrate-active enzymes). KEGG
annotation was conducted utilizing kofamscan v1.3.0 to assign KEGG orthologs terms to
the predicted ORFs. Functional classification based on orthologous groups from the
EggNOG database was performed using eggnog-mapper v2.1.9 (Cantalapiedra et al.
2021). Identification of CAZymes within the ORFs was achieved by mapping the data set
against the CAZy database using run_dbcan v2.0.0 (Zhang et al. 2018).

To further investigate the organic matter degradation potential, information on
genes encoding enzymes involved in carbohydrate, protein and lipid degradation was
extracted from annotation data. Carbohydrate-degrading enzymes were assessed by
estimating the abundance of various Glycoside Hydrolase (GH) families from the CAZy
annotated data. Protein degradation was studied by manually searching for peptidase
families, with a particular emphasis on bacterial extracellular peptidases. The InterPro

database (Paysan-Lafosse et al. 2023), which provides a classification of protein families
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and the MEROPS database, dedicated to peptidase classification, were utilized for this
purpose (Rawlings et al. 2018). The abundance of genes encoding peptidases of interest
was extracted from the EQgNOG annotated data. For lipid degradation analysis, ORFs
were annotated against the KEGG database to extract the abundance of pathways
responsible for fatty acid degradation processes. In the analysis, functional assignment
profiles from the KEGG, EggNOG and CAZy annotation output files were imported into
R Studio v3.5.1. These files were manually sorted and searched to identify specific genes
and pathways associated with carbohydrate, protein and lipid degradation processes.
Custom searches, filtering and sorting operations were performed on the functional

annotation data to extract the relevant information (Tseng et al. 2015).

4.2.4. Statistical analysis

The data was analysed statistically to evaluate the significance level of the
differences in the bacterial community and functional distribution between non-monsoon
and monsoon seasons. The assessment of bacterial alpha diversity indices was estimated
using PAST v4.03 (Paleontological statistics software for analysis and education)
software (Hammer and Harper, 2006). The t-test analysis was performed using Microsoft
Excel (2016) to evaluate significant differences in bacterial alpha diversity indices
between both seasons. For beta diversity assessment, non-metric multidimensional
scaling (NMDS) analysis, was conducted utilizing the R package BiodiversityR (Kindt
and Coe, 2005). Additionally, the permutational multivariate analysis of variance
(PERMANOVA) was performed using PAST v4.03, to evaluate the statistical
significance of diversity distribution across different sampling stations and seasons.
Hierarchical clustering analysis based on the Euclidean similarity index was performed
using the R package Pheatmap v1.0.12 to generate a heatmap of bacterial communities.
Statistical significance between taxonomic and functional gene abundance was assessed
using STAMP (statistical analysis of taxonomic and functional profiles) bioinformatics
software v2.1.3 (Parks et al. 2014). Data visualization for various statistical tests was

performed using the R package ggplot2 (R Core Team, 2015).
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4.3. Results

4.3.1. Bacterial distribution and taxonomic composition

Shotgun sequences obtained from the six, water samples collected from C-Max
depth from each season, were in the range of about 10 to 18 x 10° raw reads. These
sequences were denoised and filtered, and an average of about 5 to 9 x 10° filtered reads
was used for the analysis, which grouped into about 750 unique features (Appendix 4.3).
A rarefaction curve was plotted to assess the sequencing depth and its efficacy in
capturing the microbial diversity. The plateauing of the rarefaction curve suggested that
the sequencing depth was optimal, with further sequencing likely to add limited new taxa
(Appendix 4.1). Based on the diversity indices calculated, the mean Simpson's index was
0.36 and 0.42 during the non-monsoon and monsoon seasons respectively and the mean
Shannon diversity index was about 0.80 in the samples analysed (Table 4.1). During the
non-monsoon, the evenness values ranged 0.12 to 0.24 and in the monsoon, a wider range
of values from 0.22 to 1.00 was estimated, which showed that there was significant
temporal difference in this season. The Chao-1 index exhibited significant seasonal
variations, with higher values (12.50) in the non-monsoon; than in the monsoon season
(6.33). The t-test analysis performed to evaluate the differences in diversity indices
showed significant seasonal variations in the Evenness and Chao-1 index (p < 0.05)
(Table 4.1).

Based on the NMDS analysis, a distinct seasonal variation in the bacterial
communities from the sampling locations, off Goa, Mangalore and Trivandrum along the
WCI was observed. The non-monsoon samples from coastal (30 m) and off-shore (600
m) stations of Goa and Mangalore, displayed a closer clustering pattern, suggesting a
higher degree of similarity in comparison to the Trivandrum samples (Figure 4.1). During
the monsoon season, there were wider variations in the diversity patterns between the
bacterial communities from the sampling stations. This pattern suggests that
environmental factors associated with the monsoon season, such as increased productivity
and nutrient influx, may significantly influence and diversify the bacterial diversity and

community structure along WCI.
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Table 4.1: Diversity indices estimated during the non-monsoon and monsoon seasons

along the west coast of India.

Stations Diversity indices

Simpson Shannon  Evenness* Chao-1*

Non-monsoon season

G30 0.58 1.26 0.24 15.00
G600 0.27 0.67 0.12 16.00
M30 0.53 1.22 0.24 14.00
M600 0.40 0.94 0.16 16.00
T30 0.17 0.36 0.18 8.00
T600 0.19 0.38 0.24 6.00
Mean 0.36 0.81 0.20 12.50
Monsoon season

G30 0.00 0.00 1.00 1.00
G600 0.79 1.60 0.99 5.00
M30 0.48 0.90 0.31 8.00
M600 0.58 1.01 0.55 5.00
T30 0.31 0.71 0.25 8.00
T600 0.37 0.88 0.22 11.00
Mean 0.42 0.85 0.55 6.33

*Significant at 0.05 level (t-test)

The two-way PERMANOVA analysis validated the NMDS results, showing
significant seasonal variation (p < 0.001) and temporal variation (p = 0.003) in the
bacterial community structure. The bacterial taxonomic composition in the water column
at C-Max depths revealed the presence of bacterial phyla including Proteobacteria,
Bacteroidetes, Firmicutes and Actinobacteria during the non-monsoon season and in the
monsoon season Cyanobacteria was also reported (Figure 4.2). The relative abundance of
bacterial genera within these bacterial phyla exhibited distinct patterns between the non-

monsoon and monsoon seasons.
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Figure 4.1: NMDS analysis illustrating seasonal differences in bacterial community

composition between non-monsoon and Monsoon seasons.

In the Proteobacteria phylum, within the Gammaproteobacteria class, pronounced
seasonal variation was observed which includes genera Idiomarina, whose relative
abundance significantly (p < 0.001) decreased from 53.06 % in the non-monsoon season
to 2.96 % in the monsoon season (Figure 4.2). In contrast, Alteromonas significantly (p
< 0.001) increased from 28.17 % in the non-monsoon season to 58.49 % in the monsoon
season (Figure 4.2). Proteobacterial genera Marinobacter, Nitratireductor and
Pelagibaca also displayed an increase in their relative abundance during the monsoon
season. Significant differences were also observed in the Actinobacteria phylum within
the Actinomycetes class, with Nocardioides genera increasing from a relative abundance
of 0.48 % in the non-monsoon season to 5.76 % in the monsoon season (p < 0.001) (Figure
4.2). Within the Bacteroidetes and Firmicutes phylum, several genera present during the
non-monsoon season were not detected in the monsoon season (Figure 4.2). Within the
Cyanobacteria phylum, significant variation was seen in the genus Synechococcus, which
was not detected during the non-monsoon season but contributed to a relative abundance

of 21.65 % during the monsoon season (Figure 4.2).
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Figure 4.2: Heatmap displaying the relative abundance of bacterial taxa during non-
monsoon and monsoon seasons along the west coast of India, the significance of seasonal

variations at p < 0.001** is also represented for specific bacterial genera.

4.3.2. Functional insight into metabolism and cellular processes

The results of the KEGG and EggNOG pathway analysis provided valuable
insights into the functional profiles of bacterial communities along the WCI. Among the
six major KEGG pathways, metabolism emerged as the predominant functional category,
constituting ~ 55 % during the non-monsoon and monsoon seasons (Figure 4.3). A
relative abundance of genetic information processing pathways and cellular processes
was represented around 8.5 % during both seasons. Environmental information
processing pathways contributed about 11 % during the non-monsoon season and

marginally reduced in the monsoon season (9 %). Pathways associated with organismal
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systems and human diseases exhibited a proportion of ~ 4 % and 12.5 % during both the
non-monsoon season and monsoon season respectively (Figure 4.3). Within the metabolic
pathways, the relative abundance of energy metabolism increased significantly (p <
0.001) during the monsoon season. A similar significant increase in relative abundance
was also observed in pathways for amino acid metabolism and metabolism of cofactors
and vitamins during monsoon season (Figure 4.4 and Appendix 4.4). There was a notable
increase in the pathways for folding, sorting and degradation under the genetic
information processing pathways, such as viral information processing (p = 0.004) and

translation process (p < 0.001) in the monsoon season (Figure 4.4 and Appendix 4.5).
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Figure 4.3: Relative abundance of major KEGG pathways across all stations during the
non-monsoon and Monsoon seasons.
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Figure 4.4: Comparative heatmap of all major pathways across all stations during the non-
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p < 0.001** is also represented for specific pathways.
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Seasonal variations were also observed in the pathways for the environmental information
processing category, with a significant increase in both membrane transport and signal
transduction processes (p < 0.001) during non-monsoon season. Within the cellular
processes pathways, the non-monsoon season exhibited an increase in relative abundance
in the cellular community of prokaryotes (p < 0.001) and sensory system process (p <
0.05), within organismal systems pathways (Figure 4.4 and Appendix 4.4).

The relative abundance of various metabolism and cellular process pathways
annotated against the EQgNOG database was also analysed. Results obtained were similar
to the analysis based on KEGG annotations with a higher relative abundance of several
pathways including those involving energy production and amino acid metabolism in the
monsoon season. However, pathways related to RNA processing and modification
decreased significantly during the monsoon season. A significant increase in pathways
with unknown functions and those related to cell motility was also observed during the

monsoon and non-monsoon seasons respectively (Appendix 4.2 and Appendix 4.4).

4.3.3. Functional insight into carbohydrate, protein and lipid utilization

Carbohydrate utilization

The comparative analysis of the ORFs belonging to the CAZymes families
exhibited distinct variations in the non-monsoon and monsoon seasons. Within the
CAZymes, Glycosyltransferases (GTs), responsible for synthesizing the glycosidic bond
in carbohydrates, emerged as the predominant group during both seasons with a relative
abundance of ~ 48 %. Following it, the Glycoside Hydrolases (GHSs), key enzymes in
hydrolysing the glycosidic bond between two or more carbohydrates, showed a marginal
increase in relative abundance during the monsoon season (Figure 4.5a). Similarly,
Carbohydrate Esterases (CEs), which cleave linkages of carbohydrate esters, observed a
significant increase in their relative abundance during the monsoon (p < 0.001). In
contrast, the abundance of Auxiliary Activities (AAs) enzymes, enzymes pivotal in lignin
degradation and modification and Carbohydrate-Binding Modules (CBMs), crucial for
targeting enzymes to their complex carbohydrate substrates evidenced a marginal decline
in the monsoon (Figure 4.5a). The relative abundance of polysaccharide lyases (PLSs),
involved in the non-hydrolytic cleavage of polysaccharides, remained steady at about 1

% throughout both seasons.
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Figure 4.5: Extended error bar plot of (a) major CAZy enzyme families and (b) glycoside

hydrolases (GHs) during non-monsoon and monsoon season.
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To further understand carbohydrate degradation, the glycoside hydrolase
subfamily was examined, revealing distinct distribution patterns across sampling seasons
(Figure 4.5b). During the non-monsoon season, GHO, a non-classified glycoside
hydrolase, exhibited a relative abundance of 4.07 %, which significantly increased to 6.74
% in the monsoon season (p < 0.001). Enzyme subfamilies, GH92 and GH38, both
associated with mannose hydrolysis, presented contrasting dynamics. Relative abundance
of GH92 was higher in the non-monsoon season, however, GH38 was increased during
the monsoon season. Enzymes catalysing xylose degradation, such as GH3 and GH39
varied in their seasonal trends with higher relative abundance during non-monsoon.
Similarly, GH2 enzymes, which are associated with lactose hydrolysis were only
detectable during the non-monsoon season (Figure 4.5b). Seasonal variations were also
observed in peptidoglycan hydrolases such as GH23, GH73 and GH103. Among these,
GH23 significantly decreased from 26.81 % during the non-monsoon to 17.60 % in the
monsoon (p < 0.001), while GH103 exhibited a decline from 12.90 % to 7.80 % (p <
0.001). However, GH73 was only detectable in the non-monsoon season. During
monsoon season, the relative abundance of maltose hydrolysing enzymes such as GH65
and starch-degrading enzyme GH13 also increased significantly (p < 0.001). Similarly,
GH1 associated with cellulolytic activities and GH28 enzyme, associated with pectin
hydrolysis increased significantly during the monsoon season (Figure 4.5b). Furthermore,
the relative abundance of -1, 3-Glucan targeting enzymes GH17 and GH33, associated

with glycoprotein and glycolipid degradation was only detected during monsoon season.

Protein utilization

The analysis of peptidase enzymes revealed the occurrence of various peptidases
across sampling seasons. Aminopeptidases, which are associated with the cleaving of
amino acids from the N-terminal end of proteins showed significant seasonal variation.
Aminopeptidase N (Peptidase M1), aminopeptidase Y (Peptidase M3) and glycyl
aminopeptidase (Peptidase M61) were significantly higher during the non-monsoon
season (p < 0.001) (Figure 4.6). Carboxypeptidases, essential for cleaving amino acids
from the C-terminal end, such as carboxypeptidase A (Peptidase M14) and LD-
carboxypeptidase (Peptidase S66) detected during the non-monsoon season, but their
relative abundance significantly decreased in the monsoon season (p < 0.001). The
relative abundance of endopeptidase pitrilysin (Peptidase M16) was also significantly

higher during non-monsoon season. Several enzymes with specialized functions such as
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imelysin (Peptidase M75) and prepilin peptidase (Peptidase A24), were only detected
during the non-monsoon season (Figure 4.6). During monsoon season, aminopeptidases
such as methionine aminopeptidase 1 (Peptidase M24) marked a significant increase in
the relative abundance of 22.73 % (p < 0.001). Along with it, the relative abundance of
glutamate carboxypeptidase (Peptidase M20) also increased significantly during the
monsoon season (p = 0.003). Within the endopeptidase category, which acts on internal
peptide bonds, the relative abundance of beta-lytic metallopeptidase (Peptidase M23) and
prolyl oligopeptides (Peptidase S9) significantly (p < 0.001) increased during the

monsoon season.
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Figure 4.6: Extended error bar plot of peptidase enzymes, along with significance levels

during non-monsoon and monsoon season.
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Lipid utilization and fermentation

The analysis of pathways responsible for lipid degradation revealed significant
differences in the abundance of specific enzymes during the non-monsoon and monsoon
seasons (Figure 4.7). During the non-monsoon season, enzymes responsible for the initial
activation pathways of fatty acid degradation such as long-chain fatty acid ligase had a
significantly higher relative abundance of 9.59 % (P < 0.001). Similarly, the B-Oxidation
cycle enzymes presented significant activity with a marginally higher abundance of 3-
hydroxybutyryl-CoA epimerase enzyme (p = 0.01).
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Figure 4.7: Extended error bar plot of enzymes involved in lipid metabolism along with

significance levels during non-monsoon and monsoon season.
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Enzymes associated with the aldehyde and alcohol metabolism, such as acetaldehyde
dehydrogenase and alcohol dehydrogenase exhibited a higher relative abundance during
the non-monsoon season (p < 0.001). The monsoon season witnessed a shift in enzymatic
profiles, with an evident surge in the f-Oxidation cycle enzymes during the monsoon
season (Figure 4.7). Notably, acyl-CoA dehydrogenase, enoyl-CoA hydratase and
Delta3-Delta2-enoyl-CoA isomerase exhibited a significantly higher relative abundance
of 15.82 %, 5.95 % and 18.45 %, respectively (P < 0.001). Other B-Oxidation enzymes
such as Enoyl-CoA isomerase and butyryl-CoA dehydrogenase also showed a significant
increase in their relative abundance during monsoon season (Figure 4.7). Relative
abundance of Long-chain acyl-CoA synthetase was also detected to be higher during
monsoon season. Similarly, the enzymes involved in CoA transfer and shuttle such as
Glutaryl-CoA dehydrogenase (p = 0.002), acetyl-CoA acyltransferase, acetyl-CoA C-
acetyltransferase and 3-phenylpropionate dioxygenase exhibited a significant increase in

relative abundance (P < 0.001) during monsoon season.

4.4. Discussion

4.4.1. Seasonal variation in bacterial diversity and composition

Bacterial composition and taxonomic diversity assessed based on shotgun
metagenomics at C-Max depths along the WCI during the non-monsoon and monsoon
seasons revealed a significant seasonal variation. Bacterial diversity studies along the
WCI, based on cultivable bacterial assessments (Gomes et al. 2019; Anas et al. 2021,
Isaacs et al. 2021; Vijayan et al. 2022; Parab et al. 2022) as well as through 16S amplicon
sequencing-based metagenomics studies (Vijayan et al. 2022), have revealed that the
primary productivity influences the bacterial diversity in this region. However, shotgun-
based, whole bacterial genome metagenomic analysis in these regions is almost
negligible. This is the first study to elucidate the seasonal variations of primary
productivity on both the taxonomic and functional diversity of the bacterial communities
from the WCI. During monsoon season, nutrient availability in the euphotic zone fosters
increased phytoplankton activity, leading to the generation of a higher amount of organic
matter along WCI, compared to non-monsoon season (Shetye et al. 2022; Nandakumar et

al. 2023). Recent research along the WCI also indicates the prominent presence of
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phytodetritus in the particulate organic matter influenced by physical forces such as
upwelling and monsoonal terrestrial runoff (Pradhan et al. 2014; Silori et al. 2021; 2023).
During the non-monsoon season, bacterial diversity in the coastal locations displayed
notable similarities with the off-shore locations. As the monsoon season progressed, a
distinct separation between coastal and off-shore bacterial populations was observed.
This was confirmed through statistical tests and two-way PERMANOVA analysis,
emphasizing the influence of both seasonality and sampling locations (Figure 4.1). The
influence of the monsoon is reported to be more pronounced near the coast compared to
deeper waters from across the globe (Parvathi et al. 2019; Anas et al. 2021; James et al.
2022; Castillo et al. 2022).

During both the non-monsoon and monsoon seasons, four dominant bacterial
phyla were observed including Proteobacteria, Bacteroidetes, Firmicutes and
Actinobacteria. These are largely reported from various marine regions and are known to
play pivotal roles in various biogeochemical recycling processes (Fuhrman et al. 2015;
Sun et al. 2020; Castillo et al. 2022; Arandia-Gorostidi et al. 2022). The Proteobacteria
phylum, specifically the Gammaproteobacteria class, displayed the most substantial
seasonal variation. Genera like Idiomarina and Marinobacter saw significant reductions
in their relative abundance from the non-monsoon to the monsoon season (Figure 4.2).
Such declines in specific taxa could be attributed to various factors, including competition
for resources, predation, or changes in water parameters brought about by the monsoon.
Conversely, certain genera within the Alphaproteobacteria class, like Nitratireductor and
Pelagibaca, exhibited an increased abundance during the monsoon season, suggesting
that these taxa might have ecological or metabolic advantages under increased organic
load during monsoonal conditions (Labbé et al. 2004; Tseng et al. 2015; Thiele et al.
2018). Notably, seasonal shifts were also observed in Bacteroidetes genera
Zunongwangia, whose abundance increased during the non-monsoon season,
highlighting its ability to break down complex organic matter and providing new insights
into the adaptations and functionalities during low nutrient conditions (Qin et al. 2010;
Williams et al. 2013). On the other hand, Bacteroidetes genera Leeuwenhoekiella
increased during the monsoon season, which shows its resilience or adaptability to
changing conditions (Gifford et al. 2020). Within the Actinobacteria phylum, the increase
in Nocardioides' relative abundance from the non-monsoon to the monsoon season could
imply a role for this genus in decomposing complex organic matter, a function often
associated with Actinobacteria in marine environments (Yaradoddi et al. 2021). Bacterial
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genera from phylum Firmicutes were only detected during the non-monsoon season. In
contrast, the absence of genera like Exiguobacterium and Staphylococcus from
Firmicutes phylum during the monsoon season could be due to environmental stresses or
competitive interactions (Hede & Khandeparker, 2020). Interestingly, the Cyanobacteria
phylum, represented by the genus Synechococcus, increases during the monsoon season
(Figure 4.2). This observed increase in Cyanobacterial genera was also evident in
previous studies based on 16S rRNA amplicon sequencing (Anas et al. 2021). As primary
producers, Cyanobacteria play a crucial role in marine carbon cycling (Huisman et al.
2018; Anas et al. 2021; Liu et al. 2022). Their absence during the non-monsoon season
and subsequent surge in the monsoon season suggests that these organisms might be
responding to increased nutrient availability or light conditions favourable for
photosynthesis during the monsoon (Huisman et al. 2018; Bachmann et al. 2018; Liu et
al. 2022). The observed seasonal variations in bacterial diversity and distribution
underscore the dynamic nature of microbial communities in marine ecosystems (Broman
et al. 2021; Arandia-Gorostidi et al. 2022; Saunders et al. 2022). These shifts can offer
valuable insights into the ecological and biogeochemical processes that govern these

environments.

4.4.2. Seasonal variation in metabolism and cellular processes

The functional metabolic diversity of marine bacterial communities is influenced
by various environmental forces they encounter, especially in regions subject to
pronounced seasonal variations in primary productivity dynamics along the WCI.
Shotgun metagenomics based on KEGG and EggNOG pathway analyses has shown that
metabolism was among the highest functional categories in both seasons, emphasizing
the central role bacteria play in marine biogeochemical cycles. The surge in energy
metabolism pathways (Figure 4.4 and S2) during the monsoon season suggests an
intensified energy demand, possibly due to the increased autotrophic and heterotrophic
activity. A significant increase in energy production and conversion could reflect the
increased availability of organic substrates (Traving et al. 2017), possibly due to increased
productivity as well as organic matter deposition from terrestrial runoff along WCI during
monsoon season (Maya et al. 2011; Pradhan et al. 2014). This surge in metabolic activity

might facilitate the microbial communities' ability to rapidly exploit available resources
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during the monsoon. A significant increase in amino acid transport and metabolism
during the monsoon season could indicate a heightened demand for protein synthesis,
aligning with the observed increase in translation processes (Figures 4.3 and 4.4). This
reiterates the notion that the monsoon season, with its characteristic environmental
conditions, drives microbial communities towards an intensified metabolic state,
optimizing growth and proliferation (Dang & Lovell, 2015; Smriga et al. 2016; Traving
etal. 2017; Enke et al. 2018).

The heightened representation of genetic information processing during the
monsoon season may suggest increased genomic activity, possibly due to higher bacterial
replication and repair processes during the dynamic monsoonal conditions (Smriga et al.
2016; Jurgensen et al. 2022). The increase in translation activity (Figure 4.4) emphasizes
an upscaling of protein synthesis, key to meeting the monsoonal metabolic demands
(Zhang et al. 2022). The functional category of the EggNOG database, ‘function
unknown’ displayed a higher percentage during the monsoon season (Appendix 4.1). This
category's prominence underscores the vast uncharacterised microbial functional
genomics (Galperin et al. 2015; Thomas & Segata, 2019). The variations across seasons
in this category suggest that many microbial processes integral to monsoonal adaptations

remain poorly understood, necessitating further exploratory research.

4.4.3. Seasonal variation in organic matter utilization potential

Marine phytoplankton are a significant source of abundant organic carbon in the
ocean. Nevertheless, the increased dissolved organic matter and its implications for the
biological pump and microbial loop largely rest on the degradation processes carried out
by heterotrophic bacteria and the specific nature of the organic matter (Mlhlenbruch et
al. 2018; Kieft et al. 2021; Izabel-Shen et al. 2021; Moran et al. 2022). This relationship
and impact have been explored and discussed in multiple studies over the years along
W(CI (Bhaskar & Bhosle, 2008; Khandeparker et al. 2011; Khodse & Bhosle, 2011, 2013;
Basu et al. 2013). Assessments of heterotrophic enzyme activities have been utilized as
tools to establish links between organic matter degradation and bacterial interactions
along the WCI (Divya et al. 2010; Kamaleson et al. 2019; Parab et al. 2022). Building

upon this, shotgun metagenomics analyses have facilitated in-depth functional
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assessments, elucidating a variety of enzymes and pathways involved in organic matter
recycling, thereby enhancing understanding of microbial functionalities in these regions.
Carbohydrate-active enzymes (CAZymes) serve as the primary biochemical tool
harnessed by marine microbial communities to decompose and break the complex
polysaccharides (Sosa et al. 2017; Drula et al. 2022; Eigemann et al. 2023). The seasonal
variations in CAZyme profiles within the sampling regions along the WCI offered
valuable insights into the carbohydrate metabolism of the bacterial communities, which
have not been previously investigated through metagenomics approaches. The consistent
presence of Glycosyltransferases, which increase during the monsoon season,
underscores their pivotal role in marine carbohydrate dynamics, possibly facilitating the
synthesis of complex polysaccharides as a carbon storage strategy (Thrash et al. 2017;
Wei et al. 2021). This surge might be linked to a higher production of extracellular
polymeric substances (EPS) observed in late phytoplankton blooms, a phenomenon
prevalent in the southwest monsoon season in WCI (Ramaiah et al. 2002; Bhaskar &
Bhosle, 2006) aiding in carbon sequestration through the creation of both easily
degradable and more resistant EPS (Decho & Gutierrez, 2017; Mari et al. 2017).
Glycoside hydrolases, critical in breaking down glycosidic bonds, showed
considerable fluctuation between non-monsoon and monsoon seasons, highlighting a
likely increase in phytoplankton-derived organic matter degradation during the latter
(Figure 4.5b). This can be attributed to the enhanced activities of enzymes GH13 and
GH1, which are responsible for targeting starch and cellulose, respectively. This
phenomenon supports the notion that the monsoon season fosters a richer carbohydrate
environment through primary productivity and terrestrial influences (Sarma et al. 2014;
Nageswar Rao et al. 2019), demanding more robust enzymatic breakdown processes
(Arnosti et al. 2021). The abundance of enzymes like GH38 and GHG65, which target
mannose and maltose respectively, could be indicative of the degradation of specific
phytoplankton-derived monosaccharides in the water column during monsoon season
(Mahlenbruch et al. 2018; James et al. 2019). Furthermore, terrestrial run-offs, heightened
during monsoon due to increased rainfall, introduce a range of organic compounds into
the marine system along WCI (Khodse & Bhosle, 2013; Sarma et al. 2014; Nageswar Rao
et al. 2019). The presence of enzymes like GH17, targeting -1, 3-Glucan and GH28,
acting on pectin, can be linked to the decomposition of terrestrial organic matter
introduced to the marine system (Figure 4.5). The steady occurrence of Polysaccharide
Lyases in both seasons highlights their ongoing role in breaking down polysaccharides
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non-hydrolytically, including those in algal cell walls such as pectin and alginate (Thrash
etal. 2017).

The analysis of peptidase enzymes has shown significant variations among
peptidase types across monsoon and non-monsoon seasons. The surge in the enzymatic
activities of methionine aminopeptidase 1 in monsoon season reveals that microbes are
involved in the targeted cleavage of prevalent amino acids (Li et al. 2016; Cabello-Yeves
et al. 2021; Kilgour et al. 2022). Levels of glutamate carboxypeptidase increased during
the monsoon season, potentially signalling an adaptation to changes in the composition
of organic matter. Carboxypeptidases, known to associate with sinking marine particles,
play a substantial role in the degradation of labile organic matter and facilitate carbon and
nitrogen cycling in the ocean (Liu & Liu, 2018; Dithugoe et al. 2023). The significant
presence of lipid metabolism enzymes, such as acetaldehyde dehydrogenase and alcohol
dehydrogenase during the non-monsoon season (Figure 4.7); underscores their role in the
conversion of recalcitrant organic compounds to more labile forms, such as carboxylic
acid (Landry et al. 2017; Thrash et al. 2017; Saw et al. 2020). These could play a pivotal
role in energy production during the non-monsoon season when primary productivity
might be lower, making readily available carbon sources scarcer. However, the
pronounced increase in the activity of B-oxidation cycle enzymes during monsoon season
highlights the microbial community's transition towards more extensive fatty acid
degradation (Liu & Liu, 2018; Usman et al. 2022; Loza et al. 2022). Overall, these
findings emphasize the complex interaction between seasonal shifts and enzyme activity,
revealing a heightened role in the biogeochemical cycling of organic matter (James et al.
2019; Inomura et al. 2022; Jenkinson, 2023). The observed functional shifts with
increased carbohydrase, peptidase and lipase activity in the monsoon season, highlight
the increased microbial activity, ensuring ecological stability in marine biogeochemical

processes.

4.5. Conclusion

In this study, shotgun metagenomics was employed to uncover the bacterial
diversity and their functional dynamics along WCI. Seasonal shifts, especially from non-
monsoon to monsoon season were observed in bacterial taxonomic composition and their

subsequent metabolic pathways. The increased degradation activities during the monsoon
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season can be attributed to the increased primary productivity. Bacterial community
analyses show a significant increase in the abundance of bacterial genera Idiomarine in
non-monsoon and Alteromonas, Nocardioides and Synechococcus during monsoon
season. The increased microbial role in the monsoon season was evident from various
metabolic pathways, CAZymes, peptidases and lipid utilization processes. This study
provides an in-depth assessment of bacterial functional diversity contributing to the
understanding of the microbial processes associated with increased primary productivity
along the WCI. While shotgun metagenomics offers an in-depth view of microbial
functional diversity, it is not without limitations. The inherent biases, potential loss of
low-abundance taxa and challenges in precise taxonomic assignment warrant
complementary methodologies for a complete understanding. In this regard, RNA-based
transcriptomic studies would be essential, which can provide insights into the actively
transcribed genes, transcriptomics can provide real-time snapshots of microbial activity,
revealing the immediate metabolic responses to environmental fluctuations. Further
studies based on metabolomics and transcriptomics would enhance our understanding of
these pathways' broader implications on organic matter recycling, sequestration and

associated microbial ecology along WCI during these contrasting seasons.
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Chapter 5.

Summary and conclusion



5.1. Summary

The West Coast of India (WCI) is influenced largely by semi-annual changes in
the wind pattern and monsoonal currents. This is reported to cause upwelling which
increases the phytoplankton growth in this region during the summer monsoon and it is
recorded to be one of the world’s highest primary productivity regions. Studies have
shown that the average primary productivity (PP) along the WCl is calculated to be about
210 mg C m? d* and it increases close to 950 mg C m* d* during the summer or
southwest monsoon season as compared to less productive non-monsoon season. During
the southwest monsoon season, the upwelling of nutrient-rich subsurface waters leads to
an increase in the phytoplankton biomass and this is known to control the production of
OM in these regions. These seasonal changes in primary productivity have been shown
to influence bacterial abundance and productivity, with increased bacterial activity during
the summer monsoon. An increase in phytoplankton productivity is known to influence
microbial activity which is one of the key biogeochemical processes of the marine
ecosystem as it plays an important role in the biotransformation of organic matter.
However, the seasonal influence of varying primary productivity on the bacterial
communities, their activity and functional profiles are not elucidated thoroughly from
these regions. Hence, during this study, the relationship between the physicochemical
characteristics and PP on the bacterial abundance, cultivable and metagenomic diversity
and functional profiles based on Illumina NGS and shotgun sequencing approach during
the non-monsoon and monsoon season along the WCI representing the continental shelf,
slope and off-shore regions was studied.

The influence of varying primary productivity during the non-monsoon and
monsoon seasons on the culturable bacterial diversity was studied based on the bacterial
abundance, viable counts and radioactivity-based in-situ productivity measurements,
along with the physicochemical characteristics. Statistical analysis showed a significant
(p < 0.05) correlation between primary and bacterial productivity. Significant seasonal
variations could also be established for the physicochemical parameters such as dissolved
oxygen, nitrate, nitrite and phosphate, fluorescence values representing the chlorophyll
concentration, bacterial abundance, viable counts and productivity. Taxonomic diversity
studies on the cultivable bacterial morphotypes had shown that Proteobacteria, Firmicutes

and Actinobacteria were the major phyla found during both the non-monsoon and
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monsoon seasons and Bacteroidetes, was represented only in the non-monsoon season.
The bacterial community structure at phylum, genus and operational taxonomic unit
levels also changed with higher diversity in the monsoon season. However, the hydrolytic
enzyme activity of the bacterial morphotypes was comparatively lower during the
monsoon season probably due to the active primary production (Figure 5.1). Though this
study has improved our understanding of the monsoonal influence on the bacterial
dynamics along the WCI, further studies based on metagenomic analysis were required

to better understand the role played by the bacterial community from this region.

Non-monsoon season South west monsoon season |

Primary productivity

Bacterial productivity

Bacterial diversity

Bacterial abundance

Bacterial activity

Figure 5.1: Summary of results from culturable diversity study during non-monsoon and

monsoon season along the west coast of India.

Results from the culturable bacterial diversity studied along the WCI showed
higher bacterial abundance during the monsoon season and with the highest colony
forming units (CFUs) from the C-Max depths. The C-Max is a prominent feature of
tropical marine environments occurring between 20-100 m water depths with maximum
primary productivity, due to the optimal physicochemical conditions for the growth of
phytoplankton, leading to a very high availability of organic substrate for bacteria. High-
throughput sequencing of 16S rRNA amplicons was carried out to study the impact of
increased productivity on the bacterial dynamics along the WCI, during non-monsoon

and monsoon seasons.
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The taxonomic profiling revealed distinct dominant bacterial groups in both
seasons. During the non-monsoon season, Proteobacteria and Firmicutes were prevalent,
whereas in the monsoon season, Cyanobacteria and Proteobacteria were more prominent,
followed by Bacteroidetes, Actinobacteria, and various candidatus phyla. Canonical
correspondence analysis highlighted the impact of primary productivity on bacterial
genera, revealing clear seasonal variations. In the non-monsoon season, key taxa included
Idiomarina, Alteromonas, Marinobacter, and Alcanivorax from Gammaproteobacteria;
Sulfitobacteria and various uncultured members of Sphingomonadaceae and
Rhodobacteraceae from Alphaproteobacteria; and Lactobacillus from Firmicutes.
Contrastingly, the monsoon season exhibited an increase in autotrophic communities,
including the Cyanobium and Synechococcus genera of Cyanobacteria, and an increase
in heterotrophic groups, predominantly candidatus bacterial taxa. This included SARS86,
OM60 (NOR5) from Gammaproteobacteria, NS4 and NS5 marine groups from
Bacteroidetes, and Actinobacterial genera like Sva0996 marine groups, Ca.
Actinomarina, and Ca. Marinimicrobia. The study suggests that further research into the
functional roles and ecological significance of these candidatus phyla is needed to fully
understand their role in the marine environment. The analysis also showed that seasonal
shifts in primary productivity significantly affect the functional profiles of these bacterial
communities (Figure 5.2).

The influence of seasonal changes in primary productivity on bacterial functions
along the WCI was also studied using the deep sequencing technique, based on shotgun
metagenomics. This approach generated extensive metagenomics data, which were then
thoroughly analysed for both taxonomic and functional diversity, utilizing databases like
KEGG, EggNOG and CAZy. The functional analysis of the metagenomic datasets
revealed a broad spectrum of functional capabilities within the bacterial communities in
the WCI. This included genes related to vital processes such as energy metabolism, amino
acid metabolism, and cellular processes, showing significant variation between seasons.
Furthermore, notable differences were observed in the abundance of CAZy enzymes,
particularly Glycoside hydrolase. The diverse array of CAZymes, peptidases, and lipid
utilization pathways highlighted in the study underscores the integral roles these bacterial
communities play in marine biogeochemical cycles along the WCI. These findings
demonstrate that bacterial communities not only exhibit significant taxonomic diversity

but also possess a wide range of functional capabilities that vary seasonally (Figure 5.3).
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5.2. Conclusion

This study has shown that primary productivity significantly influences bacterial
productivity, viable counts and diversity in the monsoon. The difference in the bacterial
diversity characterized shows distinct phyla, genera and OTUs during the non-monsoon
and monsoon seasons with a very low percentage of overlap. Taxonomic diversity studies
based on cultivable methods showed that Proteobacteria, Firmicutes, Actinobacteria and
Bacteroidetes were the major phyla found during both seasons. Increased diversity was
retrieved based on metagenomic studies from both seasons, however, the predominant
heterotrophic phyla were Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes.
Along with this, the autotrophic bacterial community, Cyanobacteria increased
significantly during the monsoon season. An increased abundance of candidatus phyla
was also reported in the monsoon season and a large majority of the core microbiome
genera belonged to the candidatus taxa in the monsoon season. Studies on the substrate
utilization capacity from the bacterial morphotypes obtained from both seasons showed
that the morphotypes from the non-monsoon season showed higher hydrolytic enzyme
activity. The decrease in bacterial activity in the monsoon could be due to the active
phytoplankton community in this season. However, we still lack an understanding of the
factors that influence extracellular enzyme activity in marine habitats. Major implications
from this study are based on the observed taxonomic and functional diversity patterns,
combined with physicochemical factors, due to primary productivity variations and
relationships among bacterial communities. Study using Next-generation sequencing
methods has provided a deeper understanding of the community structure and diversity
associated with seasonal changes in primary productivity, along the WCI. The level of
taxonomic resolution provided by Illumina sequencing allowed us to build upon previous
research and uncover, seasonal gradients of the in-depth bacterial taxonomic assessment,
revealing spatiotemporal variations at the genera level, from this region. Additionally,
Illumina sequencing has enabled us to understand the presence of candidatus phylotypes
that are part of the dominant genera which could not be characterized by conventional
culture-based methods. The seasonal transitions along the WCI and the dynamics of the
bacterial community composition are most likely the outcome of increased primary

productivity and associated seasonal environmental factors.
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The functional profiles of the cultivable bacterial community were higher in the
non-monsoon season compared to the monsoon season. The NGS-based predictive
functional profiles of the bacterial community showed the dominance of autotrophic
forms in the monsoon season and the heterotrophic activity was found to be higher in the
non-monsoon season. However, the shotgun metagenomic whole genome sequencing
results have shown that there was an increased heterotrophic activity during the monsoon
season, largely correlating with the increased primary productivity in this region. These
shifts were evident from various CAZymes, peptidases and lipid utilization pathways;
this paves the way to elucidate the microbial role in the marine biogeochemical processes
in the recycling of the organic matter. These results were not evident from the cultivation-
based and predictive functional profile analysis. However, shotgun-based functional
diversity has helped to improve the understanding of the seasonal changes in microbial
community structure and along the WCI which could be from the undefined and
candidatus taxa. A critical component of this study involves comprehensive research
work involving various methodologies for analysing bacterial diversity and its function
role. The culturable methods are fundamental, they offer a limited perspective, often
missing non-culturable yet functionally significant bacteria. In contrast, metagenomics
provides a more comprehensive overview of the microbial community, capturing both
culturable and non-culturable species, thereby broadening our understanding of microbial
diversity. Metagenomics, while providing a comprehensive perspective on microbial
functions, has certain limitations. These include biases inherent in the method, the
possible omission of low-abundance taxa, and difficulties in accurately identifying
species. To gain a fuller understanding, it's crucial to employ additional methods. RNA-
based transcriptomic studies are particularly valuable in this context. They offer insights
into the genes that are actively being transcribed, thus giving a real-time glimpse into
microbial activities and their immediate responses to changes in the environment.
Incorporating studies that focus on both metabolomics and transcriptomics will deepen
our understanding of how these processes impact organic matter recycling and storage,

as well as the overall microbial ecology along WCI.
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Appendix

Appendix 1.1: Bacterial studies in the different areas within the Northern Indian Ocean region using conventional tools

off Mangalore, Calicut, Cochin and

Lakshadweep Islands

biochemical tests for diversity
and enzyme activity

S.No. Study area* Bacterial parameters studied | Bacterial activities reported References
1. | Nearshore, coastal stations along Bacterial CFU (ZMA), Dehydrogenase, Nair et al. 1978
the west and southeast coast of biochemical tests for bacterial | carbohydrase, proteolytic
India from Dhabol, Maharashtra to | enzyme activity from sediment | and lipolytic activity
Tuticorin, Tamil Nadu
2. | Along the 1000m depth contour off | Bacterial CFU (ZMA), Nitrate reducers, ammonia Nair et al. 1979
Karnataka and Kerala coast biochemical tests for bacterial | oxidisers, gelatin liquifiers,
enzyme activity from water hydrogen sulphide producers,
samples collected at different fat hydrolysers and
depths Thiosulphate oxidisers
3. | Nearshore regions off the Bacterial CFU (ZMA and NA), | Halotolerent and Nair and Loka Bharathi
Mangalore coast culturable diversity through limnotolerent groups 1982
biochemical tests
4. | Coral reef lagoons near the Agatti | Culturable diversity of bacteria | Green photosynthetic bacteria | Loka Bharathi and
Island of Lakshadweep associated with sediments Chandramohan,1986
5. | Ferromanganese nodules from the | Bacterial CFU (NA), Carbohydrase, nitrate Chandramohan et al. 1987
Equatorial Indian Ocean biochemical tests for diversity | reducers, lipolytic,
and enzyme activity gelatinolytic, amylolytic and
phospholytic
6. Nearshore, lagoons and mudbanks | Bacterial CFU (NA), Sulphate reducers Loka Bharathi and

Chandramohan,1990
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7. Intertidal regions off Goa at Bacterial abundance, bacterial | Carbohydrase activity based | Ramaiah and
Anjuna and Baga beach and coral | CFU (SWC), biochemical tests | on cellulase, alginate and Chandramohan,1992a
reef lagoons of Lakshadweep for diversity and enzyme pectin lyase activity
Islands activity
8. | Estuarine, coastal, and oceanic Luminous bacterial CFU L-asparaginase activity Ramaiah &
samples from the Arabian Sea (SWC), biochemical tests for Chandramohan,1992b
region diversity and enzyme activity
9. | Offshore regions in the Arabian Bacterial CFU (ZMA), Nitrate and sulphate-reducing | Loka Bharathi et al.1992
Sea and off Madras in the Bay of biochemical tests for activity bacteria
Bengal region
10. | Central Arabian Sea and Bacterial abundance (AO), Ducklow 1993
Equatorial Indian Ocean bacterial productivity (3H- -
thymidine)
11. | Coastal and offshore stations from | Bacterial abundance (DAPI), Sugar utilization, Nair et al. 1994
14 to 8°N, 70 to 77°E in the bacterial CFU carbohydrase activity, nitrate
Arabian Sea (ZMA), biochemical tests for reduction and ammonium
diversity and enzyme activity | production
12. | Coastal and offshore stations from | Bacterial abundance (AO), Ramaiah et al. 1996a
22 to 10°N, 62 to 75°E in the bacterial productivity (3H-
central and eastern Arabian Sea thymidine) -
13. | Coastal stations off Madras, Bacterial abundance (AO), Amylase, catalase, lipase, Ramaiah et al. 1996b
Cuddalore, Nagapattinam, and bacterial CFU gelatinase and oxidase
Tuticorin off the Tamil Nadu coast | (NA), biochemical tests for
diversity and enzyme activity
14. | Offshore stations along 64°E in the | Bacterial abundance (AO), Dileep Kumar et al. 1998

Arabian Sea and 90°E in the Bay
of Bengal

biochemical tests for bacterial
activity and transparent
exopolymeric particle
guantification
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15.

Offshore stations from 22 to 10°N,
50 to 70°E in the Arabian Sea

Bacterial abundance (Flow
cytometry)

Campbell et al.1998

16.

Offshore stations in the central
Arabian Sea and coastal stations
along Oman's coast

Bacterial abundance (AO),
productivity (3H- leucine) and
biochemical tests for enzyme
activity

Phosphatase, glucosidase and
aminopeptidase

Hoppe and Ullrich 1999

17. | Offshore stations in the central Bacterial abundance (DAPI) Pomroy and Joint 1999
Arabian Sea and coastal stations and productivity (3H- -
along Oman's coast thymidine, 3H-leucin)
18. | Offshore stations in the Arabian Bacterial abundance (AO), Glucosidase, chitobiose, Boetius et al. 2000
Sea productivity (3H-thymidine), lipase, sulfatase, phosphatase,
and biochemical tests for butyrate, aminopeptidase and
bacterial activity sulphate reduction
19. | Offshore stations along 64 °E, 13 Bacterial abundance (AO), Ramaiah et al. 2000
to 21°N in the Arabian Sea region | bacterial productivity (3H-
thymidine), biochemical tests -
for bacterial activity (TEPS)
20. | Offshore Arabian Sea region Bacterial abundance (AO) and - Prasanna Kumar et al.
productivity (3H-thymidine) 2001
(PP 14C)
21. | Offshore stations in the central and | Bacterial abundance (Flow - Ducklow et al. 2001
western Arabian Sea cytometry) and productivity
(3H-thymidine, 3H-leucin)
22. | Northern and Central Arabian Sea | Bacterial abundance (AO) and - Ramaiah et al. 2005
Productivity (3H-thymidine)
23. | Arabian Sea and the Bay of Bengal | Bacterial abundance and - Gauns et al. 2005
productivity (3H-thymidine)
(PP 14C)
24. | Western and Central Arabian Sea Bacterial abundance (DAPI) - Koppelmann et al. 2005
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25.

Continental slope in the western
Bay of Bengal

Bacterial CFU (ZMA)

Das et al. 2007

26.

Coastal and Central Bay of Bengal

Bacterial abundance (AO) and
productivity (3H-thymidine)
(PP 14C)

Fernandes et al. 2008a

217.

Equatorial Indian Ocean along
83°E from 5 to 9°N

Bacterial abundance (AO) and
productivity (3H-thymidine)
(PP 14C)

Fernandes et al. 2008b

28.

Equatorial Indian Ocean along 77
and 83°E from 2 N to 2 °S

Bacterial abundance (AO),
biochemical tests for bacterial
activity (TEPS)

Damare and Raghukumar
2008

29.

Mandovi estuary off Goa along the
west coast

Bacterial abundance (AO),
CFU (NA), biochemical tests
for bacterial activity

Nitrate reduction

Divya et al. 2009

30.

Mandovi estuary off Goa along the
west coast of India

Bacterial abundance (AO) and
productivity (3H-thymidine)
(PP 14C)

Gonsalves et al. 2009

31.

Oxygen Minimum zone of the
Arabian Sea

Bacterial abundance (AO),
CFU and productivity (3H-
thymidine), biochemical tests
for bacterial activity

Nitrate reducer, Sulphate
reducer

Gonsalves et al. 2011

32.

Coastal stations in the mangrove
regions of Goa

Bacterial abundance (AO),
CFU (NMS media) and
biochemical tests for bacterial
activity

Sulfur and Methane-oxidation

Kamaleson et al. 2019

g4}

Coastal station in Port
Blair

Bacterial CFU

(Luminescent Agar),
biochemical tests for

diversity and bacterial enzyme
activity

Protease, lipase, chitinase

Zari et al. 2020
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*Studies from different regions the AS, BoB and EIO are marked in green, blue and yellow respectively, those addressing more than one region

are marked white.

Appendix 1.2: Bacterial studies in the different areas within the Northern Indian Ocean region using molecular tools.

S.No.

Study area*

Bacterial parameters studied

Bacterial activities reported

References

Offshore stations in the central
Arabian Sea and coastal
stations along Oman's coast

Metagenomic diversity based on
DGGE

Riemann et al. 1999

Central Arabian Sea and EIO

Bacterial abundance (Flow
cytometry), metagenomic
diversity through cloning and
CARD-FISH

Fuchs et al. 2005

Oxygen Minimum zone of the
Arabian Sea

Bacterial abundance (DAPI,
Flow cytometry), metagenomic
diversity based on RFLP

Anammox, nirS and nirk

Jayakumar et al. 2009

Oxygen Minimum zone of the
Arabian Sea

16SrRNA-based culturable
diversity biochemical tests for
bacterial activity

Amylase, lipase, esterase,
gelatinase, DNAse, urease,
phosphatase and citrate
synthase

Divya et al. 2010

Oxygen Minimum zone of the
Arabian Sea

16SrRNA-based metagenomic
diversity

Divya et al. 2011

Mandovi and Zuari estuary off
Goa along the west coast of
India

16SrRNA-based culturable
diversity, biochemical tests for
bacterial activity

Amylase, xylanase, and
cellulase

Khandeparkar et al. 2011

Oxygen Minimum zone of the
Arabian Sea

16SrRNA-based metagenomic
diversity and RNA-based qPCR
analysis

PC-monoether ladderane,
anammox 16S rRNA and
hzo genes

Pitcher et al. 2011
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8. | Coastal stations off Ratnagiri, Bacterial abundance (DAPI), Singh and Ramaiah 2011
Mormugao, Karwar and metagenomic diversity through -
Bhatkal DGGE
9. | Oxygen Minimum zone of the | 16SrRNA-based metagenomic | nirS, nirK, hzo and amx Jayakumar et al. 2013
Arabian Sea diversity and RNA-based qPCR
analysis
10. | Coastal and open ocean 16SrRNA-based culturable Siderophore production Rajyasabhapathi et al. 2013
Arabian Sea and Equatorial diversity, biochemical tests for
Indian Ocean bacterial activity
11. | Northeastern Arabian Sea Bacterial CFUs (TYE medium), Basu et al. 2013
culturable diversity through 16S -
rRNA (PP 14C)
12. | Equatorial Indian Ocean Metagenomic diversity based on - Khandeparkar et al. 2014
cloning
13. | Oxygen Minimum zone of the | Bacterial abundance (DAPI), Jain et al. 2014
Arabian Sea metagenomic diversity based on -
DGGE
14. | Coastal stations off Cochin Bacterial abundance (FISH), Ammonia oxidation Veettil et al. 2015
metagenomic diversity based on
DGGE, biochemical tests for
bacterial activity
15. | Coastal stations in the Gulf of | 16S rRNA-based metagenomic - Jasmine et al. 2015
Mannar region diversity
16. | Offshore stations off Cochin 16S rRNA-based metagenomic - Nair et al. 2016
diversity
17. | Oxygen Minimum zone of the | 16S rRNA-based metagenomic Bandekar et al. 2016
Arabian Sea diversity -
18. | Coastal stations off Cochin 16S rRNA-based culturable Anas et al.2016

diversity
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19. | Oxygen Minimum zone of the | 16S rRNA-based metagenomic Bandekar et al. 2017
Arabian Sea diversity -

20. | Oxygen Minimum zone of the | 16S rRNA-based metagenomic Jasmin et al. 2017
Arabian Sea diversity -

21. | Coastal station along the west | Bacterial abundance(DAPI), narG, nirS and nosZ Gomes et al. 2017
coast of India, off Goa, metagenomic diversity based on
Mangalore and Kochi gPCR

22. | Oxygen Minimum zone of the | Metagenomic diversity based on Divya et al. 2017
Arabian Sea DGGE -

23. | Equatorial Indian Ocean and Metagenomic diversity based on | amoA Wang et al. 2017
the Bay of Bengal gPCR

24. | Coastal stations in the mudbank | Bacterial abundance (FISH), Anas et al. 2018
region of Alapuzha, Cochin metagenomic diversity based on -

DGGE

25. | Equatorial Indian Ocean and Metagenomic diversity based on | Brod541F and Amx820R Qian et al. 2018
the Bay of Bengal gPCR

26. | Oxygen Minimum zone of the | 16SrRNA-based culturable Nitrate reduction Amberkar et al. 2018
Arabian Sea diversity, biochemical tests for

bacterial activity

27. | Oxygen Minimum zone of the | Metagenomic diversity based on | nirS and hzo Bandekar et al. 2018
Arabian Sea gPCR

28. | Oxygen Minimum zone of the | 16SrRNA-based culturable Nitrate reduction Mulla et al. 2018

Arabian Sea

diversity, biochemical tests for
bacterial activity
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29. | Coastal stations off 16SrRNA-based culturable Pawar et al. 2018
Kunkeshwar, Malvan, VVagator | diversity -
and Cabo de Ram
30. | Oxygen Minimum zone of the | 16SrRNA-based culturable Thiosulphate oxidation Menezes et al. 2020
Arabian Sea and the Bay of diversity
Bengal
31. | Offshore station off Cochin Metagenomic diversity based on | hzsA, hzo Lincy & Manohar 2021
qPCR
32. | Open ocean stations off Cochin | Bacterial abundance (FISH), Anas et al. 2021a
16S rRNA-based metagenomics -
diversity
33. | Coastal stations off Cochin 16SrRNA-based culturable Anas et al.2021b
diversity -
34. | Open ocean stations off Goa, 16SrRNA and FAME-based Isaacs et al. 2021
Mangalore and Trivandrum culturable diversity -
35. | The west coast of India Bacterial abundance, Carbohydrase, Protease and Parab et al. 2022

productivity, respiration and
culturable diversity

Lipase activities

*Studies from different regions the AS, BoB and EIO are marked in green, blue and yellow respectively, those addressing more than one region

are marked white.
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Appendix 1.3: Bacterial studies in the different areas within the Northern Indian Ocean region through Next Generation sequencing approach.

S.No. Study area* Bacterial parameters studied Bacterial activities reported References
1. | Oxygen Minimum zone OMZ: Metagenomic diversity of Villanueva et al. 2014
anammox bacteria through NGS -
2. | The Bay of Bengal and the Metagenomic diversity based on Jing, 2016
Equatorial Indian Ocean DGGE and NGS -
3. | Oxygen Minimum zone Metagenomic diversity based on
NGS and functional diversity - Llke et al. 2016
4. | Mandovi and Zuari estuary off Metagenomic diversity based on Khandeparker et al. 2017
Goa NGS -
5. | Bay of Bengal DGGE, Metagenomics diversity Carbohydrates, Amino acid Verma et.al 2017
based on NGS metabolism
6. | Along the 85°E transect Metagenomic diversity based on - Sujith et al. 2017
NGS
7. | Oxygen Minimum zone Metagenomic diversity based on Complex organic matter Fernandes et al. 2018
NGS and functional diversity degraders, fermentative and
exoelectrogenic bacteria, and
sulfate-reducers
8. | OMZ and Non-OMZ Metagenomic diversity based on Assimilatory sulphur Rajpathak et al. 2018
NGS and functional diversity reduction, Dissimilatory
sulphate reduction
9. | Mudbanks of Alapuzha, Cochin | Bacterial abundance (AO), Ammonia oxidation, Nitrite Parvathi etal. 2019

metagenomic diversity based on
NGS and functional diversity

reduction, Sulphate reduction,
Xylan degradation,
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Dehalogenation, Chitin
degradation

10.

Coastal stations off Goa

Metagenomic diversity based on
NGS and functional diversity

Hydrocarbon degradation

Fernandes et al. 2019

11.

Oxygen Minimum Zone of the
Bay of Bengal

16SrRNA-based culturable diversity,
metagenomic diversity based on
NGS and biochemical tests for
bacterial activity

Nitrate reduction

Fernandes et al. 2019

12. | Equatorial Indian Ocean and the | Metagenomic diversity based on nifH
Bay of Bengal qPCR and NGS Wau et al. 2019
13. | Oxygen Minimum zone of the Metagenomic diversity based on

Arabian Sea

NGS and functional diversity

Paingankar et al. 2020

14.

Oxygen Minimum zone of the
Arabian Sea and the Bay of
Bengal

Metagenomic diversity based on
NGS and functional diversity

Nitrogen fixation and carbon
recycling

Lincy & Manohar 2020

15.

Coastal stations off Okha, Goa,
Kasargod and Valapad

Metagenomic diversity based on
NGS

Sachithanandam et al.
2020

16.

Oxygen Minimum zone of the
Arabian Sea

16SrRNA-based culturable diversity,
metagenomic diversity based on
NGS and metatranscriptomics and
functional diversity

Bhattacharya et al. 2020

17.

Coastal stations in the mangrove
regions of Cochin

Metagenomic diversity based on
NGS and functional diversity

Amino acid transport and
metabolism, carbohydrate
transport and metabolism,
translation

Nathan et al. 2020
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18.

Coastal and offshore stations in
the Krishna and Godavari Basin

Bacterial abundance (AO),
metagenomic diversity based on
NGS

Sulfate reduction, Oxalic acid
degradation, Dehalogenation,
Nitrite reduction, Ammonia
oxidation, Nitrogen fixation,
Xylan degradation, and
Aromatic hydrocarbons
degradation.

Jasna et al. 2020

19.

Oxygen Minimum zone of the
Arabian Sea and Bay of Bengal

Metagenomic diversity based on
NGS and functional diversity

Nitrogen and
Sulfur metabolism pathways

Fernandes et al. 2020

20.

Coastal and offshore stations in
the Krishna and Godavari Basin

Metagenomic diversity based on
NGS and functional diversity

Dehalogenation and Sulphide
oxidation.

Parvathi et al. 2020

21.

South Eastern Arabian Sea

Metagenomics diversity based on
NGS

Vipindas et al. 2020

22.

Coastal station off Malvan

Metagenomic diversity based on
NGS and functional diversity

Photo-autotrophy, Aerobic
nitrification, Sulphate
reduction and Sulphide
oxidization

Mote et al. 2021

23.

Oxygen Minimum zone of the
Arabian Sea

Metagenomic diversity based on
NGS and metatranscriptomic and
functional diversity

Sulphate reducers,
methanogens,
acetogens, sulphur oxidation

Bhattacharya et al. 2021

24,

Equatorial Indian Ocean

Metagenomic diversity based on
NGS and functional diversity

Carbon fixation and nitrogen
cycling and metabolism

Ding et al. 2021

25.

Coastal stations off Mangalore
and Haldia port

Bacterial abundance (Flow
cytometry) and CFU (ZMA),
metagenomic diversity based on
NGS

Kuchi et al. 2021
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26. | Arabian Sea, Bay of Bengal and | Metagenomic diversity based on Amino acid transport and Xia et al. 2021
Equatorial Indian Ocean region NGS and metaproteomics analysis metabolism
for functional diversity
27. | Equatorial Indian Ocean along Metagenomic diversity based on Gao et al. 2021
88°E from 2 to 10°S NGS -
28. | Intertidal zone of coastal regions | Culturable and metagenomics Biofilm — forming, Kumar et al. 2022
of the Arabian Sea diversity Hydrocarbon-degrading
29. | Bay Of Bengal Metagenomics based on NGS Carbon dioxide fixation, Marimuthu et al. 2022
sulfur, nitrogen metabolism,
Bioremediation
30. | Bay of Bengal and Equatorial Metagenomics based on NGS Zhu et.al 202

Indian ocean

*Studies from different regions the AS, BoB and EIO are marked in green, blue and yellow respectively, those addressing more than one region
are marked white.
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Appendix 3.1: Depth profiles of density and Brunt-Vaisala frequency® (BVF) in the water column of the coastal and off-shore stations during

non-monsoon and monsoon season.

1 The Brunt-Vaisla frequency (N) was determined using the formula: N = V(-g/p * dp/dz), where p represents the potential density influenced by both temperature and
salinity, g signifies the gravitational acceleration and z denotes the geometric depth (Nampoothiri et al., 2020).
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Appendix 3.2: Rarefactions curve at various sequencing depths for (a) non-monsoon and (b)

monsoon seasons.
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(@)

Monsoon

G30
G600
M30

M600

T30

T600

G30

G600

M30

T600

Firmicutes Bacilli
Actinobacteria_Coriobacteriia
Proteobacteria_Gammaproteobacteria
Firmicutes Clostridia
Bacteroidetes_ Rhodothermia
Proteobacteria_Alphaproteobacteria
Firmicutes Negativicutes
Actinobacteria_Thermoleophilia
Bacteroidetes_Bacteroidia
Actinobacteria_Nitriliruptoria
Proteobacteria_uncultured
Cyanobacteria_Sericytochromatia
Cyanobacteria_Melainabacteria
Proteobacteria_Deltaproteobacteria
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Bacteroidetes_Ignavibacteria
Firmicutes uncultured
Actinobacteria_Rubrobacteria
Cyanobacteria_Oxyphotobacteria
Actinobacteria_Acidimicrobiia
Actinobacteria_Actinobacteria
Actinobacteria_uncultured

Appendix 3.3: Hierarchal clustering heatmap based on the Euclidian similarity index, showing

the relative abundance of bacteria at class level (a) from top five phyla and (b) from other than

top five phyla during non-monsoon and monsoon season
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Appendix 3.4: Depth-wise values of chlorophyll-a (Chl-a), primary productivity (PP), bacterial productivity (BP), bacterial abundance (BA),
bacterial carbon (BC), and total viable count (TVC) in the water column of the coastal and off-shore stations during non-monsoon (NMS) and

monsoon season (MS).

Stations Depth Chl-a PP BP BA BC TVC
(mg m3) (mg C m3d?) (mgCm3dl) (Cellsx10°L1) (mg C m3) (CFUmL™Y)
NMS MS NMS MS NMS MS NMS MS NMS MS NMS MS

G30 Surface 0.12 0.53 18.70  266.24 0.66 13.10 890  59.89 178.09 1197.85 152 5200

C-Max 0.11 1.05 10.77 83.01 2.01 13.88  13.73 62.39 274.51 1247.76 85 90000

30 0.08 0.07 8.08 29.62 1025 1468 9.30  36.53 186.03 730.51 1090 7200

G600 Surface 0.07 0.06 11.82 73.44 3.56 11.38  13.78 12954  275.64 671.52 500 6850

C-Max 0.09 0.07 8.68 59.68 2.77 7.35 17.92 39.70 358.45 2590.8 2240 1600

100 0.02 0.004 6.58 36.20 4.15 5.48 11.80 57.40 235.94 794.03 80 13400

200 ND ND 5.38 59.83 4.37 5.62 11.23 68.97 2246 114794 1770 6500

400 ND ND ND ND 1.00 5.95 6.92 17.70 138.39 1379.34 580 36900

600 ND ND ND ND 1.87 8.25 6.18  29.27 123.64 35391 3560 15300
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400 ND ND ND ND 2590 9.26 8.17  22.69 163.34 281.31 3900 680

600 ND ND ND ND 2882 1419 425 18.15 85.07 1470.09 4450 670

ND: Not determined
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Appendix 3.5: Read statistics of the amplicon sequence variants (ASVs) and operational

taxonomic units (OTUs) generated.

Station ASVs OTUs

Input Merged Non-chimeric

Non-monsoon season

G30 1160519 842896 69470 740
G600 1043626 795324 108281 657
M30 871125 633751 55446 740
M600 1056229 786561 82877 657
T30 1211616 913814 107047 590
T600 854647 510738 66070 492

Monsoon season

G30 1179010 857178 138751 1737
G600 1204483 850357 148939 2444
M30 1255518 914848 151014 2172
M600 1033245 736013 135516 1869
T30 1120905 790040 100403 2878
T600 1121972 758076 96196 2619
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Appendix 3.6: Analysis of variance (ANOVA: single factor) assessing the seasonal difference

in the bacterial OTUs generated and diversity indices between non-monsoon and monsoon

season.
df MS F F crit P-value
OTUs 1 7691204 72.45 4.96 <0.001™
Simpson 1 0.005 5.83 4.96 0.036"
Shannon 1 8.240 15.22 4.96 0.003™
Chao-1 1 7680800 72.75 4.96 <0.001™
ACE 1 7830975 73.05 4.96 <0.001"

Df: degree of freedom, F value greater than F critical value indicates statistical significance. **: significant at 0.1%,

*: significant at 1%.
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Appendix 4.1: Rarefaction analysis curves of species richness based on observed counts from

the sampling locations during (a) non-monsoon and (b) monsoon season.
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**A: RNA processing and modification

B: Chromatin structure and dynamics

#**C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
**E: Amino acid transport and metabolism

**F: Nucleotide transport and metabolism

**G: Carbohydrate transport and metabolism

*H: Coenzyme transport and metabolism

T: Lipid transport and metabolism

**J: Translation, ribosomal structure and biogenesis

**K: Transcription

**L: Replication, recombination and repair

**M: Cell wall/membrane/envelope biogenesis

**N: Cell motility

O: Post—translational modification, protein turnover, chaperones
**P: Inorganic ion transport and metabolism

**%QQ: Secondary metabolites biosynthesis, transport, and catabolism
**§: Function unknown

**T: Signal transduction mechanisms

#*U: Intracellular trafficking, secretion, and vesicular transport
**V: Defense mechanisms

W: Extracellular structures

*Y: Nuclear structure

*Z: Cytoskeleton
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Appendix 4.2: Comparative heatmap of relative abundances of EggNOG pathways across all
stations during non-monsoon and monsoon seasons. The symbols * and ** represent

significance levels of p < 0.05 and P < 0.001, respectively.
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Appendix 4.3: Station details and read statistics of metagenomics sequences during non-monsoon (NMS) and monsoon season (MS).

Station Latitude Longitude Chil-M Raw reads  Filtered reads Counts ORFs
(°N) (°E) depth (m) (x10°) (x10°) (x10°)
NMS MS NMS MS NMS MS NMS MS NMS MS
G30 15.2454 73.3633 3 10 14,69 8.41 9.03 4.22 722 778 221  2.68
G600 15.2301 72.4677 49 47 26.04 10.29 12.62 5.12 710 775 281  3.68
M30 12.5062 74.4087 19 15 13.21 10.12 6.47 4.85 719 767 2.19 3.36
M600 12.5076 73.5683 57 27 1431 8.27 8.10 3.75 702 756 195 3.02
T30 8.2889 76.5144 26 9 20.08 9.78 7.95 4.46 791 7 6.20 3.27
T600 8.3011 76.1384 55 9 16.98 9.47 6.78 5.07 767 787 492 325
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Appendix 4.4: Variations in KEGG pathway abundance between non-monsoon and monsoon seasons.

Relative frequency (%) Relative frequency (%)

Categories Pathways NON-Monsoon Monsoon p-values
Amino acid metabolism 9.68 10.26 0.016
Metabolism Energy metabolism 7.76 8.85 <0.001
Metabolism of cofactors and vitamins 5.82 6.33 0.0088
Folding, sorting and degradation 1.91 2.14 0.035
Genetic Information Information processing in viruses 0.17 0.28 0.004
Processing Transcription 0.64 0.51 0.024
Translation 2.90 3.50 <0.001
Environmental Membrane transport 5.49 4.48 <0.001
Information
Processing Signal transduction 5.55 4.42 <0.001
Cellular Processes Cellular community - prokaryotes 4.17 3.36 <0.001
Organismal Systems Sensory system 0.05 0.01 0.0052
Infectious disease: bacterial 1.39 1.16 0.012
Human Diseases
Infectious disease: viral 1.41 1.64 0.017
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Appendix 4.5: Variations in EQgNOG pathway abundance between non-monsoon and monsoon seasons.

Relative frequency (%)  Relative frequency (%)

EggNOG pathways Non-monsoon Monsoon p-values
Amino acid transport and metabolism 8.08 8.74 <0.001
Carbohydrate transport and metabolism 3.90 4.16 <0.001
Cell motility 0.73 0.52 <0.001
Cell wall/membrane/envelope biogenesis 6.22 5.87 <0.001
Coenzyme transport and metabolism 4.50 4.69 0.011

Cytoskeleton 0.08 0.05 0.002

Defence mechanisms 1.51 1.27 <0.001
Energy production and conversion 7.78 8.87 <0.001
Function unknown 23.56 24.32 <0.001
Inorganic ion transport and metabolism 5.50 5.04 <0.001
Intracellular trafficking, secretion, and vesicular transport 1.81 1.65 <0.001
Nuclear structure 0.00 0.01 0.010

Nucleotide transport and metabolism 3.29 3.57 <0.001
Replication, recombination and repair 5.89 5.02 <0.001
RNA processing and modification 0.13 0.08 <0.001
Secondary metabolites biosynthesis, transport, and catabolism 2.00 2.18 <0.001
Signal transduction mechanisms 3.19 2.17 <0.001
Transcription 5.07 4.24 <0.001
Translation, ribosomal structure and biogenesis 6.96 7.60 <0.001
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ABSTRACT

The West Coast of India (WCI) is influenced largely by semi-annual changes in the wind pattern and monsoonal
currents. This is reported to cause upwelling which increases the phytoplankton growth in this region during the
summer monsoon and it is recorded to be one of the world’s highest primary productivity. Increase in the
phytoplankton productivity is known to influence the microbial activity which is one of the key biogeochemical
processes of the marine ecosystem as it plays an important role in the biotransformation of organic matter.
However, the changes in the bacterial community structure and their heterotrophic enzyme activity with
increasing primary production are not clearly understood from this region. Hence in this study, the bacterial
dynamics along the WCI at Goa, Mangalore and Trivandrum, were investigated from the continental shelf, slope
and off-shore region during the non-monsoon and monsoon season. Seasonal changes in the bacterial parameters
such as abundance, viable counts and radioactivity based in-situ primary and bacterial productivity were esti-
mated, along with the physicochemical characteristics. Statistical analysis shows a significant (p < 0.05) cor-
relation between primary and bacterial productivity. Significant seasonal variations could also be established for
the physicochemical parameters such as dissolved oxygen, nitrate, nitrite and phosphate, fluorescence values
representing the chlorophyll concentration, bacterial abundance, viable counts and productivity. Taxonomic
diversity studies on the cultivable bacterial morphotypes have shown that Proteobacteria, Firmicutes and
Actinobacteria were the major phyla found during both the non-monsoon and monsoon season and Bacter-
oidetes, was represented only in the non-monsoon season. The bacterial community structure at phylum, genus
and operational taxonomic unit levels also changed with higher diversity in the monsoon season. However, the
hydrolytic enzyme activity of the bacterial morphotypes was comparatively lower during the monsoon season
probably due to the active primary production. Though this study has improved our understanding of the
monsoonal influence on the bacterial dynamics along the WCI, further studies based on metagenomic and
transcriptome analysis are required to get a better understanding of the role played by the bacterial community
from this region.

1. Introduction

by the phytoplankton can be categorized into two distinct oceanic car-
bon pools: particulate organic matter and dissolved organic matter (Jiao

Nearly one-half of the global photosynthesis occurs in the ocean due
to the carbon fixation by the phytoplankton community and this leads to
the production of huge amounts of organic matter (OM) (Karl et al.,
1998; Miihlenbruch et al., 2018). Various physical, chemical and bio-
logical processes such as viral lysis, microbial activities and protistan
grazing of phytoplankton cells; modify, decompose and redistribute the
OM within diverse time frames ranging from a few hours to millennia
(Robinson and Ramaiah, 2011; Stoecker et al., 2017). The carbon fixed
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et al.,, 2014). The phytoplankton biomass, zooplanktons, nektons and
their degraded cells, including the microbial communities constitute the
particulate organic matter, which is estimated to be approximately 30 x
10'® g C (Hansell and Carlson 2001). Most of it is immediately respired
back as CO4 by diverse biota and a small fraction is actively transported
to the sea bed by higher organisms through the “biological pump” and
the “microbial carbon pump” by the heterotrophic microbial commu-
nities (Ducklow et al., 2001; Jiao et al., 2011; Enke et al., 2018). The
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heterotrophic activity of the microbes, especially the enzymatic break-
down of OM is the major pathway that leads to the production of dis-
solved OM and drives the oceanic carbon cycle (Fang et al., 2015; Moran
et al., 2022).

Understanding the importance of microbial activity has increased
significantly after the role of microbial transformation of particulate OM
to labile and refractory forms in the oceanic habitats was characterised
(Jiao et al., 2014; Lian et al., 2021). Though most of the OM would be
readily respired, a small fraction is known to be converted into re-
fractory organic matter which has a turnover time of millennia (Hansell
and Carlson 2013; Siegel et al., 2021). Recent studies indicate that
specific lineages of bacterioplankton are responsible for remineralizing
the OM (Landa et al., 2016). It is also evident that many of the bacterial
communities are structured with unique metabolic capabilities that are
important in determining the fate of the exported OM and its lability
(Robinson and Ramaiah 2011). Heterotrophic bacteria utilize the OM
through the hydrolytic activity of the extracellular enzymes and the
ability of the bacterial groups to utilize the OM varies considerably.
Reports have shown that Alpha, Beta and Gamma Proteobacteria and
Bacteroidetes have the metabolic genes necessary to produce and secrete
a variety of extracellular hydrolytic enzymes (Zimmerman et al., 2013;
Teeling et al., 2016; Mahmoudi et al., 2019). This implies that the ability
to produce these enzymes is a functionally distinct rather than a func-
tionally redundant feature and that changes in the taxonomic compo-
sition will affect the hydrolytic activity (Mahmoudi et al., 2020). The
ability of microbial extracellular hydrolytic enzymes to access and break
down complex organic substances as a source of carbon and energy is the
central metabolic process of the marine habitat as it can, in turn control
the production of the primary producers (Arnosti, 2011; Amin et al.,
2015; Bolch et al., 2017).

The West Coast of India (WCI) extends from 7°N to 25°N bordering
the eastern Arabian Sea covering a total length of approximately 3010
km coastline of the Indian sub-continent. This region is influenced
largely by semi-annual changes in the climate, wind pattern and
monsoonal currents. The Arabian Sea and its coastal regions are known
to be one of the highly productive regions of the World Ocean (Sarma
et al., 2003; Dalabehara and Sarma 2021). Studies have shown that the
average primary productivity (PP) along the WCI is calculated to range
from about 210 mg Cm~2d ! and it increases close to 950 mg Cm2d !
during the summer or southwest monsoon season (Gauns et al., 2005).
During this season, the upwelling of nutrient-rich subsurface waters
leads to an increase in the phytoplankton biomass and this is known to
control the production of OM in these regions (Ram et al., 2003; Jacob
et al., 2009, Santhikrishnan et al., 2021). Bacterial abundance and ac-
tivities are also shown to have a similar changing pattern with low
numbers and reduced bacterial productivity, during the winter
(December-February) which increases during the summer monsoon
(June-September) (Ramaiah et al., 2009). However, the bacterial ac-
tivity of the communities that increase in growth during the monsoon
season is not elucidated thoroughly from this region. Hence the aim of
this study was to understand the relationship between the physico-
chemical characteristics and PP on the bacterial abundance, cultivable
diversity and its activity during the non-monsoon and monsoon season
along the WCI representing the continental shelf, slope and off-shore
regions.

2. Study area and methods

2.1. Study area, sample collection and measurement of physicochemical
parameters

Sampling was carried out during the non-monsoon season onboard
RV Sindhu Sankalp (Cruise # SSK-113) in January 2018 and the pro-
ductive, summer monsoon season onboard RV Sindhu Sadhana (Cruise
# SSD-053) in July 2018. Samples were collected from both these sea-
sons along the WCI at three stations, off Goa, Mangalore and
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Trivandrum, which lies between 8 and 16°N and 72 to 76°E (Fig. 1). The
three locations at each station are (i) in the coastal, continental shelf
region at ~ 30 m water depth, (ii) in the slope along the ~300 m contour
and (iii) in the off-shore location at ~ 600 m water depth. The sampling
stations off Goa from the continental shelf, slope and off-shore region are
designated as G30, G300 and G600 respectively, similarly, sampling
stations off Mangalore are designated as M30, M300 and M600 and off
Trivandrum station as T30, T300 and T600 (Fig. 1).

The conductivity-temperature-depth (CTD) underwater profiler
(Sea-Bird, USA, model: SBE-911 plus) was used to measure the water
column physicochemical properties temperature, salinity, dissolved
oxygen (DO) and fluorescence representing the chlorophyll concentra-
tion using the respective electronic probes at all the nine stations in the
January and July 2018 sampling. Water samples from the shelf stations
G30, M30 and T30 were collected from the surface, chlorophyll maxima
depth (Chl-M), based on the CTD profile and bottom waters, at about 3 m
above the seabed. Similarly, at the slope stations, G300, M300 and T300
samples were collected at the surface, Chl-M, 100 m, 200 m and bottom
water depths (=300 m). In the off-shore stations, along the 600 m
contour, samples were collected from the surface, Chl-M, 100, 200, 300,
400 m and bottom depth (~600 m). The Chl-M depth varied for each
station and it was determined based on the values obtained from the
fluorescence sensor representing the chlorophyll concentration during
the downward haul of the CTD profiler and the water samples were
collected at discrete depths during the upward haul, using pre-cleaned
Niskin samplers connected to the underwater CTD unit (Sea-Bird,
USA). Water samples collected were immediately sub-sampled and
stored appropriately for further analysis. Nutrients such as nitrate, ni-
trite, phosphate and silicate levels in the water samples were analysed
using an automated continuous flow analyser (SKALAR 5000,
Netherlands).

2.2. Primary productivity measurements

The measurements in the water samples from the coastal, shelf and
off-shore stations in both seasons was measured based using the *C-
labelled inorganic C, NaH!*COs to determine PP. For this water samples
were collected from the surface, Chl-M and 30 m depth at the shelf
stations and from the surface, Chl-M, 100 m and 200 m of the off-shore
stations in three light and one dark, 300 ml polycarbonate bottles
(Nalgene, Germany). One ampoule of NaH14C03 (Board of Radiation
and Isotope Technology, Mumbai; Specific activity 185 kBq) was added
to each bottle and incubated in-situ using a mooring system for 12 h from
sunrise to sunset as per JGOFS protocols (UNESCO 1994). At the end of
the incubation period, water samples were filtered through GF/F 47 mm
diameter, 0.7 pm pore size filters (Whatman, USA) and stored in the dark
in scintillation vials. For analysis, filters were dissolved overnight in
concentrated HCI, followed by incubation in a liquid scintillation
cocktail (Sisco Research Laboratory, Mumbai). The radioactivity was
measured in the scintillation counter (PerkinElmer Wallac 1409 DSA,
USA) and expressed as mg Cm > d 1.

2.3. Estimation of bacterial abundance, viable counts, productivity,
respiration and growth efficiency

Bacterial abundance (BA) was determined following the modified
method of Porter and Feig (1980). In brief, subsamples of ~20 ml water,
from each depth were preserved with buffered formaldehyde (2% final
concentration) immediately after sampling and stored at room temper-
ature in the dark for further analysis. One to five ml aliquots of the
preserved samples in triplicates were incubated with
4'6/-diamidino-2-phenylindole (DAPI) at the final concertation of 1 ug
ml~! and filtered onto black, 0.22 pm pore size polycarbonate mem-
brane filters (Millipore, U.S.A). Counts were made from 10 to 20
microscopic fields with an epifluorescence microscope (Olympus BX-51,
Japan). The final bacterial counts were expressed as cells L™! of the
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Fig. 1. Study area and sampling stations along the west coast of India at Goa, Mangalore and Trivandrum.

water sample.

Total viable counts (TVC) of bacteria were enumerated from water
samples following the spread plate technique on Zobell Marine Agar
(ZMA) microbiological plates. For this, seawater samples of 100 pL ali-
quots were plated aseptically on ZMA plates in triplicates and incubated
aseptically for 24-48 h at 28 °C along with appropriate controls to
minimise contamination. Bacterial colony counts were determined at
the end of the incubation and expressed as colony forming units (CFUs).
Bacterial colonies grown were characterized based on their colony
morphology and grouped into morphotypes. One representative colony
for each morphotype was streak purified on ZMA plates for further
analysis.

The bacterial production (BP) rate was determined based on the 3H-
thymidine incorporation rates in the water samples following the
method described in JGOFS Protocols (UNESCO 1994). BP was esti-
mated at shelf, slope and off-shore stations from all the depths during
both seasons. For this, 20 ml of water samples in triplicates were incu-
bated in the dark with ®H-thymidine (specific activity 18 Ci mmol !,
Bhabha Atomic Research Centre, Mumbai) for 2 h at ambient temper-
ature. The incubation was terminated by the addition of filtered form-
aldehyde and the samples were filtered through 0.22 pm cellulose
acetate, 25 mm diameter filters (Millipore India, Bangalore). The filters
were rinsed with cold trichloroacetic acid (10% w/v) followed by
ethanol (70% v/v) and stored in scintillation vials for further analysis.
To measure the radioactivity, the filter papers were incubated overnight
in ethyl acetate, followed by the addition of a liquid scintillation cocktail
(Sisco Research Laboratory, Mumbai) in recommended volume and
measured in a scintillation counter (PerkinElmer Wallac 1409 DSA,
USA) and expressed as mg Cm > d L.

Community respiration (TR) rates were estimated from the decrease
in DO concentration in water samples incubated in pre-cleaned 125 ml
of BOD bottles for 24 h. For this water samples were collected in BOD
bottles in two sets as triplicates, the DO in the first set was immediately
fixed with Winkler reagents to estimate the initial concentration. The
DO in the second set was quantified at the end of the incubation period
in the dark for 24 h and the decrease in DO concentration was estimated.
DO was determined using Dosimat-865 automated titrator following the
Winkler titration method modified by Carpenter (1965). Bacterial
respiration (BR) was calculated from the ratio of BR to TR of 0.45.
Bacterial growth efficiency (BGE) was estimated as the ratio of net
bacterial production (BP) to gross bacterial production (BP + BR) (Kim
et al., 2017).

2.4. Molecular identification of bacterial morphotypes and phylogenetic
analysis

Bacterial genomic DNA was extracted from freeze-dried pure cul-
tures of all the bacterial morphotypes grown for 24 h in Zobell Marine
Broth at 28 °C using a high salt concentration buffer followed by
chloroform-phenol extraction and precipitation with isopropanol. The
DNA extracted was subjected to PCR amplification of the 16S rRNA gene
using the universal primers 27F (5’ AGAGTTTGATCMTGGCTCAG3') and
1492R (5'TACGGYTACCTTGTTACGACTT-3'). The 25 pL PCR reaction
mixture included genomic DNA, 1X PCR buffer, 1.5 mM MgCl,, 200 pM
concentration of each deoxy nucleotide triphosphate, 0.5 uM concen-
tration of each oligonucleotide primer and the final volume was adjusted
to 25 pL with PCR-grade water. The amplification was performed using
initial denaturation at 94 °C for 5 min, followed by 30 cycles of 94 °C for
50s, 54 °C for 45 s and 72 °C for 1 min, with a final extension at 72 °C for
7 min with 1U Taq DNA polymerase (Sigma Aldrich) in an Eppendorf
vapour protect master cycler. The confirmation of 16S rRNA amplifi-
cation was done by agarose gel electrophoresis in 1% agarose gel pre-
pared using 1X TAE buffer and results were visualized in SYGENE Gel
documentation system. PCR product was purified using the HiPurA™
PCR purification kit (HiMedia). The PCR products were sequenced in
Applied Biosystems (ABI) 3730 DNA Stretch Sequencer, with the XL
Upgrade and the ABI Prism BigDye Terminator version 3.1 Cycle
Sequencing Ready Reaction Kit. They were processed to remove primers
and were also screened for quality using Chromas version 2.6.6. These
sequences were analysed in the NCBI database using the bioinformatics
tool BLAST (Basic local alignment search tool) to confirm their taxo-
nomic and phylogenetic similarity. The morphotypes at the genus level
were characterised and represented as a “Doughnut” chart using Excel
(Microsoft) program. GenBank accession numbers of sequences depos-
ited of the bacterial morphotypes are MW785066-MW785148 and
MW?795735-MW795873.

The 16S rRNA sequences of the bacterial morphotypes obtained from
January and July 2018 sampling were aligned against the SILVA refer-
ence alignment in MOTHUR version 1.46.1 to obtain pairwise align-
ment. Based on the distance matrix the sequences were assigned into
operational taxonomic units (OTUs) in MOTHUR using the cluster
command and the average neighbour rule at a cut-off of 0.1 sequence
similarity. A total of 222 sequences obtained from both the samplings
were assigned to 111 OTUs. A representative sequence from each OTU
was identified using the get.oturep command (Schloss et al., 2009) and a
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phylogenetic tree of representative OTUs was built in MEGA-X using the
maximum likelihood method and Kimura 2-parameter substitution
model, with bootstrap values calculated using the neighbour-joining
method with a resampling size of n = 1000.

2.5. Estimation of hydrolytic enzyme activity

The different morphotypes isolated were analysed for their carbo-
hydrase, protease and lipase activity based on qualitative substrate
utilization assay following standard protocols. The utilization of
monosaccharides by bacterial morphotypes was studied by inoculating
each bacterial morphotype in media containing pH indicator (Bromoc-
resol purple) and supplemented with different monosaccharides such as
dextrose, arabinose, rhamnose and galactose individually (Reiner,
2012). The monosaccharide utilization ability was estimated based on
the colour change from purple to yellow due to a change in pH due to
substrate utilization after 48 h of incubation at 28 °C. Extracellular
enzyme activity for hydrolysis of polysaccharides such as starch (1%),
carboxyl methylcellulose (CMC 1%), agar (2%), alginate (0.5%) and
xylan (0.5%) was also carried out by using each of the substrates as a
carbon source in basal salt agar plates for estimating the carbohydrase
activity (Meddeb-Mouelhi et al., 2014; Sawant et al., 2015; Khalifa and
Aldayel, 2019). Protease and lipase activity was tested on basal salt agar
plates supplemented with Skim Milk (SM) and Tween 80, respectively
(Fenice et al., 2007). Each of the bacterial morphotypes was grown on
the substrate plates and incubated at 28 °C for 48 h and observed for
their zones of hydrolysis around bacterial colonies. The hydrolytic ac-
tivity of amylase, agarose and alginate lyase was determined by staining
with Gram’s iodine for 10 min at the end of the incubation period.
Cellulase and xylanase activity was determined by staining with 0.5%
Congo red for 15 min followed by destaining with 1N NacCl for 10 min.
The protease and lipase activity was estimated by measuring the zone of
hydrolysis around bacterial colonies. The bacterial morphotypes
showing hydrolytic enzyme activity (%) were categorized into no ac-
tivity or minimum activity for monosaccharide substrates. For the
polysaccharide, protease and lipase activity (%) the morphotypes could
be grouped based on the zone of hydrolysis exhibited into isolates with
very good activity (21-30 mm), good activity (11-20 mm), minimum
activity (1-10 mm) and no activity group. Hydrolytic enzyme activity
(%) on different substrates by the bacterial morphotypes within each
phylum was also estimated.

2.6. Statistical analysis

The significance of distribution between physicochemical and bio-
logical characteristics in the two seasons was determined using a single
factor ANOVA. Pearson’s correlation analysis was performed to inter-
pret relationships within physicochemical and biological parameters
between two seasons at the 5% (p < 0.05) level of significance. Statis-
tical analyses were performed using SPSS 21.

3. Results

3.1. Physicochemical characteristics, primary productivity and bacterial
dynamics

Seasonal changes were observed in the physical and chemical pa-
rameters determined from the sampling locations along the WCI. The
average sea surface temperature (SST) was 28 + 1 °C in all the stations
during the non-monsoon season in January 2018 sampling and in July
2018, monsoon season the SST reduced to 27 + 1 °C in almost all the
stations, except at Trivandrum shelf station, where the lowest temper-
ature of 22 °C was recorded. In all the shelf (30 m) stations the tem-
perature was almost uniform throughout the water column in January
sampling. However, during the monsoon period, there was a reduction
in temperature by 2-4 °C from the surface to the bottom waters in the
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shelf stations. In the 300 m and 600 m stations, the thermocline was up
to ~ 100 m during the non-monsoon sampling and in the monsoon
season the thermocline depth was reduced to ~ 50 m at Goa and
Mangalore and in the southern station at Trivandrum, it was shallow at
~ 25 m depth (Fig. 2). The sea surface salinity (SSS) in the January
sampling, was 34 + 2 PSU and the values were uniform throughout the
water column in the shelf stations. During the July sampling in the shelf
stations, the salinity varies from the surface to the bottom from ~30 to
34 PSU at Goa and ~33 to 35 PSU at Mangalore. However, there was no
change at Trivandrum (30 m) station. The SSS at the 300 m (slope sta-
tion) and 600 m station (off-shore station) were 34 + 2 PSU in both
seasons and did not show any seasonal changes. The halocline depth, in
the slope and off-shore station, was similar to the thermocline depth at
100 m during the non-monsoon season and is reduced to 25-50 m depth
in the monsoon season (Fig. 2).

The surface DO values in January 2018, during the non-monsoon
season were ~ 6 mg L™! at the shelf, slope and off-shore station. In
the productive monsoon season, the surface DO values dropped down to
~ 4 mg L™! in all the stations and at the shelf region, in Trivandrum
station T30, the value was <1 mg L™1. The DO values in the 30 m sta-
tions were uniform throughout the water column during the non-
monsoon period, but the values at Goa and Mangalore dropped to <1
mg L~! at mid-depth during the monsoon season. At the 300 m and 600
m stations the mixed layer depth (MLD) based on the DO concentration
was at 100 m, where the levels reached close to anoxic conditions.
During the monsoon season, the MLD was reduced to a shallower depth
(25-50 m) like the other hydrographic features observed based on the
temperature and salinity profiles (Fig. 2).

The chlorophyll concentration was determined using the fluores-
cence sensor mounted on the underwater CTD unit in all the locations
sampled along the WCI. High surface fluorescence values of 10 mg m >
were observed at the G30 station off Goa and 6 mg m™> at the offshore
station, T600 during the southwest monsoon season sampling in July
2018. Average Chlorophyll maxima observed during the monsoon sea-
son was at 15 m depth and in the non-monsoon season, it was at 25 m on
the shelf and 50 m on the slope and off-shore stations. The chlorophyll
maxima were observed to be shallower during the monsoon season than
during the non-monsoon season. Average fluorescence values recorded
during the productive monsoon season in the water column were ~0.92
mg m 3 which was comparatively higher than the non-monsoon season
where the average water column value was ~0.24 mg m~> (Fig. 2).
Nitrate concentration, in all the stations in the WCI during the January
2018 sampling was an average of ~13 pM and it reduced to ~0.2 pM in
the monsoon season (Fig. 3). The average nitrite concentration along all
the stations was only ~0.1 pM in the non-monsoon season and it
increased to ~6.6 pM in the monsoon season. Average phosphate and
silicate concentration in the water column during the non-monsoon
season and monsoon season was ~2 and ~10 pM respectively. The
concentration of phosphate and silicate did not vary much between both
seasons (Fig. 3).

The average PP in the water column during January 2018 was ~48
mg Cm > d ! and the values increased during July 2018 in the monsoon
to ~63 mg C m~3d~! (Table 1). A similar observation was recorded in
the BP measured during both seasons. BP was lower during the non-
monsoon season in the range of 1.2-6.4 mg C m~> d~!, as compared
to the monsoon season which was in the range of 7.2-10.9 mg C m™>
d L. Average TR during the non-monsoon season was ~73mg Cm > d*
across the sampling stations and in the monsoon season it was ~125 mg
Cm 2 dL. Asimilar trend was observed in the BR and BGE calculated.
During the non-monsoon season and monsoon season, the BR was 33
and 57 mg Cm 3 d~! respectively. The average BGE was 46% during the
sampling in the non-monsoon season and increased to 57% during the
monsoon season (Table 1).

The average BA, which is the count of free-living bacteria in the
water samples during the non-monsoon season was 13.6 x 10° cells L™}
and in the monsoon season, the average water column bacterial counts
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Fig. 2. Profiles of physiochemical variables temperature (T, °C), salinity (S, PSU), dissolved oxygen (DO, mg LY and fluorescence (F, mg m~) in the water column
of the shelf, slope and off-shore stations during January 2018 and July 2018 sampling.

were 4.9 x 10° cells L1, BA in the water column was observed to be
uniform in the order of 10° -cells L™! in all the stations during both
seasons (Fig. 4). Total viable counts of cultivable bacteria determined
based on the CFU, estimated during the non-monsoon season were in the
range of 10-1910 CFU ml~! and during July 2018 monsoon sampling, it
was in the range of 75-3425 CFU ml ™. Average viable counts during the
non-monsoon season were 224 CFU ml~! and 928 CFU ml~! in the
monsoon season (Fig. 4).

Statistical correlation of the physical, chemical, autotrophic and
heterotrophic, bacterial parameters in both seasons was studied. DO and
Temperature shows a very good correlation with a significance level of
0.01 (Table 2). Temperature influences Fluorescence, PP, TR and BR
significant correlation at 0.05 level. DO also showed a significant cor-
relation with the PP, TR and BR. PP parameters, fluorescence and PP
show a correlation with very good significance (Table 2). A negative
correlation with good significance between DO and bacterial parame-
ters, BP and TVC and between nitrate concentration with BP, BR and
TVC observed, could be due to the impact of the OMZ (Gonsalves et al.,
2011). Denitrifying conditions are reported from these stations and the
positive correlation between nitrite and BP could be because of the
secondary nitrite maxima reported from these regions due to bacterial
activity (Lincy and Manohar 2021). Correlation between PP and BP with
good significance shows that the bacterial parameters are influenced by
the changes in the PP (Table 2). ANOVA analysis of different parameters
between both seasons shows variations with good significance for DO
and nutrients, such as nitrate, nitrite and phosphate which proves the
influence of upwelling on the autotrophic activity (Fluorescence). Sig-
nificant seasonal variations are also observed for bacterial parameters
BA, TVC and BP (Table 3). These results suggest that the bacteria utilize
labile OM which is available in abundance during the productive period
(Ramaiah et al., 2005, 2009).

3.2. Bacterial diversity and community structure

Unique morphotypes were characterized based on the 16S rRNA
sequence for diversity analysis from non-monsoon and monsoon season
sampling. A total number of 83 and 139 unique morphotypes were
picked from the January and July 2018 sampling respectively. Proteo-
bacteria, Firmicutes and Actinobacteria were the major phyla found
during both the non-monsoon and monsoon season and Bacteroidetes
were represented only in the non-monsoon season (Fig. 5). Relative
abundance of Firmicutes phylum was highest (55%) in January 2018,
during the non-monsoon season, followed by Proteobacteria (42%),
Actinobacteria and Bacteroidetes phyla contributed to 1% each in the
non-monsoon season (Fig. 5a). During the July 2018 sampling in the
monsoon season, the bacterial communities included Firmicutes, which
was represented with the highest relative abundance of 53% followed by
Proteobacteria with 27%. The contribution of Proteobacteria was rela-
tively lower in July (monsoon) compared to January (non-monsoon)
sampling (Fig. 5). However, Actinobacterial diversity increased to 20%
in the monsoon sampling and Bacteroidetes were completely absent.
Phylum-wise distribution of the bacterial morphotypes in the shelf,
slope and off-shore locations at each sampling station was also deter-
mined. The results show that in the non-monsoon sampling, the distri-
bution of bacterial morphotypes from the major phyla Proteobacteria
and Firmicutes were uniform in all the stations. Actinobacteria and
Bacteroidetes which were represented by 1% each were identified from
the Trivandrum shelf (T300) and Goa shelf location (G30) respectively
(Fig. 5a). The major phyla, during the monsoon season, included mor-
photypes from Firmicutes, Proteobacteria and Actinobacteria. The dis-
tribution of these morphotypes was almost uniform across the shelf,
slope and off-shore stations at all the locations (Fig. 5b).

Molecular characterisation of the different morphotypes at the genus
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Fig. 3. Station-wise variables of the chemical parameters nitrate (NO3), nitrite (NO3), silicate (SiO%’) and phosphate (PO+>) measured during January 2018 and
July 2018 in the shelf (G30, M30, T30), slope (G300, M300, T300) and off-shore stations (G600, M600, T600).

level from both seasons was carried out (Fig. 6). The total of 222 mor-
photypes from both the sampling seasons was grouped into 39 genera,
with 22 genera represented from the non-monsoon season and 27 from
the monsoon season and only 10 genera were common for both the
seasons. Analysis shows that in January 2018, during non-monsoon
sampling, the bacterial morphotypes could be grouped into 18 genera
of Proteobacteria representing alpha (4), beta (2) and gamma (8) sub-
phylum. Firmicutes were represented by 5 genera and the phylum
Actinobacteria and Bacteroidetes were represented by only one genus
each. Pseudomonas and Vibrio belonging to subphylum, Gammaproteo-
bacteria; Bacillus and Staphylococcus of phylum Firmicutes were the
dominant genera during the non-monsoon season (Fig. 6). During the
monsoon sampling in July 2018, Firmicutes was the dominant phylum
represented by 8 genera, followed by Proteobacteria with 9 genera
belonging only to Alpha and Gammaproteobacteria subphylum and
Actinobacteria with 10 genera (Fig. 6). Though the total number of
genera increased from 22 to 27 in the monsoon season Bacillus, of
phylum Firmicutes was the only major genus contributing to about 40%
in the monsoon season. Contribution of genera such as Pseudomonas of
subphylum, Gammaproteobacteria and Staphylococcus of Firmicutes

reduced considerably and representation of Vibrio was completely ab-
sent during the monsoon season. However, 17 genera from all the three
major phyla Proteobacteria, Firmicutes and Actinobacteria were repre-
sented only from the monsoon season. This includes Hoeflea and Para-
coccus of Alphaproteobacteria, Idiomarina and Marinobacter of
Gammaproteobacteria, Lysinibacillus, Ornithibacillus and Marinococcus of
Firmicutes. Actinobacteria was represented by 10 genera which
included Microbacterium, Actinobacteria, Corynebacterium, Demequina
and Gordonia in the monsoon sampling from almost all the stations.
Bacteroidetes was represented by the genus Flavobacterium and was only
observed in the Goa shelf station during the non-monsoon season and
were completely absent during the monsoon season (Fig. 6).
Distribution of the morphotypes at genus level in the epipelagic zone
(EZ) representing the upper 200 m water column and mesopelagic zone
(MZ) extending from below the 200 m water column was also studied.
Molecular analysis of the 16S rRNA sequences showed that a total
number of 22 genera were represented in the water column during
January 2018 sampling during the non-monsoon season. Among that 16,
were from the upper 200 m column representing the epipelagic zone
(EZ) and 12 genera were from below 200 m water column i.e., the
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Table 1

Station-wise profiles of primary productivity (PP), bacterial productivity (BP),
total respiration (TR), bacterial respiration (BR) and bacterial growth efficiency
(BGE) during the non-monsoon and monsoon season.

Station PP (mg C BP (mg C TR (mg C BR (mg C BGE
Number m3d™" m3d™h m>3dh m>3d™h (%)
January 2018 (non-monsoon)
G30 36.8 + 61 51+1.4 60.5 + 88 27.2 + 40 46 +
48
G300 ND 1.2+1.3 9.4 +15 42+7 68 +
45
G600 20.7 + 36 1.8+ 2.0 298.2 + 134.2 + 41 +
421 190 51
M30 111.1 + 25+21 26+4 1.2+2 78 £
165 39
M300 ND 3.1+49 29.5 + 23 13.3+10 13+
13
M600 37.0 + 48 6.4 £5.2 18.2 + 26 8.2+12 60 +
44
T30 60.3 + 41 1.2+ 0.9 153.5 + 69.1 +118 52+
263 50
T300 ND 4+ 35 57.8 +76 26 + 34 35+
24
T600 24.0 £27 1.2+1.8 27.1 £25 122+ 11 25+
38
July 2018 (monsoon)
G30 76.6 + 95 109+ 0.8 55.4 + 80 24.9 + 36 56 +
41
G300 ND 79+1.6 241.7 + 108.8 + 29 +
333 150 25
G600 22.9 £ 35 85+1.1 166.7 + 75 + 109 308 +
243 662
M30 93.2 +91 9.1 +£0.4 1.5+3 07+1 28 +
48
M300 ND 8+ 0.6 168.2 + 75.7 + 60 13+7
133
M600 58.2 + 65 89+1.8 91.9 +£124 444 +57 23 +
22
T30 89.1 £ 76 10.5+ 2.3 130.8 + 6 589+3 15+ 2
T300 ND 7.2+21 75.3 £ 55 33.9+25 26 +
18
T600 38.3 + 40 8.4 +23 193.6 + 90.7 + 107 14+8
240
ND- No data.

mesopelagic zone (MZ) and 6 genera were shared in both the zones
(Fig. 7). During the monsoon season, in July 2018, 27 genera were
observed, among that 22 were from EZ and 18 were from MZ. The
number of shared genera during the monsoon season was 13 which were
present in both zones. Morphotypes belonging to Pseudomonas, of
phylum Proteobacteria and genus Bacillus belonging to Firmicutes were
represented with the highest percentage during both the seasons in the
EZ and MZ. Alteromonas, of phylum Proteobacteria and genus Hal-
obacillus belonging to Firmicutes were represented only in the EZ from
both seasons. Bacteria from the genus Escherichia, Photobacterium and
Acidovorax belonging to Proteobacteria, Oceanobacillus of Firmicutes
and Flavobacterium (Bacteroidetes) were observed only in the EZ during
the non-monsoon period. Similarly, bacteria from the genus Idiomarina,
Paracoccus (Proteobacteria), Lysinibacillus of Firmicutes and two Acti-
nobacteria genera Actinobacteria and Aeromicrobium were observed only
in the EZ during the monsoon season. Bacterial genera Steno-
trophomonas, Spingomonas and Comamonas belonging to Proteobacteria
were represented only in the MZ during the non-monsoon season, while
Pseudoclavibacter, Brachybacterium and Marinobacter were observed only
in MZ during monsoon season. The overall diversity in the EZ was higher
in both seasons with 16 and 22 genera and the MZ was represented by 12
and 18 genera (Fig. 7).

The 16S rRNA sequences of 83 and 139 morphotypes from January
and July 2018 sampling were analysed together using DOTUR and
clustered into 111 OTUs which are sequentially represented from BWCI1
to BWCI111. Phylogenetic analysis of the OTUs shows that 49 OTUs
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belonged to Proteobacteria which was clustered within Alpha, Beta and
Gamma Proteobacteria groups. Firmicutes were represented by 41
OTUs, Actinobacteria with 20 OTUs and Bacteroidetes by only a single
OTU (Fig. 8 a-d). Bacteroidetes were represented by one OTU (BWCI91)
only from the non-monsoon season and clustered with strong bootstrap
support with Flavobacterium sp. (Fig. 8a). Actinobacteria was repre-
sented by 1% only during the January 2018 sampling and it increased
(20%) during the monsoon sampling. Within, Actinobacteria, OTU,
BWCI81 Micrococcus luteus was the only representative in the non-
monsoon season and during the monsoon season, OTUs BWCI83 and
BWCI22 clustered with Micrococcus sp. sequences. Other Actinobacterial
OTUs belonged to major genera such as Aeromicrobium sp., Corynebac-
terium sp., Brachybacterium sp., Pseudoclavibacter sp. and Actinobacteria
bacterium. Brevibacterium spp. was represented by 2 OTUs, Gordonia spp.
and Demequina spp., with 3 OTUs and Microbacterium spp. with 4 OTUs
with a total representation of 19 OTUs belonging to the monsoon season
and there was no shared OTUs within this cluster (Fig. 8a).

The 49 OTUs of phyla Proteobacteria grouped within the alpha, beta
and gamma sub-phylum clusters (Fig. 8b and c¢). No representatives were
observed belonging to the delta and epsilon Proteobacteria cluster from
both the samplings. The OTUs belonging to Proteobacteria clustered
within Alphaproteobacteria with 13 OTUs (Fig. 8b), the Betaproteo-
bacteria cluster had only 2 OTUs and Gamma cluster had the maximum
representation with 34 OTUs belonging to well classified bacterial
genera (Fig. 8c). Alphaproteobacteria and Gammaproteobacteria had
representative OTUs from both seasons which included major repre-
sentatives grouping with Erythrobacter spp., from the former and Alter-
omonas spp., Alcanivorax spp. and Pseudomonas spp. from the latter.
Betaproteobacteria OTUs clustering with Acidovorax sp. and Comamonas
sp. were represented only from the non-monsoon season and none of the
OTUs were common to both the sampling seasons (Fig. 8b and c¢). OTUs
belonging to Firmicutes are represented uniformly in both the seasons
and of the 41 OTUs clustered within this group, 6 OTUs were shared
between both seasons. Majority of the OTUs clustered with the Bacillus
spp. followed by Staphylococcus spp. within the Firmicutes cluster
(Fig. 8d).

3.3. Hydrolytic enzyme activity of culturable bacterial morphotypes

Characterization of the hydrolytic enzyme activity was determined
in all the representative 83 and 139 morphotypes. The results showed
that the bacterial morphotypes were able to utilize all three major
groups of substrates as they exhibited carbohydrase, protease and lipase
enzyme activity. It was observed that monosaccharide glucose was the
most utilized substrate in both seasons (Fig. 9).

The bacterial morphotypes from January 2018 sampling showed
higher hydrolytic enzyme activity with only an average of 50% which
showed no activity and during the monsoon season from July 2018
sampling an average of 78% of the bacterial morphotypes did not show
activity in any of the substrates tested (Fig. 9). According to the zone of
hydrolysis, the percentage of morphotypes from the January 2018
sampling showed activity in alginate > agar > starch > CMC > Tween
80 > SM > xylan (Fig. 9a). The activity of the morphotypes was rela-
tively lower in the morphotypes from the monsoon season (July 2018)
sampling and the hydrolytic enzyme activity was characteristically
distinct, especially the protease activity which was relatively the high-
est. The morphotypes showed activity in SM > alginate > agar > starch
> CMC > xylan > Tween 80 (Fig. 9b). A small percentage of morpho-
types were largely Bacillus spp. or Pseudomonas spp. exhibited very good
activity in the non-monsoon and monsoon seasons (Fig. 9). This shows
that the isolates from the non-monsoon season exhibited better hydro-
lytic enzyme activity.

The hydrolytic enzyme activity of the morphotypes belonging to
each phylum was studied and the results show that bacterial isolates
from Phylum Firmicutes followed by Proteobacteria from both the
sampling season exhibited good hydrolytic activity and were able to
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Fig. 4. Profiles of bacterial abundance (BA) and total viable counts (TVC) in the shelf, slope and off-shore stations in January 2018 and July 2018 sampling.

Table 2

Pearson’s correlation matrix of physical, chemical and biological variables, Temperature (T), dissolved oxygen (DO), nitrate (NO3), nitrite (NO3), Fluorescence (F),
primary production (PP), bacterial production (BP), Total respiration (TR), bacterial respiration (BR), Bacterial growth efficiency (BGE) and total viable counts (TVC).

T DO NO3 NO; F PP BP TR BR BGE TVC
T 1
DO 0.87° 1
NO; —0.20" -0.09 1
NOz —0.12 —-0.11 —0.20° 1
F 0.29° 0.15 -0.17 0.04 1
PP 0.39° 0.24" -0.07 0.09 0.46" 1
BP -0.15 -0.32" -0.37" 0.29" 0.24" 0.23" 1
TR 0.31" 0.27" —0.02" 0.14 0.18 0.12 0.01 1
BR 0.30° 0.27° -0.22" 0.14 0.18 0.12 0.02 0.99° 1
BGE -0.18 -0.11 -0.02 0.00 -0.07 -0.16 0.11 —-0.15 -0.15 1
TVC —0.12 -0.31° —.32" 0.14 0.17 0.22" 0.42° 0.05 0.05 0.21° 1

# Correlation is significant at the 0.01 level (2-tailed).
b correlation is significant at the 0.05 level (2-tailed).

utilize all the 11 substrates tested. Actinobacteria was represented by
1% only at phylum and genus level during the non-monsoon period,
which increased up to 20% during the monsoon period (Fig. 6). How-
ever, its activity increased marginally from 1 to 8% during the monsoon
season (Fig. 10). Bacteroidetes which were represented only by 1% in
the non-monsoon season showed minimum activity in major

carbohydrate substrates along with protease and lipase activity. Results
show that Firmicutes exhibited good hydrolytic enzyme activity in both
seasons. Distribution and activity of morphotypes from phylum Pro-
teobacteria and Bacteroidetes reduced or were absent and Actino-
bacteria increased during the monsoon season (Figs. 6 and 10).
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Table 3

ANOVA: single factor to show the significance of distribution between different
parameters, Temperature (T), dissolved oxygen (DO), nitrate (NO3), nitrite
(NO3), Fluorescence (F), primary production (PP), bacterial production (BP),
Total respiration (TR), bacterial respiration (BR), Bacterial growth efficiency
(BGE) and total viable counts (TVC) during two seasons.

Variables Df F value F critical p-value
Temperature 1 2.22 3.96 0.14

DO 1 19.08 3.96 <0.001%
Salinity 1 0.36 3.96 0.55
Fluorescence 1 6.19 3.96 0.01"
NO3- 1 34.74 3.96 <0.001%
NO,- 1 12.27 3.96 <0.001*
PO 1 22.47 3.96 <0.001"
Sio% 1 0.84 3.96 0.36

BA 1 12.88 3.96 <0.001*
TVC 1 34.92 3.96 <0.001*
PP 1 0.49 4.08 0.49

BP 1 91.24 3.96 <0.001*
TR 1 2.14 3.96 0.15

BR 1 2.30 3.96 0.13
BGE 1 0.28 3.96 0.60

Df: degree of freedom, F value greater than F critical value indicates statistical
significance.

2 significant at 0.1%.

b significant at 1%.
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Fig. 5. Phylum-wise distribution of the bacterial morphotypes (%) along the

shelf, slope and off-shore stations during (a) January 2018 and (b) July 2018
sampling season.

4. Discussion

4.1. Relationship between physicochemical characteristics, primary
productivity and bacterial dynamics

The northern Indian Ocean is shown to experience seasonally
changing monsoonal circulation which leads to seasonal differences in
PP. The north western region of the Indian Ocean, the Arabian Sea,
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especially the WCI has higher biological productivity than the eastern,
Bay of Bengal or the central, Equatorial Indian Ocean regions. Studies
have affirmed that the semi-annual reversal of monsoonal winds annu-
ally from June to September induces open ocean upwelling and diver-
gence in the Arabian Sea. These seasonal features regulate near-surface
currents, influence mixed layer development and affect the nutrient
supply to this region (Shetye et al., 1991; Sarma et al., 2003; Kumar
et al., 2007). In addition, winter cooling during the northeast monsoon
(December-February) also adds up to the variability of physical features
(Kumar et al., 2001). The predominant characteristics which include
strong winds, cooler waters, heavy rainfall and a significant increase in
phytoplankton production during the monsoon and warm waters, weak
winds, low rainfall and low phytoplankton production from the
non-monsoon season were reported from the coastal, southwest region
in 2018 (Santhikrishnan et al., 2021; Kottayil et al., 2022). In this study,
the consequence of the seasonal differences which influence primary
productivity and their impact on bacterial productivity, abundance,
diversity and community structure was investigated.

The water column characteristics assessed during the monsoon and
non-monsoon seasons revealed distinct variations during both seasons.
The temperature and salinity values characteristically influenced the
MLD in the continental slope and off-shore station, which was observed
to be at ~100 m depth in the non-monsoon season and it was shallower
at 25-50 m depth in the monsoon season. A similar trend was seen in the
oxycline depths in both seasons (Fig. 2), shallow MLD which is an up-
welling phenomenon was observed during the monsoon season (July
2018) as previously recorded (Smitha et al., 2008). A significant in-
crease in fluorescence value was recorded during the monsoon season
(Fig. 2). Earlier studies from the WCI have shown that the average PP
increases during the monsoon season (June-September) due to up-
welling (Ramaiah et al., 2005). The concentration of essential nutrient,
nitrate reduced significantly during the monsoon season (Fig. 3), which
could be due to the active PP which could have depleted the nitrates. An
increase in nitrite concentration in the July 2018 sampling season
(Fig. 3) is possibly due to the nitrite build-up from denitrification ac-
tivity in the coastal stations reported occurring from seasonal hypoxia
along the WCI (Naqvi et al., 2010; Gonsalves et al., 2011; Lincy and
Manohar 2021). TR representing the community respiration, PP
measuring the autotrophic activity and heterotrophic activity based on
BP, BR and BGE all show a significant increase in the monsoon season
during the July 2018 sampling in comparison with January 2018,
non-monsoon sampling (Table 1). BA estimated during this study was in
the order of 10° cells L™} during both seasons. However, the bacterial
CFUs during the monsoon increased in comparison to the non-monsoon
season (Fig. 4). Increased bacterial abundance during the monsoon
season highlights the bacterial dependence on phytoplankton-derived
organic matter (Molina et al., 2020). These results are consistent with
those of the previous studies from the Arabian Sea suggesting that in-
creases in primary productivity during the monsoon influence bacterial
numbers (Ramaiah et al., 2005; Fernandes and Bogati 2022). However,
there are no reports on the seasonal variations of the bacterial com-
munity and its activity which is characterised in this study to understand
their ecological role during the monsoon season with increasing
productivity.

4.2. Seasonal variations in the bacterial community structure

Bacterial diversity from water samples assessed by 16S rRNA
sequencing revealed that the morphotypes from the study area belonged
to four major phyla, Proteobacteria, Firmicutes, Actinobacteria and
Bacteroidetes. During the non-monsoon season, the morphotypes
retrieved were majorly grouped within Proteobacteria and Firmicutes
phyla which were represented from shelf, slope and off-shore locations
(Fig. 7). The contribution of Actinobacteria and Bacteroidetes was very
minimal (1% each) in this season during January 2018 sampling. A
change in the bacterial community at the phylum level was observed
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during the monsoon season, with no representation of Bacteroidetes and
nearly half of the morphotypes retrieved from this season belonged to
the Firmicutes (53%) followed by Proteobacteria and Actinobacteria,
which was represented significantly only from the monsoon season
(Fig. 7). Analysis of the bacterial community structure at the genus level
shows that the morphotypes grouped into 22 genera within the four
phyla during the non-monsoon season. During the monsoon season, the
diversity of the morphotypes at the genus level increased which was
represented by 27 genera and only 10 genera were common to both the
seasons which included representatives from Proteobacteria, Firmicutes
and Actinobacteria (Fig. 8), which are identified as the predominant
culturable bacterial groups from marine habitats (Amberkar et al.,
2021).

Proteobacteria contributed about 42% of the bacterial diversity
during the non-monsoon period and is reduced to 27% during the
monsoon season. During the non-monsoon season, the Proteobacteria
had representative morphotypes belonging to Alpha, Beta and Gam-
maproteobacteria, however, in the monsoon season, Betaproteobacteria
was completely absent. Gammaproteobacteria was the dominant class
found within Proteobacteria phylum during both seasons (Fig. 8). Pro-
teobacteria is the major phylum represented in many marine habitats
such as the coastal regions (Khandeparker et al., 2017), upwelling zones
(Li et al., 2014; Vijayan et al., 2021) and OMZ (Bandekar et al., 2018a;
Mulla et al., 2018). Bacterial genera such as Sphinogbium, Brevundimo-
nas, Spingomonas of Alphaproteobacater, representatives of the
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subphylum Betaproteobacteria such as Comamaonas and Acidovorax,
Vibrio, Escherichia, Photobacterium of Gammaproteobacteria was repre-
sented only from the non-monsoon season and Erythrobacter, Alter-
omonas, Pseudomonas and Strenotrophpomonas were represented in both
the seasons. Though a few genera such as Hoeflea, Paracoccus, Idiomarina
and Marinobacter were represented only in the monsoon season, there
was an overall reduction in the percentage contribution of Proteobac-
teria during the monsoon season due to the reduction in the contribution
of Pseudomonas, a major bacterial genus belonging to Gammaproteo-
bacteria from 17 to 4% in the monsoon season (Figs. 8 and 9). Bacterial
diversity at the OTU level showed that Proteobacteria had maximum
representation in this study with 49 OTUs from alpha, beta and gamma
subphyla. Seven of the OTUs BWCI80, BWCI62 and BWCI3 within alpha
and BWCI72, BWCI92 and BWCI68 and BWCI13 of Gammaproteobac-
teria clustered as unclassified bacterial groups with good bootstrap
support (Fig. 8b and c). There were no shared OTUs within the Pro-
teobacteria cluster and their numbers reduced from 29 to 20 OTUs in the
monsoon season. OTUs clustering with Pseudomonas spp., Vibrio spp.,
Alteromonas spp. and Alcanivorax spp. were the major Gammaproteo-
bacter identified. Recent studies have shown that Gammaproteobacteria
of phylum Proteobacteria are the dominant groups (80% of the total
bacterial communities) during algal blooms. Within Gammaproteobac-
teria vibrio spp. and Psudoalteromonas spp. were the major genera
contributing to the bacterial communities associated with algal bloom
(Chen et al.,, 2021). Gammaproteobacteria Pseudomonas and Vibrio
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lagic zone.

representation reduced from the Proteobacterial community during the
monsoon season (Figs. 7 and 6).

Firmicutes contributed almost equally in both seasons, with a rep-
resentation of four genera Staphylococcus spp., Bacillus spp., Halobacillus
spp. and Jeotgalicoccus sp. from both seasons and a few genera which
was exclusively isolated from the non-monsoon and monsoon season
(Fig. 6). Bacillus was the major genera that were represented during both
seasons and were present in considerable numbers in both the EZ and
MZ (Fig. 7). Diversity of bacterial morphotypes at the genus level shows
that Bacillus and other Bacillus groups belonging to Firmicutes exhibited
equal contribution in both seasons. One of the OTU BWCI43 clustered as
an unclassified bacteria within the Bacillus cluster (Fig. 8d). Major
bacterial genera such as Staphylococcus which had a major contribution
during the non-monsoon season reduced considerably during the
monsoon season, which is one of the major pathogenic groups of bac-
teria (Isaacs et al., 2021). They could not proliferate during the monsoon
season due to the presence of active phytoplankton communities which
are known to produce anti-bacterial compounds to prevent infection
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(Shannon and Abu-Ghannam 2016; Miihlenbruch et al., 2018). This
prevents the growth of pathogenic bacteria and in turn pave way for the
proliferation of native bacterial community such as Marinococcus spp.
which are represented in higher numbers during the productive
monsoon season (Figs. 6 and 7). Studies have reported that Bacillus spp.
and Staphylococcus spp. are the major culturable bacteria associated
with the phytoplankton bloom (Basu et al., 2013). Their dominance was
also reported during the phytoplankton bloom decay period (Zhao et al.,
2017; Gomez-Consarnau et al., 2019). Many of the Firmicutes bacteria
are also known to be euryhaline, which can degrade OM efficiently in
marine habitats (Margesin and Schinner 2001).

Genus Micrococcus was the only representative of phylum Actino-
bacteria in the non-monsoon season. It increased considerably in the
monsoon season and was represented by genera such as Microbacterium,
Corynebacterium, Aeromicrobium and Gordonia (Figs. 6 and 7). The
presence of Actinobacteria in the coastal waters has been previously
characterised for its bioactivity (Singh and Ramaiah 2011). They are
also reported in the OMZ, mesopelagic and deep-sea regions (Wright
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Fig. 8. Maximum-likelihood-based phylogenetic tree of 16 rRNA gene sequences of representative OTUs belonging to (a) Actinobacteria and Bacteroidetes, (b)
Alphaproteobacteria, (¢) Gammaproteobacteria and Betaproteobacteria and (d) Firmicutes. The number in parentheses following OTU names indicates the number of

sequences obtained from the January 2018 and July 2018 sampling season.

et al., 2012; Rodriguez-Mora et al., 2013; Kamjam et al., 2017) from
culturable and metagenomics studies (Ghai et al., 2013). Marine Acti-
nobacteria are also found in association with marine benthic commu-
nities such as the seaweeds, sponges and coral reefs as mutualists and
produce different bioactive compounds (Valliappan et al., 2014; Girao
etal., 2019). The seasonal appearance of Actinobacteria in many marine
habitats is often attributed to the presence of phytoplankton blooms
(Basu et al., 2013; Parulekar et al., 2017; Zhou et al., 2018). Recent
research also suggests that changes in the phytoplankton communities
have a significant impact on the dynamics of heterotrophic bacterial
diversity in the coastal and oceanic waters. Which is reported to be
influenced by the autochthonous organic matter generated by the
changing phytoplankton composition (Landa et al., 2016; Aytan et al.,
2018; Arandia-Gorostidi et al., 2022).

Marine Bacteroidetes are known to express the polysaccharide uti-
lization loci which facilitate the degradation of algal polysaccharides
(Kriiger et al., 2019; McKee et al., 2021). Genus Flavobacterium sp. was
the only Bacteroidetes isolated from the non-monsoon season and this
group was not represented in the monsoon season (Figs. 6 and 7). They
are reported to be one of the major contributors to the remineralisation
of carbohydrates leading to refractory carbon storage in the ocean
(Zhang et al., 2015). Bacterial diversity studied from phylum, genus and
OTU levels from the WCI shows that there are seasonal differences with
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higher diversity in the monsoon season at genus and OTU levels
(Figs. 6-8). Firmicutes, Alpha and Gammaproteobacteria were the major
phylum represented in both seasons. The diversity of Betaproteobacteria
and Bacteroidetes was completely absent and Actinobacterial repre-
sentation increased considerably in the monsoon season. Many marine
bacterial genera such as Idiomarina, Marinococcus and Marinobacter were
exclusively obtained only from the monsoon season which is majorly
known for the degradation of OM (Lucas et al., 2016; Gomes et al., 2019;
Mukherjee et al., 2020). Studies have suggested that the bacterial
metabolic processes and products of remineralisation can also influence
the phytoplankton community structure (Bolch et al., 2017). More
detailed studies on this could help us to understand the complex bacteria
phytoplankton interactions.

Studies on the bacterial diversity and community structure in the
oxygen minimum zone (OMZ), along the WCI have described the deni-
trifying and anammox bacterial communities along with their functional
characteristics (Jain et al., 2014; Bandekar et al., 2018b; Mulla et al.,
2018; Lincy and Manohar 2021; Amberkar et al., 2021). Hydrolytic
enzyme activities of bacteria and their enzymatic potential are studied in
various coastal regions (Khandeparker et al., 2011; Singh and Ramaiah
2011). However, comparative studies on the hydrolytic enzyme activ-
ities of bacteria from the coastal/shelf, slope and open ocean water
column are not addressed to understand the seasonal difference in the
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Fig. 8. (continued).

BA, community structure and hydrolytic enzyme activities. Such studies
can help in establishing the importance of phylogenetic diversity to its

ecological functioning.

4.3. Seasonal variations in the bacterial hydrolytic enzyme activity

Bacterial communities play an important role by synthesising
extracellular enzymes for remineralisation of oceanic OM which is
composed of carbohydrate polysaccharides, monosaccharides, lipids
and protein polymers (Traving et al., 2015; Bolch et al., 2017). Different
types of carbohydrates, lipid and protein substrates were tested in this
study to characterize the hydrolytic enzyme activity of bacteria during
the non-monsoon season and productive monsoon season (Fig. 9). Car-
bohydrates make up a 90% share of phytoplankton-derived OM
including various polysaccharides and monosaccharides (Underwood
et al., 2010), neutral monosaccharides like glucose, arabinose, rham-
nose and galactose are the major contributors to the phytoplankton
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derived OM (Passow et al., 2007; Engel and Handel 2011). Results from
this study show that 50% of bacterial morphotypes exhibit enzyme ac-
tivity during the non-monsoon season in January 2018 and from July
2018 sampling an average of only 20% of morphotypes showed activity.
This result suggests the metabolic potential of microbes was higher
during the non-monsoon season, which could be due to the availability
of DOM which is sustained for an extended period in the water column
and could be available for bacterial utilization (Smriga et al., 2016). The
low hydrolytic activity during the monsoon season suggests that cul-
turable bacteria isolated during the monsoon season did not express
enzymes to utilize fresh and complex OM generated from phytoplankton
blooms. Bacterial morphotypes were able to utilize a majority of sub-
strates tested during both seasons. Polysaccharide alginate lyase and
protease were the highest detected activity during January and July
2018 respectively. The survival of microbes aided by extracellular hy-
drolytic enzymes allowed them to breakdown, complex organic mole-
cules in marine habitats. Studies have also found that the enzyme
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Fig. 9. Hydrolytic enzyme activity of bacterial morphotypes (%) isolated dur-
ing the January 2018 and July 2018 sampling season.

(a) January 2018
Dextrose
Arabinose
Rhamnose
Galactose
Starch
CMC
Xylan
Agar
Alginate
SM
Tween 80

Substrates

©000e0000 @
000000000 @

July 2018

(b)

@

Dextrose

°

Arabinose

Rhamnose

Galactose
Starch
CMC
Xylan

Substrates

Agar
Alginate
SM
Tween 80

°© ® @ @ c © 0 o 0 o @
°c @ @ o

c@@@e 000 0@

Proteobacteria  Firmicutes  Actinobacteria Bacteroidetes

Phylum

Fig. 10. Hydrolytic enzyme activity of bacterial morphotypes (%) of different
phyla isolated during the January 2018 (a) and July 2018 (b) sampling season.

activity of bacteria exhibited variation based on the availability and
nature of OM, implying an unequal distribution of enzyme activity in
different seasons and zones (Basu et al., 2013; Khodse and Bhosle 2013;
Mahmoudi et al., 2020).

Proteobacteria, such as Stenotrophomonas sp. and Alcanivorax spp.,
that degrade organic substances are shown to have made a significant
contribution to bacterial communities; a similar finding was obtained in
recent research in the Southern East China Sea, where the existence of
these groups was recognized (Yang et al., 2020). Recent research also
shows that the production of extracellular enzymes in bacteria increases
in harsh environments to recycle available organic materials (Bolch
et al., 2017; Showalter and Deming 2021). Bacterial numbers and
extracellular enzyme activity were found to be sustained even at low
oxygen concentrations in recent investigations in the eastern tropical
South Pacific OMZ, implying that bacteria can recycle OM in the OMZ
(Mapmig et al., 2020). Our results accordance with, previous studies
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which have also found that Gammaproteobacteria synthesize enzymes
for the hydrolysis of diverse types of polysaccharides enzymes (Alder-
kamp et al., 2007; Teeling et al., 2016). The shift in the bacterial com-
munity suggests that the availability of OM is the major factor that
controls the expression of extracellular enzymes in bacterial groups. It is
also reported that among Firmicutes, Bacillus spp. plays an important
role in OM degradation in marine sediments (Divya et al., 2010). Acti-
nobacteria can produce extracellular enzymes like cellulase, chitinase,
as well as Actinobacteria, which are also known for degrading recalci-
trant OM (Manucharova 2009). Recent studies have documented that
Actinobacteria from marine sediment possess enzymes to degrade re-
fractory OM as well as different polysaccharide compounds (Chen et al.,
2016). Significant seasonal fluctuations in bacterial communities re-
ported in the southern Benguela upwelling region imply that bacterial
communities alter depending on the nature of the OM present in the
water column (Rocke et al., 2020). Recent metagenomic studies have
revealed that microbial communities and metabolism potentials differ
between the epipelagic and mesopelagic zones of the water column,
with microbial communities in the mesopelagic zone having a higher
metabolic potential to degrade amino acids, lipids, nucleotides and xe-
nobiotics (Sripan et al., 2021). Though metagenomics approaches have
greatly enhanced our understanding of bacterial diversity, there is still a
large diversity that is still unexplored. It is also very vital to cultivate
native, bacteria from marine habitats using media to mimic the native
habitat and to understand the metabolic processes (Giovannoni and
Stingl 2007).

5. Conclusion

The purpose of the present research was to estimate the changes in
bacterial diversity and its activity along the WCI during the non-
monsoon and monsoon seasons. This study has shown that primary
productivity positively influences bacterial productivity, viable counts
and diversity in the monsoon. The difference in the bacterial diversity
characterised shows distinct phyla, genera and OTUs during both sea-
sons with a very low percentage of overlap. Bacterial abundance and
diversity were higher during the monsoon season. However, the sub-
strate utilization was lower in the monsoon season and the morphotypes
from the non-monsoon season showed higher hydrolytic enzyme activ-
ity. The decrease in bacterial activity in the monsoon could be due to the
active primary production in this season. Though, we still lack an un-
derstanding of the factors that influence the extracellular enzyme ac-
tivity in marine habitats. It is interesting to note that monsoon influences
the abundance and culturable diversity of heterotrophic bacteria posi-
tively and decreases the bacterial activity along the WCI.
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The eastern Arabian Sea (EAS) is known for its unique oceanographic features such as the seasonal monsoonal
winds, upwelling of nutrient-rich waters and a significant increase in primary productivity during the monsoon
season. In this study, we utilised the shotgun metagenomics approach to determine the seasonal variations in
bacterial taxonomic and functional profiles during the non-monsoon and monsoon seasons in the EAS. Significant
seasonal variations in the bacterial community structure were observed at the phylum and genera levels. These
findings also correspond with seasonal shifts in the functional profiles of the bacterial communities based on the
variations of genes encoding enzymes associated with different metabolic pathways. Pronounced seasonal
variation of bacterial taxa was evident with an increased abundance of Idiomarina, Marinobacter, Psychrobacter
and Alteromonas of Proteobacteria, Bacillus and Staphylococcus of Firmicutes during the non-monsoon season.
These taxa were linked to elevated nucleotide and amino acid biosynthesis, amino acid and lipid degradation.
Conversely, during the monsoon, the taxa composition changed with Alteromonas, Candidatus Pelagibacter of
Proteobacteria and Cyanobacteria Synechococcus; contributing largely to the amino acid and lipid biosynthesis,
fermentation and inorganic nutrient metabolism which was evident from functional analysis. Regression analysis
confirmed that increased seasonal primary productivity significantly influenced the abundance of genes asso-
ciated with carbohydrate, protein and lipid metabolism. These highlight the pivotal role of seasonal changes in
primary productivity in shaping the bacterial communities, their functional profiles and driving the biogeo-
chemical cycling in the EAS.

1. Introduction

organic matter availability (Vijayan et al., 2021; Gao et al., 2021;
Eigemann et al.,, 2023). Bacterial activity in marine environments

Marine bacteria are fundamental players in the biogeochemical cy-
cles, decomposing organic matter and recycling the nutrients essential
for sustaining the ecosystem. This is facilitated by the bacterial extra-
cellular enzymes, such as carbohydrases, proteases and lipases, which
act on organic matter (Brown et al., 2022; Lloyd et al., 2022; Dithugoe
et al., 2023). In addition to supporting the marine food web, the recy-
cling of organic matter by bacterial communities also plays a key role in
regulating the global carbon cycle by facilitating the long-term storage
of carbon in recalcitrant forms (Moran et al., 2016; DeVries, 2022). In
marine ecosystems, the taxonomic composition and functional abilities
of bacterial communities are influenced directly and indirectly by
various environmental factors such as water temperature, salinity and
nutrients that control the primary productivity and subsequently

demonstrates a marked variability, which appears to be influenced by
the availability and characteristics of organic matter, suggesting a
distinct distribution of enzymatic activities across seasons and regions
(Balmonte et al., 2019; Arnosti et al., 2021; Lloyd et al., 2024). The
diversity and composition of these bacterial communities based on
metagenomics and metatranscriptomics studies have shown that they
are crucial in determining the rate and efficiency of organic matter
recycling (Franzosa et al., 2018; Pontiller et al., 2021; Delgadillo-Nuno
et al., 2024). Hence, understanding the bacterial community structure
and their heterotrophic functional activities is of global importance in
the present climate change scenario.

The study region, along the eastern Arabian Sea (EAS), is charac-
terized by semi-annual changes in the climate, wind pattern, monsoonal
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currents and upwelling, which plays a significant role in shaping the
phytoplankton productivity dynamics in this region (Vinayachandran
et al., 2021; Gupta et al.,, 2022). Increased productivity during the
southwest monsoon in the EAS leads to the generation and accumulation
of substantial amounts of organic matter (Vijayan et al., 2021; Shetye
et al., 2022). During the monsoon season, intense rainfall and terrestrial
inputs further contribute to the organic matter dynamics (Nageswar Rao
et al., 2019; Silori et al., 2022). However, during the non-monsoon
season, the EAS experiences a relatively low-productive environment
(Santhikrishnan et al., 2021). Understanding the intricate seasonal dy-
namics of productivity, organic matter generation and its relation to
bacterial functional activities is crucial to comprehend the complex
ecological processes in the EAS.

Despite the importance of bacterial communities in biogeochemical
cycling in marine ecosystems, little is known about their composition
and diversity in the EAS. Previous studies have primarily focused on the
physicochemical factors influencing bacterial diversity and community
structure in specific regions such as oxygen minimum zones, mud banks
regions and sediment cores (Vijayan et al., 2023 and reference therein),
however, the specific bacterial communities and their functional di-
versity involved in the biogeochemical processes have not been studied
thoroughly from this region. Furthermore, there is limited knowledge
about how bacterial communities vary during different seasons, which is
important for understanding the temporal dynamics of bacterial func-
tional activities recycling organic matter. In our previous study exam-
ining culturable bacterial diversity in the EAS, we observed a
pronounced increase in bacterial abundance during the monsoon sea-
son, especially in the chlorophyll maxima depths (C-Max) depths which
consistently reported the highest viable bacterial counts (Parab et al.,
2022). The C-Max depths, located between 20 and 100 m in marine
water columns, are known for high phytoplankton productivity due to
the favourable conditions for growth, leading to the increased avail-
ability of organic matter (Cullen, 2015; Garg et al., 2024). Despite its
importance, there is limited research in the EAS on the impact of sea-
sonal changes in primary productivity on the bacterial functions in
C-Max zones, especially using advanced metagenomics sequencing
methods.

To address these knowledge gaps, the present study used high-
throughput shotgun sequencing to investigate the bacterial taxonomy
and functional genes at C-Max depths in the EAS during non-monsoon
and monsoon seasons. Shotgun metagenomics represents a robust and
superior approach for functional analysis in microbial ecology and
environmental studies (Quince et al., 2017), unlike targeted methods
like 16S rRNA sequencing that focus on specific conserved regions. By
sequencing the total genetic material in environmental samples, shotgun
metagenomics enables a comprehensive exploration of microbial di-
versity and the identification of functional genes and pathways
(Galloway-Pena and Hanson, 2020). Thus, this study provides a detailed
report of bacterial functional diversity based on shotgun metagenomics,
offering a comprehensive view of the diverse bacterial communities and
their functional potential during non-monsoon and monsoon seasons
from the EAS. This research contributes to a better understanding of the
ecological significance of bacterial communities in this region and it will
provide valuable insights into seasonal variations in bacterial

Table 1
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heterotrophic activities.
2. Materials and methods
2.1. Sample collection

Sampling was conducted on board RV Sindhu Sankalp in the study
region in the EAS, during the non-monsoon season in February 2019
(Cruise # SSK-125) and southwest monsoon season in September 2019
(Cruise # SSK-131). Samples were collected from coastal (30 m) and
offshore (600 m) locations off Goa (G30 and G600), Mangalore (M30
and M600) and Trivandrum (T30 and T600) in the EAS (Table 1). At
each of the six sampling stations, the physicochemical characteristics,
including water column temperature, salinity, dissolved oxygen (DO)
and fluorescence, were measured using the conductivity-temperature-
depth (CTD) underwater profiler (Sea-Bird, SBE-911 plus, USA) in
both the seasons. The depth at which the highest reading from the
fluorescence sensor was recorded from the photic zone, was defined as
the C-Max depth (Parab et al., 2023). The in-situ radiotracer-based pri-
mary productivity was determined in the water column following the
JGOFS protocol (UNESCO, 1994) which is described in Parab et al.
(2023). For this study, water samples collected at the C-Max depths in all
the locations were immediately sub-sampled and stored for shotgun
metagenomic analysis.

2.2. DNA extraction, shotgun sequencing and assembly

Water samples collected at C-Max depths from all 6 stations during
both cruises were filtered using a peristaltic pump on board the research
vessel for metagenomic DNA extraction. Approximately 20 L of water
sample in triplicates was filtered through 0.22 pm pore size Durapore
filters having a diameter of 47 mm (Millipore, USA) and stored in
cryovials containing DNA storage buffer, consisting of 0.75M sucrose,
40 mM EDTA and 50 mM Tris (pH 8.3) and was maintained at —80 °C.
Subsequently, DNA extraction was performed using the FastDNA™ SPIN
kit (MP Biomedical, USA), from the triplicate samples following the
manufacturer’s instructions and the total DNA was pooled together for
further analysis. The extracted metagenomic DNA was assessed for
quality and an adequate amount of DNA was obtained for subsequent
library preparation and sequencing. DNA samples were sequenced using
the shotgun metagenomics technique at the National Institute of
Biomedical Genomics (NIBG, West Bengal, India). For this, library
preparation was carried out using TruSeq DNA PCR-Free Library Prep
Kit (Illumina, USA) and the library was sequenced on the NovaSeq 6000
system (v1.5, Illumina, USA) according to Illumina’s recommended
protocols with the sequencing depth of 10 million reads per samples
(Ilumina, USA).

Quality control and assembly of the shotgun sequencing reads were
performed using bioinformatics tools. Raw sequencing reads were
initially assessed for quality using FastQC v0.12.0. Low-quality bases
and adapter sequences were removed from the reads using Trimmomatic
v0.39 (Bolger et al., 2014).

A sliding window trimming approach was applied with a window
size of 4 bases and a quality threshold of Q20. Sequences with average

Physicochemical variables during non-monsoon (NMS) and monsoon (MS) seasons in the eastern Arabian Sea.

Station Location Chl-M depth (m) Temperature (°C) Salinity (PSU) DO (mg LY Fluorescence (mg m?) PP (mg C midh
NMS MS NMS MS NMS MS NMS MS NMS MS NMS MS
G30 15.2454°N, 73.3633°E 3 10 27.29 27.46 35.37 35.59 3.96 1.95 1.21 2.15 18.7 83.01
G600 15.2301°N, 72.4677°E 49 47 27.74 28.11 35.69 36.13 3.88 3.6 0.57 0.22 8.7 59.68
M30 12.5062°N, 74.4087°E 19 15 28.81 26.31 34.80 35.84 3.75 2.17 0.68 0.8 48.0 75.98
M600 12.5076°N, 73.5683°E 57 27 28.89 27.34 36.04 35.84 3.71 2.6 1.20 0.67 8.5 31.56
T30 8.2889°N, 76.5144°E 26 9 27.99 26.82 33.55 35.33 5.68 3.09 0.33 3.49 10.5 94.83
T600 76.1384°E, 76.1384°E 55 9 29.22 28.88 35.64 33.6 5.37 6.35 0.82 3.84 14.2 76.58




A.S. Parab and C.S. Manohar

quality of bases below a Phred score of 20, in the read window were
trimmed at that point. Additionally, any adapter sequences and reads
shorter than 50 bases were also discarded. To ensure the exclusive use of
bacterial DNA in the analyses, KneadData v0.11.0 was employed in
conjunction with Bowtie2 to align the reads against reference databases.
This process effectively removed non-bacterial DNA, including human,
plant, viral and other eukaryotic sequences, from the dataset. The
resulting high-quality reads were then subjected to de novo assembly
using MEGAHIT v1.2.8 (Li et al., 2016), resulting in the generation of
contigs. Assembly quality was evaluated using QUAST v5.1.0 (Gurevich
et al., 2013) and BUSCO v5.4.7 was used to assess the completeness of
the bacterial contig assembly (Manni et al., 2021). Post-assembly pro-
cessing involved read mapping using Bowtie2 v2.5.1 (Langmead and
Salzberg, 2012).

2.3. Taxonomic and functional annotation

For taxonomic annotation, MetaPhlAn2 was utilised to profile the
metagenomic content of the assembly, enabling the identification and
quantification of bacterial taxa within the dataset (Truong et al., 2015).
For functional diversity assessment, open reading frames (ORF) were
identified using Prokka v1.14.6 for comprehensive genome annotation
(Seemann, 2014). For each of the samples, gene clustering based on
sequence identity, CD-HIT v 4.8.1 was employed (Li et al., 2012). For
evaluation of the overall functional diversity of bacterial metabolic,
cellular and carbohydrate utilisation processes; the ORFs were anno-
tated against reference databases like KEGG (Kyoto Encyclopedia of
Genes and Genomes), EggNOG (Evolutionary Genealogy of Genes:
Non-supervised Orthologous Groups) and CAZymes (carbohy-
drate-active enzymes). KEGG annotation was conducted utilizing
kofamscan v1.3.0 to assign KEGG ortholog terms to the predicted ORFs.
Functional classification based on orthologous groups from the EggNOG
database was performed using eggnog-mapper v2.1.9 (Cantalapiedra
et al., 2021). Identification of CAZymes within the ORFs was achieved
by mapping the data set against the CAZymes database using run_dbcan
v2.0.0 (Zhang et al., 2018).

To further investigate the organic matter degradation potential, in-
formation on the various genes encoding enzymes involved in carbo-
hydrate, protein and lipid metabolism was extracted from the annotated
data. Carbohydrate-degrading enzymes were assessed by estimating the
gene abundance of various sub-families from the CAZymes annotated
data. Protein breakdown was studied by extracting peptidase families,
with a particular emphasis on bacterial extracellular peptidases. The
InterPro database (Paysan-Lafosse et al., 2023), which provides a clas-
sification of protein families and the MEROPS database, dedicated to
peptidase classification, were utilised for this purpose (Rawlings et al.,
2018). Subsequently, these peptidases were queried against the EggNOG
annotated data in R studio v3.5.1 and the abundance of genes encoding
peptidases of interest was extracted. For lipid degradation analysis,
ORFs were annotated against the KEGG database to extract the genes
associated with pathways responsible for fatty acid degradation pro-
cesses. Functional profiles from the KEGG, EggNOG and CAZymes
annotation output files were imported into R Studio v3.5.1 to identify
specific genes and pathways associated with carbohydrate, protein and
lipid metabolism. Custom searches, filtering and sorting operations were
performed on the functional annotation data to extract the relevant in-
formation (Tseng et al., 2015). To complement the functional annota-
tion with associated bacterial taxa and provide a comprehensive analysis
of metabolic pathways, HUMAnN2 was employed. It utilizes the taxo-
nomic profiles generated from MetaPhlAn2 and leverages this infor-
mation to infer the genes associated with different metabolic pathways
based on the MetaCyc database in the bacterial taxa (Franzosa et al.,
2018).
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2.4. Data analysis

The data was analysed to statistically evaluate the significance level
of the differences in the bacterial community and functional profiles
between non-monsoon and monsoon seasons. The assessment of bacte-
rial alpha and beta diversity indices was conducted on OTU-based
taxonomic abundance data extracted from MetaPHIAn2. Alpha di-
versity indices were estimated using PAST v4.03 software (Hammer and
Harper, 2006). To assess the normal distribution of each alpha diversity
index, the Shapiro-Wilk test was conducted in R v4.0.2, confirming
normal distribution and homogeneity of variance to ensure the validity
of the t-test. Upon confirmation, a t-test was conducted to evaluate
significant differences in bacterial alpha diversity indices between the
non-monsoon and monsoon seasons. For beta diversity assessment,
non-metric multidimensional scaling (NMDS) analysis, was conducted
utilizing the R package BiodiversityR (Kindt and Coe, 2005). This
analysis explored the impact of physicochemical parameters including
fluorescence and primary productivity data characterized in the earlier
work (Parab et al., 2023) on the bacterial communities from different
locations and seasons. Additionally, the permutational multivariate
analysis of variance (PERMANOVA) was performed, to evaluate the
statistical significance of diversity distribution across different sampling
locations and seasons. A comprehensive heatmap of all identified bac-
terial communities was generated using the R package Pheatmap
v1.0.12.

Statistical significance between taxonomic and functional gene
abundance was assessed using STAMP (statistical analysis of taxonomic
and functional profiles) bioinformatics software v2.1.3 (Parks et al.,
2014). The linear regression analysis was performed in R studio to
evaluate the relationship between in-situ primary productivity (mg Cm™>
d1) estimated from the study region (Parab et al., 2023) and gene
abundance of various CAZymes families, peptidases and lipid meta-
bolism were estimated. Following the linear regression analysis, multi-
ple linear regression analysis was also carried out to evaluate the
importance of the significant variable within each metabolic group. Data
visualization for various statistical tests was performed using the R
package ggplot2 (R Core Team, 2015).

3. Results
3.1. Bacterial distribution and taxonomic composition

The physicochemical parameters analysed in the water column of the
study region clearly showed distinct variations and increased primary
productivity in the monsoon than in the non-monsoon season. The C-
Max depth had the maximum fluorescence and primary productivity
along with increased bacterial abundance in the monsoon season (Parab
et al., 2023). Shotgun sequences obtained from the C-Max depths of the
water samples collected from each station in both seasons were in the
range of about ~ 10 to 26 x 10° raw reads. These sequences were
denoised and filtered to generate ~ 2 to 23 x 10° trimmed reads, which
were used for further analysis. Taxonomic profiling of these reads yiel-
ded an average of ~ 5 to 9 x 10° targeted bacterial reads which grouped
into an average of about 750 unique OTUs (Table Al). A rarefaction
curve was plotted to assess the sequencing depth and its efficacy in
capturing the bacterial diversity, which resulted in a plateauing curve,
suggesting that the sequencing depth was optimal in both seasons
(Fig. Al). Based on the diversity indices estimated, the mean Simpson’s
index was 0.36 and 0.42 during the non-monsoon and monsoon seasons
respectively and the mean Shannon diversity index was about 0.81 in
the samples analysed (Table 2). During the non-monsoon, the evenness
values ranged from 0.12 to 0.24 and in the monsoon, a wider range of
values from 0.22 to 1.00 was estimated, which showed that there was a
significant seasonal difference. The Chao-1 index exhibited significant
seasonal variations, with higher values (12.50) in the non-monsoon;
than in the monsoon season (6.33). The t-test analysis performed to


https://github.com/voutcn/megahit/releases/tag/v1.2.8
https://sourceforge.net/projects/bowtie-bio/files/bowtie2/2.5.1
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Table 2
Diversity indices estimated during the non-monsoon (NMS) and monsoon season
(MS) in the eastern Arabian Sea.

Stations Diversity indices
Simpson Shannon Evenness® Chao-1*
NMS MS NMS MS NMS MS NMS MS

G30 0.58 0.00 1.26 0.00 0.24 1.00 15.00 1.00
G600 0.27 0.79 0.67 1.60 0.12 0.99 16.00 5.00
M30 0.53 0.48 1.22 0.90 0.24 0.31 14.00 8.00
M600 0.40 0.58 0.94 1.01 0.16 0.55 16.00 5.00
T30 0.17 0.31 0.36 0.71 0.18 0.25 8.00 8.00
T600 0.19 0.37 0.38 0.88 0.24 0.22 6.00 11.00
Mean 0.36 0.42 0.81 0.85 0.20 0.55 12.50 6.33

@ Significant at 0.05 level (t-test).

evaluate the differences in diversity indices showed significant seasonal
variations in the Evenness and Chao-1 index (p < 0.05) (Table 2).

Based on the NMDS analysis of the physicochemical, primary pro-
ductivity parameters and bacterial taxonomic profiles, a distinct sea-
sonal variation in the bacterial communities from the sampling
locations, off Goa, Mangalore and Trivandrum in the EAS was observed.
The non-monsoon samples from coastal (30 m) and offshore (600 m)
stations of Goa and Mangalore, displayed a closer clustering pattern,
suggesting a higher degree of similarity in comparison to the Trivan-
drum samples (Fig. 1). During monsoon season, the bacterial commu-
nities from the sampling locations exhibited wider variations in the
diversity patterns. The influence of DO, primary productivity and fluo-
rescence was evident with its close association with the monsoon sam-
ples. The two-way PERMANOVA analysis validated the NMDS results,
showing significant seasonal variation (p < 0.001) in the bacterial
community structure.

The bacterial taxonomic composition in the water column at C-Max
depths revealed the presence of bacterial phyla including Proteobac-
teria, Bacteroidetes, Firmicutes and Actinobacteria during the non-
monsoon season and in the monsoon season; Cyanobacteria was exclu-
sively reported during monsoon season (Fig. 2). The relative abundance
of bacterial genera exhibited distinct differences in the non-monsoon
and monsoon seasons. In the Proteobacteria phylum, within the Gam-
maproteobacteria class, pronounced seasonal variation was observed
which includes genera Idiomarina, whose relative abundance signifi-
cantly decreased from 53.06 % in the non-monsoon season to 2.96 % in
the monsoon season (p < 0.001, Fig. 2). In contrast, Alteromonas
significantly increased from 28.17 % in the non-monsoon season to
58.49 % in the monsoon season (p < 0.001). Proteobacterial genera
Nitratireductor and Pelagibaca also displayed an increase in their relative
abundance during the monsoon season.
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® Non-monsoon
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PERMANOVA: Between seasons: p < 0.05

Fig. 1. NMDS analysis illustrating seasonal differences in bacterial community
composition between non-monsoon and monsoon seasons.
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Significant differences were also observed in the Actinobacteria
phylum, with Nocardioides genera increasing from a relative abundance
of 0.48 % in the non-monsoon season to 5.76 % in the monsoon season
(p < 0.001). Within the Bacteroidetes and Firmicutes phylum, several
genera present during the non-monsoon season were not detected in the
monsoon season (Fig. 2). Within the Cyanobacteria phylum, significant
variation was seen in the genus Synechococcus, which was not detected
during the non-monsoon season but contributed to a relative abundance
of 21.65 % during the monsoon season (Fig. 2).

3.2.1. Cellular processes

The functional profiles of the bacterial community from the different
samples were categorized and annotated from the trimmed reads which
generated approximately 3-17 x 10° contigs and were subsequently
assembled into 2 to 6 x 10° ORFs during both seasons (Table 2).
Downstream processing of these ORFs for functional annotation using
databases like KEGG, EggNOG and CAZymes provided valuable insights
into the functional profiles of bacterial communities in the EAS. Among
the six major KEGG pathways, metabolism emerged as the predominant
functional category, constituting ~55 % during both the non-monsoon
and monsoon seasons (Fig. 3a). A relative abundance of genetic infor-
mation processing pathways and cellular processes was represented
around 8.5 % during both seasons. Environmental information pro-
cessing pathways contributed about 11 % during the non-monsoon
season and marginally reduced in the monsoon season (9 %). Path-
ways associated with organismal systems and human diseases exhibited
a proportion of ~4 % and 12.5 % during the non-monsoon season and
monsoon season respectively (Fig. 3a). Within the metabolic pathways,
the relative abundance of energy metabolism increased significantly
during the monsoon season (p < 0.001). A similar significant increase in
relative abundance was also observed in pathways for amino acid
metabolism and metabolism of cofactors and vitamins during monsoon
season (Fig. 3b and Table A2). There was an increase in the pathways for
folding, sorting and degradation under the genetic information pro-
cessing pathways, such as viral information processing (p = 0.004) and
translation process (p < 0.001) in the monsoon season (Fig. 3b and
Table A2). Seasonal variations were also observed in the environmental
information processing category pathways, with a significant increase in
membrane transport and signal transduction processes (p < 0.001)
during non-monsoon season. Within the cellular processes pathways, the
non-monsoon season exhibited an increase in relative abundance in the
cellular community of prokaryotes (p < 0.001) and sensory system
process, within organismal systems pathways (p < 0.05, Fig. 3b). The
relative abundance of various metabolism and cellular process pathways
annotated against the EggNOG database was also analysed.

Results obtained were similar to the analysis based on KEGG anno-
tations with a higher relative abundance of several pathways including
those involving energy and amino acid metabolism in the monsoon
season (Fig. A2 and Table A3).

3.2. Insights into functional profiles of the bacterial community

3.2.2. Carbohydrate metabolism

The comparative analysis of the ORFs belonging to the CAZymes
families exhibited distinct variations in the non-monsoon and monsoon
seasons. Within the CAZymes, Glycosyltransferases (GTs), responsible
for synthesizing the glycosidic bond in carbohydrates, emerged as the
predominant group during both seasons with a relative abundance of
~48 %. Following it, the Glycoside Hydrolases (GHs), were the domi-
nant family which included the key enzymes in hydrolysing the glyco-
sidic bond between two or more carbohydrates (Fig. 4a). Carbohydrate
Esterases (CEs), that cleave linkages of carbohydrate esters, observed a
significant increase in their relative abundance during the monsoon (p
< 0.001). In the monsoon season, a slight decrease was observed in the
presence of genes associated with Auxiliary Activities (AAs) enzymes,
which are essential for lignin degradation and modification, as well as
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Fig. 2. Heatmap displaying the relative abundance of bacterial taxa during non-monsoon and monsoon seasons in the eastern Arabian Sea, the significance of

seasonal variations at p < 0.001** is also represented for specific bacterial genera.

Carbohydrate-Binding Modules (CBMs), which are important for
directing enzymes to their complex carbohydrate substrates. The rela-
tive abundance of Polysaccharide Lyases (PLs), involved in the non-
hydrolytic cleavage of polysaccharides, remained steady at about 1 %
throughout both seasons (Fig. 4a).

To further understand carbohydrate degradation, the glycoside hy-
drolase subfamily was examined in depth, revealing distinct distribution
patterns across sampling seasons (Fig. 4b). During the non-monsoon
season, GHO, a non-classified glycoside hydrolase, exhibited a relative
abundance of 4.07 %, which significantly increased to 6.74 % in the
monsoon season (p < 0.001). Genes for enzyme subfamilies, GH92 and
GH38, both associated with mannose hydrolysis, presented contrasting
dynamics.

Relative abundance of GH92 was higher in the non-monsoon season,
however, GH38 was increased during the monsoon season. Genes for
enzymes catalysing xylose degradation, such as GH3 and GH39 varied in
their seasonal trends with higher relative abundance during non-
monsoon. Similarly, genes for GH2 enzymes, which are associated
with lactose hydrolysis were only detectable during the non-monsoon
season. Seasonal variations were also observed in peptidoglycan hy-
drolases such as GH23, GH73 and GH103 (Fig. 4b). During monsoon
season, genes for maltose hydrolysing enzymes such as GH65 and starch-
degrading enzyme GH13 also increased significantly (p < 0.001).
Similarly, genes for GH1 associated with cellulolytic activities and GH28
enzyme, associated with pectin hydrolysis increased significantly during
the monsoon season. Furthermore, genes of -1, 3-glucan targeting en-
zymes such as GH17 and GH33, associated with glycoprotein and

glycolipid degradation were only detected during monsoon season
(Fig. 4b).

In the CAZymes subfamily, genes for various enzymes from AAs,
CBMs and CEs exhibited significant presence during both seasons.
Subfamily CBM47, associated with fucose degradation and
CBM48+GH13_11, known for sorbitol degradation, were significantly
increased in the monsoon season (Fig. A3). Similarly, genes associated
with CE11, which degrades N-acetylglucosamine; CE14, associated with
chitin degradation and CE20, linked to xyloglucan degradation, all
demonstrated significantly higher abundance during the monsoon sea-
son. Genes for unclassified CAZymes subfamily AAO also showed
increased abundance during monsoon season. During the non-monsoon
season, genes for the enzyme subfamily AA3_2 associated with the
degradation of B-D-glucose were significantly higher. Similarly, genes
for CBM50, involved in the degradation of chitin or peptidoglycan; CES8,
responsible for pectin degradation was present in the non-monsoon
season (Fig. A3).

3.2.3. Protein metabolism

The analysis of genes associated with peptidase enzymes revealed the
occurrence of various peptidases across sampling seasons. Aminopepti-
dases, which are associated with the cleaving of amino acids from the N-
terminal end of proteins showed significant seasonal variation. Amino-
peptidase N (Peptidase M1), aminopeptidase Y (Peptidase M3) and
glycyl aminopeptidase (Peptidase M61) were significantly higher during
the non-monsoon season (p < 0.001, Fig. A4). Carboxypeptidases,
essential for cleaving amino acids from the C-terminal end, such as
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carboxypeptidase A (Peptidase M14) and LD-carboxypeptidase (Pepti-
dase S66) detected during the non-monsoon season, but their relative
abundance significantly decreased in the monsoon season (p < 0.001).
The relative abundance of endopeptidase pitrilysin (Peptidase M16) was
also significantly higher during non-monsoon season. The genes asso-
ciated with several enzymes with specialized functions such as imelysin
(Peptidase M75) and prepilin peptidase (Peptidase A24), were only
detected during the non-monsoon season (Fig. A4). During monsoon
season, aminopeptidases such as methionine aminopeptidase 1 (Pepti-
dase M24) marked a significant increase in the relative abundance of
22.73 % (p < 0.001). Along with it, the relative abundance of glutamate
carboxypeptidase (Peptidase M20) also increased significantly during
the monsoon season (p = 0.003). Within the endopeptidase category,
which acts on internal peptide bonds, the relative abundance of beta-
lytic metallopeptidase (Peptidase M23) and prolyl oligopeptides
(Peptidase S9) significantly increased during the monsoon season (p <
0.001, Fig. A4).

3.2.4. Lipid metabolism

The analysis of genes responsible for lipid degradation pathways
revealed significant differences in the abundance of specific enzymes
during the non-monsoon and monsoon seasons (Fig. A5). During the
non-monsoon season, genes of enzymes responsible for the initial acti-
vation pathways of fatty acid degradation such as long-chain fatty acid
ligase had a significantly higher relative abundance of 9.59 % (P <
0.001). Similarly, genes for the B-oxidation cycle enzymes presented
significant activity with a marginally higher abundance of 3-hydroxybu-
tyryl-CoA epimerase enzyme (p = 0.01). Genes for enzymes associated
with the aldehyde and alcohol metabolism, such as acetaldehyde de-
hydrogenase and alcohol dehydrogenase exhibited a higher relative

Non-monsoon
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abundance during the non-monsoon season (p < 0.001). The monsoon
season witnessed a shift in functional profiles, with an evident surge in
the genes related to p-oxidation cycle enzymes during the monsoon
season (Fig. A5). Notably, acyl-CoA dehydrogenase, enoyl-CoA hydra-
tase and Delta3-delta2-enoyl-CoA isomerase exhibited a significantly
higher relative abundance of 15.82 %, 5.95 % and 18.45 %, respectively
(P < 0.001). Genes for other p-oxidation enzymes such as Enoyl-CoA
isomerase and Butyryl-CoA dehydrogenase also showed a significant
increase in their relative abundance during monsoon season (Fig. A5).
Relative abundance of Long-chain acyl-CoA synthetase was also detec-
ted to be higher during monsoon season. Similarly, genes for CoA
transfer and shuttle enzymes such as Glutaryl-CoA dehydrogenase (p =
0.002), acetyl-CoA acyltransferase, acetyl-CoA C-acetyltransferase and
3-phenylpropionate dioxygenase exhibited a significant increase in
relative abundance during monsoon season (P < 0.001, Fig. A5).

3.3. Bacterial taxa and their associated metabolic pathways

Analysis of the major bacterial taxa contributing to the functional
activity based on HUMANNZ2 analysis revealed distinct microbial activity
and metabolic pathways patterns across both seasons in the EAS. Results
from this analysis showed that in non-monsoon season Proteobacterial
genera including Idiomarina, Marinobacter, Psychrobacter, Alteromonas
and Bacteroidetes Zunogngwangia were the major contributors associ-
ated with most of the metabolic pathways (Fig. 5).

Firmicutes genera Bacillus and Staphylococcus were exclusively
observed as dominant contributors in metabolic pathways during the
non-monsoon. In the monsoon season, Candidatus Pelagibacter, Alter-
omonas and unknown bacterial genera from, Alpha, Gamma and Beta-
proteobacteria were dominant contributors in metabolic pathways.
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Significant contributions of Bacteroidetes genera Leeuwenhoekiella and
Cyanobacteria Synechococcus were also observed.

In the non-monsoon season, Marinobacter and Alteromonas were the
primary contributing organisms, predominantly associated with nucle-
oside and nucleotide biosynthesis (31.79%) and amino acid biosynthesis
(18.12%) pathways. These were also common contributors to fatty acid
and lipid biosynthesis and cofactor, carrier and vitamin biosynthesis in
the non-monsoon season, which showed considerable activity with a
slight decrease during the monsoon season (Fig. 5). In degradation
pathways, Idiomarina and Alteromonas were the key players in amino
acid degradation during the non-monsoon season. Similarly, Idiomarina
and Psychrobacter primarily drive fatty acid and lipid degradation. The
degradation of aromatic compounds, present in the non-monsoon season
due to Psychrobacter and Marinobacter, was not observed during the
monsoon. Marinobacter and Zunongwangia were the predominant bac-
teria in nucleic acid processing during the non-monsoon season (Fig. 5).

In the monsoon season, Candidatus Pelagibacter, Alphaproteobac-
teria unknown and Alteromonas were primarily responsible for a sig-
nificant increase in amino acid biosynthesis (P < 0.001), which
increased to 24.45% and nucleoside and nucleotide biosynthesis (21.84
%). These bacteria also dominantly contributed to lipid, cofactor and
vitamin biosynthesis. The bacterial taxa Candidatus Pelagibacter and an
unidentified Alphaproteobacteria were associated with the cyclitol
degradation pathway during the monsoon season, which exhibited a
marked increase with levels from 0.43 to 4.52, indicating a significant
monsoon influence (p < 0.001). Alteromonas and Candidatus Pelagibacter
were the main contributors to the increase in inorganic nutrient meta-
bolism and carbohydrate degradation during the monsoon season (p <
0.001). Candidatus Pelagibacter, Alteromonas, Alphaproteobacteria un-
known and Betaproteobacteria unknown were also associated with a
notable increase in fermentation (p < 0.001) and heightened respiratory
activities during the monsoon season, as indicated by a significant in-
crease in the respiration pathway from 4.62 to 14.25 (p < 0.001). Syn-
echococcus emerged as the main contributor during the monsoon season
in nucleic acid processing, reflecting a shift in microbial activity and
community composition between seasons (Fig. 5).

3.4. Impact of seasonal variations on bacterial taxonomic and functional
potential

The primary productivity in the water column of the study area
varied between 1.20 and 145.38 mg C m > d ! during the non-monsoon
season, while during the monsoon season, it ranged from 29.62 to
266.24 mg C m 2 d ! (Parab et al., 2023). To understand the influence
of these seasonal variations on the functional profiles of the bacterial
communities regression analysis was performed. The analysis showed
that there was no significant correlation between primary productivity
and various enzymes including CAZymes families, peptidases and lipid
metabolism during the non-monsoon season (Table 3 and Fig. A6).
However, during the monsoon season, all three major groups of meta-
bolic enzyme groups exhibited a significant correlation with primary
productivity. In CAZymes, a significant correlation between primary
productivity with AAs and GHs was observed. Significant correlations
were also observed between primary productivity and several peptidase
categories such as Aminopeptidase, Carboxypeptidase, Endopeptidase
and specialise peptidases (Table 3). During the monsoon season, genes
associated with lipid metabolism exhibited a significant correlation with
primary productivity (Table 3 and Fig. A6). Multiple regression analysis
of the carbohydrate (p = 0.01; R? = 0.93) and protein (p = 0.05; R2 =
0.96) metabolism genes also showed a statistically significant relation-
ship with primary productivity (Table A4).

From these analyses, it is evident that the seasonal increase in pro-
ductivity during the monsoon season has a positive influence on the
functional profiles of the bacterial communities (Table 3).
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Table 3
Regression analysis between primary productivity and genes of enzymes asso-
ciated with different metabolic pathways across seasons.

Genes of different metabolic pathways ~ Non-monsoon Monsoon

Linear regression analysis with genes associated with carbohydrate metabolism

Auxiliary Activities enzymes p = 0.609 p = 0.005
(R? = 0.071) (R? = 0.891)
Carbohydrate-binding modules p =0.599 p=0.1
(R? = 0.075) (R? = 0.532)
Carbohydrate Esterases p = 0.066 p = 0.089
(R? = 0.612) (R = 0.556)
Glycoside Hydrolases p=0.417 p=0.01
(R*=0.17) (R? = 0.845)
Glycosyltransferases p=0.564 p=0.848
(R? = 0.09) (R? = 0.01)
Polysaccharide Lyases p=0.833(R?=0.012) p=0.542
R®R*=0.1)
Multiple regression analysis® p=0.01
(R? = 0.933)

Linear regression analysis with genes associated with protein metabolism

Aminopeptidase p=0.765 p=0.032
(R? = 0.025) (R? = 0.721)
Carboxypeptidase p=0.525 p=0.011
(R* = 0.109) (R? = 0.833)
Endopeptidase p=0.782 p=0.016
(R? = 0.021) (R? = 0.801)
Specialise peptidases p=0.772 p =0.045
(R? = 0.023) (R? = 0.674)
Multiple regression analysis® p = 0.050
(R? = 0.962)
Linear regression analysis with genes associated with lipid metabolism
Initial Activation and Modification p=10.978 p =0.796
(R? = 0.00) (R* =0.019)
p-Oxidation Cycle p=0.173 p =0.003
(R? = 0.407) (R? = 0.909)
Aldehyde and Alcohol Metabolism p=0.563 p = 0.025
(R? = 0.09) (R? = 0.753)
CoA Transfer and Shuttle Enzymes p =0.599 p=0.038
(R? = 0.075) (R? = 0.699)
Oxidative Enzymes p=0.416 p = 0.416
R*=0.17) (R*=0.17)
Reductive Processes p=0.146 Not represented
(R? = 0.448)
Multiple regression analysis® p=0.10
(R? = 0.922)

Note: significant p-values and R? values are highlighted as bold fonts.
@ : Multiple regression analyses with PP and the gene abundance exhibiting
significance in the linear regression analysis.

4. Discussion

4.1. Influence of seasonal variation in primary productivity on bacterial
diversity and composition

The EAS is characterized by monsoonal variations which are re-
ported to influence primary productivity, leading to the generation of a
higher amount of organic matter in EAS during monsoon season,
compared to non-monsoon season (Shetye et al., 2022). Bacterial di-
versity studies in the EAS, based on cultivable bacterial assessments
(Anas et al., 2021a; a; Anas et al., 2021b; Parab et al., 2022, 2024) as
well as through 16S rRNA amplicon sequencing-based metagenomics
studies (Parvathi et al., 2019; Paingankar et al., 2020; Parab et al.,
2023), have reported the bacterial diversity in this region (Table A5).
The studies based on cultivable diversity and phylogenetic analysis from
coastal regions along the EAS largely reported the presence of major
phyla such as Proteobacteria, Bacteroidetes, Firmicutes and Actino-
bacteria. Bacterial taxonomy studied from this region to understand the
seasonal variation using 16S rRNA amplicon sequencing approach re-
ported the presence of taxa such as Proteobacteria, Bacteroidetes, Fir-
micutes, Cyanobacteria, Actinobacteria from both seasons. These studies
also revealed the presence of candidatus phyla and an increased number
of phyla during the monsoon season. Analysis of the functional profiles,
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carried out using predictive metabolic pathway analyses, revealed the
prevalence of heterotrophic activities associated with organic matter
utilisation, xenobiotic degradation and nitrogen cycle. However, the
functional profiles of bacterial communities and the influence of sea-
sonal changes in productivity are limited in this region. Hence, in this
study we used shotgun metagenomics, to explore the functional profile
of bacterial communities at the C-Max depths along the EAS.

Inferences from this study, during the non-monsoon and monsoon
seasons revealed a significant influence of DO, primary productivity and
fluorescence on the bacterial diversity, community structure and asso-
ciated functional profiles (Figs. 1 and 4). During both seasons, three
dominant bacterial phyla were observed including Proteobacteria,
Bacteroidetes and Actinobacteria. These are largely reported from
various marine regions and are known to play pivotal roles in various
biogeochemical recycling processes (Fuhrman et al., 2015; Sun et al.,
2020; Castillo et al., 2022; Arandia-Gorostidi et al., 2022). The Proteo-
bacteria phylum, specifically the Gammaproteobacteria class, displayed
the most substantial seasonal variation and higher metabolic potential.
The Gammaproteobacteria play a crucial role as primary decomposers
during phytoplankton blooms, where they are responsible for breaking
down complex organic materials, including polysaccharides and pro-
teins (Francis et al., 2021). Genera like Idiomarina and Marinobacter
showed significant reductions in their relative abundance from the
non-monsoon to the monsoon season. Such declines in specific taxa
could be attributed to various factors, including competition for re-
sources, predation, or changes in water parameters brought about by the
monsoon. Conversely, certain genera within the Alphaproteobacteria
class, like Nitratireductor and Pelagibaca, exhibited an increased abun-
dance during the monsoon season, suggesting that these taxa might have
ecological or metabolic advantages under increased organic load during
monsoonal conditions (Labbé et al., 2004; Tseng et al., 2015; Thiele
et al., 2018). An increase in Alteromonas genera, which is known for its
utilisation of algal polysaccharides (Neumann et al., 2015; Jain et al.,
2020; Balmonte et al., 2024) was also observed in the monsoon season.
Seasonal shifts were also observed in Bacteroidetes genera Zunongwan-
gia, whose abundance increased during the non-monsoon season, which
highlights its ability to break down complex organic matter (Williams
et al.,, 2013; Reintjes et al., 2017). On the other hand, Bacteroidetes
genera Leeuwenhoekiella increased during the monsoon season, which
shows its resilience or adaptability to changing conditions (Gifford et al.,
2020). Within the Actinobacteria phylum, the increase in Nocardioides’
relative abundance from the non-monsoon to the monsoon season could
imply a role for this genus in decomposing complex organic matter, a
function often associated with Actinobacteria in marine environments
(Yaradoddi et al., 2021).

Bacterial genera from phylum Firmicutes were only detected during
the non-monsoon season, possibly due to environmental stresses or
competitive interactions (Hede and Khandeparker, 2020). Interestingly,
the Cyanobacteria phylum, represented by the genus Synechococcus,
increases during the monsoon season (Fig. 2). This observed increase in
Cyanobacterial genera was also evident in previous studies based on 16S
rRNA amplicon sequencing (Anas et al., 2021a; Parab et al., 2023). As
primary producers, Cyanobacteria play a crucial role in marine carbon
cycling (Huisman et al.,, 2018; Liu et al., 2022). Their surge in the
monsoon season suggests that the autotrophic bacterial community
proliferated due to increased nutrient availability and conditions
favourable for photosynthesis during the monsoon (Bachmann et al.,
2018; Liu et al., 2022; De La Iglesia-Vélez et al., 2024). However, the
nondetection of phyla such as cyanobacteria during the non-monsoon
season and Firmicutes in the monsoon season may be due to the meth-
odological constrictions associated with the MetaPhlAn2 taxonomic
classification used in this study (Miossec et al., 2020). As these bacterial
taxa were reported in the earlier study based on targeted 16S rRNA gene
sequencing from this study region (Parab et al., 2023). MetaPhlAn2 is a
popular taxonomic profiling tool for the analysis of shotgun meta-
genomic data, which is efficient and robust for detecting taxa present in
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higher abundance. However, it is not equipped to perform de novo
variant calling and hence cannot identify sub-specific level diversity.
These predicted taxonomic profiles also depend on the pre-defined
marker gene databases, are less sensitive and are not efficient in iden-
tifying taxa present in low abundance. Utilizing sensitive pipelines that
rely on whole-genome alignments, can provide a nearly complete un-
derstanding of the microbial community structure (Miossec et al., 2020).
However, the observed seasonal variations in bacterial taxa, distribution
and each of their functional diversity underscore the dynamic nature of
microbial communities in marine ecosystems (Figs. 2 and 5). These
shifts can offer valuable insights into the ecological and biogeochemical
processes that govern the distribution of microbial communities in these
environments.

4.2. Influence of seasonal variation in primary productivity on bacterial
functional profiles

Marine phytoplankton are a significant source of abundant organic
carbon in the ocean. The increased dissolved organic matter and its
implications for the biological pump and microbial loop largely rest on
the degradation processes carried out by heterotrophic bacteria and the
specific nature of the organic matter (Miihlenbruch et al., 2018; Kieft
etal., 2021; Moran et al., 2022). This relationship and impact have been
explored and discussed in lab-based studies (Khodse and Bhosle, 2011,
2013; Basu et al., 2013) and in productive marine ecosystems (Balmonte
et al., 2021; Balmonte et al., 2024). Studies have also assessed the het-
erotrophic enzyme activities to establish links between organic matter
degradation and bacterial interactions along the estuarine and coastal
regions based on culturable diversity in the EAS (Divya et al., 2010;
Parab et al., 2022). Building upon this, our shotgun metagenomics an-
alyses have facilitated in-depth functional assessments, elucidating the
bacterial taxa and their genes associated with enzymes and pathways
involved in organic matter recycling, thereby enhancing our under-
standing of the functional importance of bacterial communities in the
EAS region.

Shotgun metagenomics based on KEGG and EggNOG pathway ana-
lyses has shown that the presence of genes associated with metabolic
pathways had the highest representation in both seasons, emphasizing
the central role bacteria play in marine biogeochemical cycles. A sig-
nificant increase in energy metabolism pathways could reflect the
increased availability of organic substrates (Traving et al., 2017),
possibly due to increased productivity as well as organic matter depo-
sition from terrestrial runoff in the EAS during monsoon season (Maya
etal., 2011; Pradhan et al., 2014). This surge in metabolic activity might
facilitate the microbial communities’ ability to rapidly exploit available
resources during the monsoon. A significant increase in amino acid
transport and metabolism pathways during the monsoon season possibly
indicates an increased demand for protein synthesis, aligning with the
observed increase in genes associated with translation processes (Fig. 3).
This reiterates the notion that features of the monsoon season, such as
increased organic matter concentrations due to increased primary pro-
ductivity, influence the microbial succession and function, driving the
microbial communities towards an intensified metabolic state and
optimizing the growth and proliferation (Teeling et al., 2012; Teeling
et al., 2016; Smriga et al., 2016; Traving et al., 2017). The representa-
tion of genes associated with genetic information processing during the
monsoon season suggests increased genomic activity, possibly due to
higher bacterial replication and repair processes during the dynamic
monsoonal conditions (Smriga et al., 2016; Jurgensen et al., 2022). The
increase in genes associated with translation activity (Fig. 3 and Fig. A2)
emphasizes an upscaling of protein synthesis, which is a key process to
meet metabolic demands during the monsoon season (Zhang et al.,
2022).

CAZymes serve as the primary biochemical tool harnessed by marine
microbial communities to decompose and break complex poly-
saccharides (Arnosti et al., 2021; Drula et al., 2022; Eigemann et al.,
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2023). The seasonal variations in genes associated with CAZymes pro-
files within the sampling regions in the EAS offered valuable insights
into the carbohydrate metabolism of the bacterial communities, which
have not been previously investigated through metagenomics ap-
proaches. The consistent presence of Glycosyltransferases, which in-
crease during the monsoon season (Fig. 4 and Fig. A3), underscores their
pivotal role in marine carbohydrate dynamics, possibly facilitating the
synthesis of complex polysaccharides as a carbon storage strategy
(Thrash et al., 2017; Wei et al., 2021). This surge might be linked to a
higher production of extracellular polymeric substances observed due to
phytoplankton blooms, a phenomenon prevalent in the southwest
monsoon season in the EAS (Ramaiah et al., 2000; Bhaskar and Bhosle,
2006). Glycoside hydrolases showed considerable fluctuation between
non-monsoon and monsoon seasons, highlighting a likely increase in
phytoplankton-derived organic matter degradation during the latter
(Fig. 4b). This can be attributed to the enhanced presence of genes
associated with enzymes GH13 and GH1, which are responsible for
targeting starch and cellulose, respectively. This phenomenon could be
attributed to the increased primary productivity and terrestrial in-
fluences which results in a carbohydrate-rich environment leading to an
increased representation of associated metabolic processes (Sarma et al.,
2014; Nageswar Rao et al., 2019; Paczkowska et al., 2019), demanding
more robust enzymatic breakdown processes (Balmonte et al., 2019;
Arnosti et al., 2021; Lloyd et al., 2024). The abundance of genes related
to enzymes like GH38 and GH65, which target mannose and maltose
respectively, could be indicative of the degradation of specific
phytoplankton-derived monosaccharides in the water column during
productive monsoon season (Miihlenbruch et al., 2018; James et al.,
2019; Lloyd et al.,, 2024). Furthermore, terrestrial run-offs during
monsoon due to increased rainfall introduce a range of organic com-
pounds into the marine system in the EAS (Sarma et al., 2014; Nageswar
Rao et al., 2019). The presence of genes associated with enzymes like
GH17, targeting p-1, 3-Glucan and GH28, acting on pectin (Fig. 4), can
be linked to the decomposition of terrestrial organic matter introduced
to the marine system from the increased run-off (Kriiger et al., 2019;
Sidhu et al., 2023). The consistent occurrence of Polysaccharide lyases
in both seasons highlights their persistent role in breaking down algal
cell walls rich in polysaccharides such as pectin and alginate (Thrash
et al., 2017; Balmonte et al., 2024).

The analysis of genes associated with peptidase enzymes has shown
significant variations among peptidase types across monsoon and non-
monsoon seasons (Fig. A4). The surge in the genes related to methio-
nine aminopeptidase 1 in monsoon season could suggest that microbes
are involved in the targeted cleavage of prevalent amino acids (Li et al.,
2016; Cabello-Yeves et al., 2021; Balmonte et al., 2021; Kilgour et al.,
2022; Shindoh et al., 2021). Genes related to glutamate carboxypepti-
dase increased during the monsoon season, potentially reflecting the
bacterial adaptation to changes in the composition of organic matter.
Carboxypeptidases were known to associate with sinking marine parti-
cles, playing a substantial role in the degradation of labile organic
matter and facilitating carbon and nitrogen cycling in the ocean (Liu and
Liu, 2018; Dithugoe et al., 2023). The significant presence observed of
genes related to lipid metabolism enzymes, such as acetaldehyde de-
hydrogenase and alcohol dehydrogenase during the non-monsoon sea-
son (Fig. A5). This underscores their role in the conversion of
recalcitrant organic compounds to more labile forms, such as carboxylic
acid (Landry et al., 2017; Thrash et al., 2017; Saw et al., 2020). The
pronounced increase in the genes related to f-oxidation cycle enzymes
during monsoon season underscores the microbial community’s transi-
tion towards fatty acid degradation due to increased primary produc-
tivity rich in lipids and fatty acids (Liu and Liu, 2018; Usman et al., 2022;
Loza et al., 2022). These findings underscore the complex interaction
between seasonal shifts in the primary productivity with the bacterial
taxa and its genes associated with various enzymes for the biogeo-
chemical cycling of organic matter (James et al., 2019; Inomura et al.,
2022; Jenkinson, 2023). The observed functional shifts with increased
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genes associated with carbohydrase, peptidase and lipase in the
monsoon season, highlight the increased microbial activity, ensuring
ecological stability in marine biogeochemical processes. The impact of
primary productivity on bacterial functional profiles was confirmed to
be statistically significant through linear and multiple regression ana-
lyses. This shows a significant influence of primary productivity on gene
abundance of various CAZymes, protein and lipid metabolism enzymes
(Table 3 and Fig. A6). This suggests that the seasonal variations in pri-
mary productivity not only alter the quantity but also the quality of
available organic substrates, it drives the shifts in microbial processes
thus controlling the biogeochemical processes in these ecosystems.

The HUMANN2 analysis was performed to identify the major bac-
terial taxa associated with the seasonal variations in the functional
profiles. In the non-monsoon season, Marinobacter and Alteromonas were
the primary organisms contributing to the major metabolic pathways
such as the nucleic acid and amino acid biosynthesis pathways. Mar-
inobacteria and Alteromonas are associated with remineralising organic
matter, playing significant roles in organic matter recycling (Landa
et al., 2018; Stephens et al., 2020). These were also common contribu-
tors to fatty acid and lipid biosynthesis and cofactor, carrier and vitamin
biosynthesis in the non-monsoon season. These major metabolic path-
ways were also predominant during the monsoon season, however, the
bacterial taxa such as Candidatus Pelagibacter and an undefined
Alphaproteobacteria were the major taxa involved in these metabolic
pathways (Fig. 5). Metabolic processes associated with organic matter
degradation were the second most dominant pathways in both the sea-
sons with a relatively lower representation in the monsoon season. The
bacterial taxa Idiomarina and Psychrobacter were exclusively responsible
for fatty acid and lipid degradation pathways during the non-monsoon
season, while Alteromonas contributed to these pathways in both sea-
sons. This suggests that Idiomarina and Psychrobacter are particularly
adapted to the less productive conditions of the non-monsoon season
(Rizzo and Lo Giudice, 2020; Anas et al., 2021b), whereas Alteromonas
exhibits metabolic versatility, allowing them to thrive and participate in
lipid degradation regardless of seasonal changes. During the monsoon
season, undefined Gammaproteobacteria was observed to be the key
player in the degradation pathways. In the monsoon season, the meta-
bolic pathways such as inorganic nutrient metabolism and carbohydrate
degradation, fermentation and respiratory process were also dominant.
Candidatus Pelagibacter, Alteromonas, Alphaproteobacteria unknown
and Betaproteobacteria and Synechococcus were largely responsible for
these functional activities reflecting a shift in microbial activity and
community composition between seasons (Fig. 5). The marked increase
in Candidatus Pelagibacter and an unidentified Alphaproteobacteria
associated with the cyclitol degradation pathway during the monsoon
season underscores the significant impact of monsoonal nutrient
enrichment and organic matter input on microbial metabolic activities.
Cyclitols, Algae and plant-derived sugar alcohols become more abun-
dant during the monsoon, providing a rich substrate for these bacteria
(Talbot et al., 2008; Bauersachs et al., 2017; Lehmann et al., 2020). This
seasonal shift highlights their ecological role in sugar alcohol degrada-
tion and carbon cycling (Lehmann et al., 2020), demonstrating the dy-
namic response of microbial communities to environmental changes.
Statistical analysis also showed that seasonal increase in productivity
during the monsoon season significantly positively influences the func-
tional profiles of the bacterial communities (Table 3). Further studies to
determine the metagenome-assembled genomes and direct functional
information based on transcriptome, protein or metabolite expression
would enhance our understanding of the microbial metabolic pathways
and provide an in-depth understanding of their role in organic matter
utilisation and long-term storage along the EAS.

5. Conclusion

In this study, we employed shotgun metagenomics to uncover the
bacterial diversity and their functional dynamics in EAS. Seasonal shifts,
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especially from non-monsoon to monsoon season were observed in
bacterial taxonomic composition and the genes associated with their
metabolic pathways. Significant seasonal variations in the bacterial
community structure were observed at the phylum and genera levels.
Among the major phylum reported from the study there was a seasonal
change in the taxanomic compostion at genera level in Proteobacteria,
Acrinobacteria and Bacterodites. The Firmicutes taxa such as Bacillus
and Staphylococcus which were observed to play an important role in the
non-monsson season were not detected in the monsoon season. The
prominent bacterial taxa such as Idiomarina, Marinobacter and Alter-
omonas during the non-monsoon season were associated with nucleotide
and amino acid biosynthesis and degradation pathways. During the
monsoon, the dominance of Alteromonas, Candidatus Pelagibacter and
Synechococcus underscores a shift towards amino acid and lipid
biosynthesis, fermentation and inorganic nutrient metabolism, reflect-
ing that these bacterial taxa proliferate in these highly productive
environmental conditions. Furthermore, notable differences observed in
the gene abundance of CAZymes, peptidases and lipid utilisation path-
ways in the study underscore the integral roles these bacterial commu-
nities play in marine biogeochemical cycles in the EAS. These seasonal
variations are shown to be largely associated with seasonal changes in
primary productivity, which underscores its complex interaction and
influence on the bacterial communities and its functional profiles in the
EAS.
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