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Abstract of the thesis 

Bacteria are an integral component of the pelagic microbial planktonic community 

and play crucial roles in biogeochemical cycling and trophic dynamics. They have been used 

for decades as indicators of various anthropogenic perturbations in aquatic ecosystems. One 

such anthropogenic impact on the aquatic environments is ballast water mediated marine 

bioinvasion. The present study assessed the bacterial diversity at two geographically distant 

ports (Mangalore [marine port; west coast of India] and Haldia [riverine port; east coast of 

India]) using next generation sequencing during south-west monsoon and pre-monsoon 

seasons. Port environments are highly dynamic and hotspots for marine bioinvasion. A 

distinct seasonal effect was observed in the bacterial community at both the ports. Many 

bacteria observed in this study are being reported for the first time in Indian coastal waters. 

It seems that the dynamics of the prevalent environmental conditions, driven by seasons, led 

to the emergence of ecologically relevant bacteria. Their presence could be used as 

indicators of the prevailing environmental conditions in the port ecosystems.  

In addition to the seasonal changes, ballast water exchange also influences the native 

bacterial community in the port waters. In view of this, field observations during the ballast 

water discharge at Mangalore port were carried out. This is the first assessment of the 

influence of ballast water discharge on the bacterial community in a tropical coastal port 

ecosystem and will serve as a basis for identifying possible shifts in the native bacterial 

community. During the discharge process, there was a distinct shift in the bacterial diversity. 

Such a shift in the bacterial diversity can alter the functional characteristics of the port and 

is a cause for concern. Additionally, if the species comprising these phyla include pathogenic 

strains, they could have adverse effects on the marine life and also on human health. Mid-

ocean ballast water exchange is being used for the past few years to control bioinvasion 

through ballast water. The change in salinity is expected to be detrimental to coastal species. 

Microcosm experiments were designed to understand the influence of salinity stress on 

bacterial communities. Surface water samples from coastal ports (hypersaline, saline and 

freshwater ports) were collected, and aged in the dark for 30 days to simulate the ballast 

water tank conditions. These aged port waters were then translocated into waters collected 

from different locations (salinity gradient) of an estuary followed by laboratory incubation. 

The results revealed a distinct influence of salinity change on the bacterial diversity. The 

bacterial community from the freshwater port could withstand the salinity stress better than 
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that from the hypersaline or saline ports. The species comprising these phyla could be region 

and niche-specific and play a different role in different environments. The invasive potential 

of these bacterial clades would depend on the environmental suitability of the recipient port. 

An important aspect that needs consideration in marine bioinvasion is understanding 

the changes in the bacterial diversity inside the ballast water tanks during a voyage. In view 

of this, a trans-sea voyage from Visakhapatnam port (east coast of India [Bay of Bengal]) to 

Mumbai port (west coast of India [Arabian Sea]) was undertaken during which the bacterial 

diversity in the ballast water tanks was assessed. The diversity and richness were higher in 

the ballast water samples than the natural sea water sample. An attempt to predict the 

functional diversity and the expression of core metabolic functions was also made using the 

same datasets which revealed that the shift in the bacterial community was governed by the 

ability of the bacteria to cope with the stress through mechanisms that could aid in their 

survival. Pathogenic species were higher during mid-voyage period than at the end of the 

voyage suggesting that voyage duration can influence pathogenic bacterial community. The 

bacterial diversity was significantly different at the source and destination of ballast water. 

Its discharge into a non-indigenous environment could lead to unprecedented outcomes. 

Overall, this study assessed the effects of seasonal changes on the port bacterial community 

and the influence of environmental factors, especially salinity, in driving the changes in the 

bacterial community. This study also elucidated the changes in the bacterial diversity in the 

ballast tanks during a voyage and the effects of ballast water discharge on the native 

microbiome, in the Indian port waters. Understanding the crucial metabolic and genetic 

functions of the bacterial community in various aquatic ecosystems is crucial in reducing 

the risk of marine bioinvasion and is a way forward. 
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1. General introduction 

Marine bacteria are microscopic (typically 0.2 to 3 µm), diverse, ubiquitous, abundant 

in aquatic ecosystems, and contribute the most to oceanic biomass and metabolic processes 

(Azam and Long, 2001). They play an important role in carbon cycling (Worden et al., 2015) 

and biogeochemical cycling of nutrients (Ammerman and Azam, 1985; Tortell et al., 1999). 

Early reports have suggested that a significant portion of the primary productivity is 

redirected as dissolved organic carbon for utilization by heterotrophic bacteria (Williams 

and Yentsch, 1976; Larsson and Hagstrom, 1979). This large biomass of bacteria is then 

grazed on by protozoans and other organisms of higher trophic levels. Hence, through their 

role in the remineralisation of nutrients, bacteria are linked to the conventional food web. 

The term “microbial loop” was subsequently coined (Azam et al., 1983), although the theory 

was elucidated much earlier (Pomeroy, 1974; Williams, 1981; Sieburth and Davis, 1982). 

The microbial loop emphasized the role of bacteria in the degradation of organic matter and 

transfer of energy to the higher trophic level organisms in the classical food web (Dissolved 

organic carbon >> bacteria >> protozoans) (Azam et al., 1983; Azam, 1998). Since 

microorganisms are the fundamental drivers for biogeochemical processes and ecosystem 

functioning, and their structure and function is determined by different environmental 

settings, they have been used for decades as indicators of various anthropogenic 

perturbations that influence the aquatic environments (Rajendran et al., 1993; Gardade and 

Khandeparker, 2017; Khandeparker et al., 2017b; Lazarus, 2017). 

 

Marine bacteria possess the capability of forming spores or other resting stages and 

can withstand a wide range of environmental conditions. These characteristics favor their 

successful introduction into new environments (Junier et al., 2010). The translocation or 

dispersion of aquatic organisms beyond their indigenous ecosystems that, as a consequence, 

can invade non- indigenous environments is termed as “marine bioinvasion”. It is a 

worldwide phenomenon which not only affects the biodiversity of the food web but also 

negatively impacts industries and poses a risk to the environment and human health (Anil et 

al., 2002; Sun et al., 2010; Simberloff, 2011; Galil et al., 2014).  

 

The unintentional transfer of organisms to a non-indigenous aquatic environment is 

primarily through ships’ ballast water. Ballast water has eventually been established as one 

of the primary vectors for the transport of a plethora of organisms globally (Fig. 1.1), which 

is estimated to be about 7000 species (Raaymakers, 2002; Seebens et al., 2013). Oceanic 
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transport accounts for more than 90% of total global shipments of commercial cargo. In 

addition to “intended” cargo, over 10 billion tonnes of ballast water is moved across vast 

coastal and oceanic domains annually (Elçiçek et al., 2013). When the organisms in the 

ballast water are introduced into a non-indigenous environment, there are three possible 

outcomes. Depending on the various factors that affect the bacterial communities, they can 

either cope, perish, or flourish (Fig. 1.1). When they thrive, it can lead to bioinvasion.  

 

 

Figure 1.1 The cycle of ballast water translocation through ships (Source: Hayes, 1998). 

 

The survival of the organisms in the ballast water during transit and subsequently in the new 

environment after the translocation depends on various biotic and abiotic factors. When in 

its native environment, an organism lives in semblance and is controlled by ecosystem 

interactions. But when it is introduced into a non-indigenous environment, the survival of 

non-indigenous species depends upon environmental conditions, food supply, and lack of 

predation (Carlton et al., 1985). For instance, since euryhaline organisms are capable of 

surviving a wide salinity range (Seiden et al., 2011), they are resilient to salinity changes 

and can establish in other non-indigenous environments. Temperature tolerance is also a 

crucial factor that affects bacterial communities (Drake et al., 2007). Additionally, 

organisms that are able to grow under nutrient limiting conditions and those capable of 

expressing antibiotic resistance, biofilm formation etc. can proliferate in harsh environments 

(Khandeparker et al., 2020). Hence, bacterial communities are continuously shifting as a 

response to changes in environmental conditions.  

 

In order to tackle the spread of non-indigenous species through ballast water, the 

International maritime organization (IMO), during a convention in 2004, put forth guidelines 

Cope 
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that require strict compliance by ships to manage the ballast water (IMO, 2004). According 

to these guidelines, each ship requires a ballast water management plan, a record of the 

uptake and discharge of ballast water, and a certificate stating compliance with the standards 

specified in the ballast water convention. The D1 ballast water management standards 

require the ships to perform mid-ocean exchange of ballast water (BWE) wherein at least 

95% of coastal water is exchanged with open ocean water (200 nautical miles from the 

coast). This can be done either by sequential exchange (complete discharge and uptake of 

ballast water) or flow-through dilution (Zhang and Dickman, 1999; Endresen et al., 2004). 

The idea was to release the organisms into an environment with non-ambient salinity (Open 

Ocean), to reduce the load of undesirable organisms in the ballast water tanks. Additionally, 

the D2 guidelines stipulate the maximum number of viable organisms that can be discharged 

in coastal environs (IMO, 2004). Additionally, numerous technologies have been developed 

to treat the ballast water before discharge at ports. The technologies include physical systems 

such as filtration (Parsons and Harkins, 2002; Briski et al., 2014), hydrocloning (Parsons 

and Harkins, 2002), cavitation (Sawant et al., 2008), UV radiation (Raikow et al., 2007), and 

UV/TiO2 advanced oxidation process (Zhang et al., 2014), and chemical treatments such as 

chlorination (Rigby and Taylor, 2000), ozonation and electrolysis (Herwig et al., 2006; Jung 

et al., 2014), and biological deoxygenation (Lafontaine and Despatie, 2014).  

 

In the past three decades, many organisms have invaded non-indigenous marine 

environments around the world such as Mnemiopsis leidyi [Opaque comb jellyfish] 

(Vinogradov et al., 1989), Dreissena polymorpha [Zebra mussel] (Ludyanskiy et al., 1993), 

Mytilopsis sallei [Black-striped mussel] (Field, 1999), Asterias amurensis [North Pacific 

Seastar] (Buttermore, 1994), and Vibrio cholerae O1 and O139 (Ruiz et al., 2000). The 

management of Zebra mussels, which are paradigmatic of an invasive species, has cost over 

$500 million annually in the Great Lakes (Connelly et al., 2007). A report from 2005 has 

claimed that the control of invasive species costs more than 140 billion dollars annually in 

the United States of America (McGrath, 2005). As many as 450 invasive species have been 

catalogued in the United States of America alone (Ruiz et al., 2015). 

 

There have been many reports of invasive alien species that have also invaded and 

subsequently disrupted the native ecosystem in the coastal waters of the Indian subcontinent. 

Two hundred and five (205) new species which are non-indigenous to the Indian waters have 

been reported since 1960, the introduction of which was primarily attributed to the maritime 
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traffic and the translocation of ballast water (Subbarao, 2005). Kappaphycus alvarezii, an 

exotic species of marine algae, has invaded the coastal waters of southern India near the 

Gulf of Mannar region (Verlecar and Pereira, 2006). This species is indigenous to 

Phillippines and Indonesia and was introduced in the Indian coastal waters for cultivation 

purposes (Pereira and Verlecar, 2005). It has the ability to propagate through spores and 

grow at a rapid rate in addition to its ability to absorb large amounts of nutrients from the 

seawater, which could aid in their invasion of non-indigenous environments (Pereira and 

Verlecar, 2005; Verlecar and Pereira, 2006). Fourteen polychaete species in addition to the 

bivalve Mytilopsis sallei, were introduced in the Mumbai harbor area and were reported as 

ship-mediated introductions (Karande and Menon, 1975; Gaonkar et al., 2010; Mandal and 

Harkantra, 2013). Carijoa riisei, a Caribbean species of snowflake coral, was reported as an 

invasive species in Andaman and Nicobar Islands, the Gulf of Mannar, and the Gulf of Kutch 

and has posed a threat to the native coral reef population (Raghunathan et al., 2013; 

Venkataraman et al., 2016). A study reported as many as 34 non-indigenous ascidians in the 

east and west coasts of India (Ali et al., 2009). A recent study has also reported the 

introduction and establishment of a non-native buckler crab Cryptopodia angulate, off the 

Mangalore coast on the west coast of India (Sivasankar et al., 2019). An increase in the 

occurrence of harmful algal blooms has been attributed to the exchange of ballast water by 

ships in the Indian coastal waters (D’Silva et al., 2012). Vinithkumar et al. (2012) have 

reported a relationship between the diversity of phytoplankton and the recent increase in 

bioinvasive species in the Indian coastal waters. The invasive potential of biofouling green 

mussel Perna viridis and its effect on the intake systems in coastal power plants is also 

known (Venugopalan, 2018). Additionally, various resolution methods to control biofouling 

by invasive species revealed that the environmental and seasonal variations, in addition to 

competition from native biota, influence the establishment of macrofouling organisms 

(Vedaprakash et al., 2013).  

 

Most of these studies on marine bioinvasion in the Indian coastal waters have 

concentrated on higher organisms. However, among the profusion of organisms that are 

being transported by ballast water, the translocation of bacteria and other micro-organisms 

is of greater concern owing to their abundance, potential pathogenicity, and their ability to 

withstand the conditions inside ballast water tanks (Dobbs and Rogerson, 2005; Burkholder 

et al., 2007; Altug et al., 2012). They possess a great capacity to invade and cause detrimental 

effects in new environments (Drake et al., 2007). It has been estimated that approximately 
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1019 bacteria are being translocated globally through ships’ ballast water (BW) daily 

(Brinkmeyer, 2016). Additionally, ballast water tanks act as incubators for heterotrophic 

bacteria, which can withstand the prolonged dark conditions, unlike other autotrophs (Drake 

et al., 2002). The survival and proliferation of the ballast water tank community would 

depend on the various strategies that the prevailing biota develops to overcome this stress 

and compete with the existing organisms. Hence, bioinvasion of bacteria through ships’ 

ballast tanks has been recognized as one of the greatest threats to the oceans. Additionally, 

marine pathogens can spread locally much more quickly compared to their terrestrial 

counterparts considering the relatively fast transport by ships. Thus, the threat of global 

dispersal of aquatic microorganisms appears more immediate than the threat of invasion by 

other groups of organisms.  

 

The ballast water performance standard (D2 guidelines) of the ballast water 

convention, in addition to the acceptable numbers of various invasive organisms on the 

higher trophic levels, also specify the maximum limit of the abundance of various indicator 

microorganisms in the treated and discharged ballast water (Table 1.1). The technologies 

that are being developed to treat ballast water are approved on the basis of their potential to 

reduce the indicator bacterial load based on these guidelines. 

 

Table 1.1. Specified limits of indicator bacteria in ballast water according to D2 guidelines 

of the ballast performance standard.  

Indicator bacteria Acceptable limit 

Toxicogenic Vibrio cholerae 

(serotypes O1 and O139) 

< 1 CFU per 100 ml 

Escherichia coli < 250 CFU per 100 ml 

Intestinal Enterococci < 100 CFU per 100 ml 

 

CFU – Colony forming units 

 

V. cholerae, a causative agent for the infectious human epidemic “Cholera” disease, 

has been listed in the Globallast project as one of the ten most unwanted species in the oceans 

(Fig. 1.2). This project is an action taken by IMO to raise awareness against marine 

bioinvasion of harmful species through ships’ ballast water. V. cholerae has been associated 
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with many epidemics all over the world over the years (Faruque et al., 1996). Two novel 

strains, V. cholerae O1 and O139, that had the potential to cause epidemics, were discovered 

in southern and eastern India (Ramamurthy et al., 1993; Nair et al., 1994). Ruiz et al. (2000) 

stressed on the role of ballast water in long-distance dispersal of pathogenic bacteria. V. 

cholerae was found in plankton samples from all ships, and both serotypes O1 and O139, 

which are clinically significant to humans, were detected in 93% of the ships arriving at 

Chesapeake Bay (Ruiz et al., 2000).  

 

Considering these risks, marine pathogenic bacteria and their transport through BW 

have been studied extensively (Seiden et al., 2011; Altug et al., 2012; Emami et al., 2012; 

Desai et al., 2018; Ng et al., 2018). However, many of these studies have concentrated on 

the culturable segment of bacteria. Unlike metabolically active cells that can be cultured on 

suitable nutrient media, many bacteria are in a viable but not culturable (VBNC) state. It is 

estimated that more than 99% of the bacteria cannot be cultured using standard methods 

(Vartoukian et al., 2010). Hence, culture based techniques are not only outdated, tedious, 

and time-consuming but also cannot be used to accurately assess the bacterial community 

of an environment. Flow cytometry has been used for fast analysis of ships’ ballast water to 

assess their compliance with regulations for ballast water discharge set by the International 

Maritime Organisation (Joachimsthal et al., 2003). Nucleic acid sequence based 

amplification (NASBA) and real-time polymerase chain reaction (RT-PCR) methods have 

been used for rapid detection of Vibrio cholerae in the ballast water (Fyske et al., 2012).  

 

Previously, microbial ecologists have been less successful at identifying and 

classifying microbial communities due to the small size and morphological similarity of 

constituent members, particularly bacteria. “Metagenomics” is a more recent molecular tool 

that has been used to study the genetic material of the environment (Handelsman et al., 

1998). It is a culture-independent tool that can be used to study the bacterial community 

using the deoxyribonucleic acid (DNA) directly extracted from the environment. The sample 

is filtered through an appropriate pore size filter paper before the extraction of DNA. The 

downstream processing of this DNA includes either RT-PCR methods or sequencing 

analyses. 
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Figure 1.2. Ten of the most unwanted harmful species in the oceans (Source: http://globallast.imo.org) 
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In culture based studies, the knowledge is exclusively from laboratory observations, 

whereas metagenomics makes it feasible for studying the bacterial communities in their 

natural environment (National Research Council, 2007). Moreover, with the advent of 

metagenomics, microbial assessment is achievable at the community-level which provides 

a more sensitive and ecologically meaningful measure of the structure and function of 

microbial communities. Rather than relying on the determination of changes in individual 

abundances, which may not equate to meaningful shifts in community function, this 

approach provides a holistic understanding of the response of the community as well as the 

numerous species encompassing the community to changes in the environmental conditions 

(Dorigo et al., 2005; Lindström and Langenheder, 2012). 

 

Many studies have used metagenomic tools to amplify conserved regions on the 

genome (16S rRNA gene for bacteria and archaea; Cytochrome c oxidase I (COI) gene and 

18S rRNA gene for eukaryotic species), which have been sequenced using high-throughput 

sequencing methods to assess the microbial diversity inside the ballast water tanks. Using 

this technique, Brinkmeyer (2016) revealed that the bacterial community in the BW tanks is 

unlike that of typical marine environments. Few studies have also assessed the efficacy of 

mid-ocean exchange, a technique used to reduce the risk of bioinvasion (Tomaru et al., 2014; 

Lymperopoulou and Dobbs, 2017) and identified biomarkers to assess the origin of BW 

(Gerhard and Gunsch, 2019).  

 

Among the metagenomic sequencing techniques, next generation sequencing has 

recently emerged that has revolutionized the field of genomic research. Ion Torrent PGMTM 

(Personal Genome Machine) is a next generation sequencing platform that gives faster, more 

accurate, and increased throughput. It is a semiconductor sequencing technology that detects 

the change in pH due to the release in H+ ions during DNA polymerization. This technique 

has been applied in the assessment of the changes in bacterial diversity in the ballast water 

tanks during a voyage (Zaiko et al., 2015a, 2015b; Brinkmeyer, 2016; Johansson et al., 2017) 

and also to assess the efficacy of ballast water treatment technologies (Fujimoto et al., 2014).   

 

However, areas near the coasts, especially the ports, where the bacterial community 

structure is influenced by both the terrestrial runoff and the shipping activities are marked 

as high impact areas when compared to areas with limited human access (Halpern et al., 

2008). Terrestrial activities influence the runoff of pollutants, and nutrients including 
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fertilizers, industrial waste, organic pollutants, heavy metals, hydrocarbons, fecal waste, and 

pathogens into the coastal waters, which alter the natural habitat (Syvitski et al., 2005; 

Nogales et al., 2011). Sediment dredging, ballast water discharge, fishing, aquaculture, oil 

extraction (Nogales et al., 2011), and other anthropogenic factors, in addition to natural 

phenomena like tidal influence and riverine discharge (Khandeparker et al., 2017a), exert 

pressure on the micro-organisms and alter the community structure. Hence, ports are the 

gateways for bioinvasion and investigating the response of the bacterial communities at ports 

to changes in the environmental conditions is essential. 

 

Seiden et al. (2011) classified marine ecoregions according to their total invasion 

risk and the diversity of their invasion sources. These invasion risks vary widely between 

coastal ecosystems. Moreover, although marine bacteria were previously considered to be 

ubiquitous, a recent study has reported that there are biogeographic patterns in the 

distribution of marine bacteria, especially in the port areas (Ghannam et al., 2020). Hence, 

when bacterial communities are translocated to non-indigenous port environments, their 

response would depend on the prevalent environmental conditions.  However, such studies 

are sparse in the Indian coastal waters. Investigating the influence of environmental 

parameters on bacterial communities, especially in Indian port waters, would help in 

assessing the risk of ballast water mediated bioinvasion. 

 

Although, the bacterial community changes in the ballast water tanks have been 

studied (Mimura et al., 2005; Quilez-Badia et al., 2007; Tomaru et al., 2010; 2014; 

Johansson et al., 2017; Lymperopoulou and Dobbs, 2017), such studies are very few in the 

coastal waters surrounding India. Desai et al. (2018) have assessed the organismal load in a 

trans-sea voyage in India. But there is a paucity in studies that have taken the unculturable 

segment of bacteria into account. Hence, investigations concentrating on bacterial 

community in voyages undertaken in the Indian coastal waters would give a holistic 

understanding of the prevalent bacterial communities.  

 

While it is important to understand the bacterial community structure at the ports, in 

order to comprehensively understand their response to ballast water discharge at the ports, 

studies need to be undertaken at the port during the ballast water discharge process. Such 

studies have not been undertaken especially in the Indian port waters before. 
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Table 1.2. Literature review and scientific gaps observed after literature review. 

Literature Review 

Study area Research interest Reference 

Ballast water management – Global 

perspective 

Marine bioinvasion: Concern for ecology and shipping Anil et al., 2002 

Indian coastal waters Non – native species Subbarao, 2005; Ali et al., 2009 

Indian coastal waters Invasive marine algae Pereira and Verlecar, 2005; Verlecar and Pereira, 2006; D’Silva et al., 

2012 

Indian coastal waters Invasive polychaetes Karande and Menon, 1975; Gaonkar et al., 2010; Mandal and Harkantra, 

2013; Venugopalan, 2018 

Indian coastal waters Invasive corals Raghunathan et al., 2013; Venkataraman et al., 2016 

Indian coastal waters Invasive crabs Sivasankar et al., 2019 
 

Ballast water – Pacific Ocean Heterotrophic bacteria Sun et al., 2010; Seiden et al., 2010, 2011; Tomaru et al., 2010, 2014; 

Gerhard and Gunsch, 2019 

Ballast water – European Seas Eukaryotes Galil et al., 2014 

Ballast water – Global perspective Non – native species Seebens et al., 2013 

Port ecosystem – Worldwide Bacteria Ghannam et al., 2020 

Ballast water – Atlantic Ocean Bacteria; Metabarcoding of ballast water tank biota Drake et al., 2002, 2007; Zaiko et al., 2015a, 2015b; Brinkmeyer, 2016; 

Lymperopoulou and Dobbs, 2017;   Johansson et al., 2017 

Ballast water – Marmara Sea, Turkey Pathogenic bacteria Altug et al., 2012 

Ballast and port water – Middle-east and 

South-east Asia 

Microbial water quality Ng et al., 2015 

Ballast water – South China Sea Microorganisms Joachimsthal et al., 2003; Gerhard and Gunsch, 2019 

Ballast water – Indian Seas (On voyage) Zooplankton, phytoplankton and culturable bacteria Desai et al., 2018 

Scientific gaps observed after review of literature 

Port ecosystem – Indian coastal waters Influence of environmental settings on the bacterial 

community structure (culturable & unculturable) 
Present study 

Port ecosystem – Indian coastal waters Changes in the  bacterial community structure 

(culturable & unculturable) during ballast water 

discharge 

Present study 

Ballast water – Indian Seas (On voyage) Bacterial community structure including the 

unculturable segment 
Present study 

Port ecosystem – Indian coastal waters Influence of salinity stress on bacterial community 

structure (Microcosm experiments) 
Present study 
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In order to gain a holistic understanding of the response of marine bacterial 

communities to changing environmental conditions in different ecosystems, the following 

objectives were addressed. 

 

Objectives 

 Characterization and enumeration of bacteria at the selected localities. 

 Studying the bacterial community changes due to ballast water discharge. 

 Assessing the changes in the community structure in ballast water tanks with 

respect to physico-chemical and biological changes during voyage. 

 Microcosm experiments to simulate the conditions in ballast tanks and elucidating 

the community shifts that could occur due to variation in different parameters. 





 

 

 

 

 

 

Chapter 2 
Characterization and enumeration of bacteria at 

the selected localities 
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2.1.  Introduction 

Bacteria are an integral component of the pelagic microbial planktonic community 

in the aquatic environments and play crucial roles in biogeochemical cycling and trophic 

dynamics (Azam et a., 1983). They have been used for decades as indicators of various 

anthropogenic perturbations that influence the aquatic environments since such interference 

can have a profound effect, especially on the bacterial structure and function (Rajendran et 

al., 1993; Gardade and Khandeparker, 2017; Khandeparker et al., 2017b; Lazarus, 2017). A 

new word, “Anthrome” has since been coined to recognize the change in the biogeography 

of an ecosystem shaped by human interactions (Ellis, 2011). 

 

Until now, it is known that bacteria in aquatic ecosystems could be both 

autochthonous (native to their location) or allochthonous (found in an environment other 

than their origin). During the monsoon season, terrestrial run-off introduces allochthonous 

bacterial load into the coastal environment. Ports are coastal areas where the bacterial 

community structure is influenced by both the terrestrial run-off and the shipping activities, 

which are marked as high impact areas compared to areas without human impacts (Halpern 

et al., 2008). Additionally, terrestrial activities influence the run-off of pollutants and 

nutrients, including heavy metals, hydrocarbons, industrial waste, faecal waste, and 

pathogens into the coastal waters, which alter the natural habitat (Syvitski et al., 2005; 

Nogales et al., 2011; Khandeparker et al., 2015). Anthropogenic factors such as ballast water 

discharge, sediment dredging, and aquaculture (Nogales et al., 2011) along with natural 

phenomena like tides and riverine discharge (Khandeparker et al., 2017a) exert pressure on 

the microorganisms, which alters the community structure as a response. Associated impacts 

include eutrophication, organic enrichment, toxicity and bioaccumulation of chemicals and 

heavy metals, harmful algal blooms, introduction of exotic species, pathogens, and habitat 

destruction (Nogales et al., 2011).  

 

A preliminary exploration of the bacterial diversity at Paradip port, on the east coast 

of India, revealed the presence of thousands of species and the distribution of several phyla, 

which were reportedly influenced by the anthropogenic intervention (Pramanik et al., 2016). 

However, the shifts in the bacterial community in the water column are immediate and 

influenced at a higher degree than in the sediment by the port activities and seasonal 

variation. Previous studies have reported the euryhaline nature of estuarine bacteria, which 

can adapt to a wide salinity range (Khandeparker et al., 2017a). However, bacteria from 
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marine or riverine ecosystems are mostly stenohaline and studies focussing on the bacterial 

community at these ecosystems are sparse.   

 

Ports in the Indian subcontinent are monsoon influenced tropical environments 

situated in estuarine, marine, and riverine systems. Preliminary observations on the bacterial 

metagenome were carried out in Zuari estuary, Goa, at a station near the Mormugoa port 

area (influenced by the port activities), and a comparatively pristine station (Khandeparker 

et al., 2017b). The results indicated that bacterial communities are influenced by localized 

interactions. In this study, we explored the bacterial community in port waters with diverse 

salinity ranges, using 16S rRNA gene amplicon based tools. This is a comprehensive study 

of surface water bacterial community at two port environments with distinct ecosystems viz., 

New Mangalore port, Karnataka, an enclosed marine port on the west coast of India, and 

Haldia port (also known as Haldia Dock Complex), West Bengal, an open channel riverine 

port on the east coast of India. These ports are distant and vary in physicochemical 

characteristics, the degree, and nature of coastal influence. Hence, significant diversity in 

the bacterial communities is expected. The study was conducted during a non-monsoon (Pre-

monsoon) and monsoon (Southwest monsoon) season, which allowed us to assess the 

seasonal changes in the bacterial community with an emphasis on the influence of monsoon. 

To the best of our knowledge, this is the first study of its kind in these port environments. 

New Mangalore port experiences a decline in salinity during the monsoon season. On the 

other hand, Haldia port is located at the meeting of Haldi and Hooghly rivers, and the nature 

of discharge it receives is very different from that of New Mangalore port. Moreover, it is 

located in the channel and is a tributary of the River Ganges and hence is expected to have 

higher suspended sediments and riverine discharge, 20% of which is from surrounding 

industries (Mitra, 1998), especially during monsoon. 

 

2.2. Materials and Methods 

2.2.1. Study area 

Sampling was carried out at two locations. New Mangalore port is a deep-water, all 

weather marine port located at Panambur in Mangalore of Karnataka state on the west coast 

of India (12° 55’N; 78° 48’E). It is marked by north and south breakwater at the entrance of 

the port. In this study, the port has been divided into two areas. The inner port, which is a 

low water circulation area, had 10 stations (stations 1-9, 15) and consisted of a navigable 

arm (7 berths), an iron ore berth, and a multipurpose berth.  
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Figure 2.1. Study area. (a) New Mangalore Port (marine port) [Inner port is marked in blue 

and consists of stations 1-9, 15. Outer port is marked in red and consists of stations 10-14, 

16-19. The inner port and outer port are demarcated by a black dotted line]; (b) Haldia port 

(riverine port) [Arm area is marked in blue and consists of stations 1-13. Channel area is 

marked in red and consists of stations 14-22. The arm and channel are demarcated by a black 

dotted line]. The stations where samples for metagenomic analyses were collected have been 

marked with a “black star”. 

 

The outer port, which is a high water circulation area, had 9 stations (stations 10-14, 16-19) 

and consisted of a navigable arm (3 berths, an oil jetty, and Mangalore refineries and 



 

15 

 

petrochemicals limited [MRPL] jetty), a turning circle, two breakwater stations, and a 

multipurpose berth  (Fig. 2.1a). 

 

The Haldia port is a riverine port located in Haldia of West Bengal on the east coast 

of India (22° 02’N; 87° 08’E) and came into existence in 1977. Since then, due to extensive 

port activities, rapid industrialization through an increase in the oil refineries and chemical 

plants, the ecosystem in and around the port underwent a significant imbalance in order to 

adapt to the changing environmental conditions.  This port has been divided into the arm 

and the channel areas. The arm area had 13 stations (stations 1-13), which included 11 

berths, an inner tug jetty, and a turning basin and was comparatively less influenced by 

riverine currents. The channel area had 9 stations (stations 14-22) and consisted of 3 oil 

jetties, 2 barge jetties, 1 river tug jetty, a river mouth station and 2 stations on the adjacent 

island of Nayachar. The channel area is open ended on both sides and heavily influenced by 

riverine currents (Fig. 2.1b). Both the ports are tropical environments and are heavily 

influenced by the monsoon season. 

 

2.2.2. Sampling strategy  

Sampling was carried out during two seasons. A non-monsoon season, which is the 

pre-monsoon season (PrM) and the southwest monsoon season (SWM). Sampling at New 

Mangalore port was carried during May 2012 (PrM) and September 2012 (SWM). Whereas, 

sampling at Haldia port was carried out during September 2014 (SWM) and April 2015 

(PrM). Surface water samples were collected near the dock (~1 metre) from a trawler using 

a 5 l Niskin sampler from 19 stations in New Mangalore port and 22 stations at Haldia port. 

Parameters analysed were suspended particulate matter (SPM), temperature, salinity, 

biological oxygen demand (BOD), dissolved oxygen (DO), chlorophyll a (Chl a), and 

dissolved nutrients (n= 2). For total bacterial count, samples were collected in duplicate (n= 

2), and total viable count samples were collected in triplicate (n= 3). For 16S rRNA gene 

amplicon analyses of the bacterial community, water samples from one representative 

station from the inner and outer port in New Mangalore port were collected in triplicate (n= 

2x3). In the case of Haldia port, samples were collected in triplicate from the arm and 

channel area (n= 2x3). The samples were collected from each location using separate Niskin 

sampler casts and stored in an icebox after collection until further analyses on the mobile 

laboratory.  
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2.2.3. Physicochemical parameters 

The temperature was recorded using a multiparameter Sonde (DS5X, Hydrolab). 

Salinity was measured using an autosal (Guildline Autosal 8400B). For Chl a estimation, 

water samples were filtered through Whatman GF/F filter papers and preserved in MgCO3. 

They were then stored at -20 °C until analysis. Chl a was extracted using acetone and 

expressed as µg l-1 (Parsons et al., 1984). For SPM, water samples were filtered through pre-

weighed, ashed Whatman GF/F filter papers, and dried in an oven at 60 °C for 48 h. Final 

weights were recorded after drying and expressed as milligram per litre (mg l-1) (Kumar et 

al., 2004). Dissolved nutrient concentrations i.e. phosphate, ammonia, silicate, nitrite, and 

nitrate, were analysed using autoanalyzer (Skalar SAN PLUS 8505 Interface v3.331, 

Netherland) (Khandeparker et al., 2015). Sodium hexafluorosilicate (Na2SiF6), Potassium 

dihydrogen phosphate (KH2PO4), Potassium nitrate (KNO3), and Sodium nitrite (NaNO2) 

were used for the preparation of standards according to manufacturer’s guidelines for 

estimation of SiO4, PO4, NO3, and NO2, respectively. DO and BOD concentrations were 

analysed using standard methods (Parsons et al., 1984).  

 

2.2.4. Enumeration of total bacterial count (TBC) and total viable count (TVC) 

For the analysis of TBC, 5 ml of the samples were preserved in paraformaldehyde 

(1% final concentration) and stored at -20 ⁰C until analysis. The samples (1 ml) were passed 

through BD cell strainer cap (BD Biosciences, USA; cat no.:352235) to remove coarse 

particles. These samples were then stained with SYBR Green I (1:10,000 final 

concentration; Molecular Probes, USA) and incubated in the dark at room temperature for 

15 minutes. Stained samples were analysed in FACS Verse (BD Biosciences, USA) flow 

cytometer using a blue laser (488 nm). Fluorescent beads (1µm, Polyscience) were used as 

an internal standard. The TBC is expressed as cells per milliliter (cells ml-1) (Khandeparker 

et al., 2017a). 

 

For TVC analysis, samples were stored on ice immediately after collection and 

processed within 2 hours. A mobile laboratory stationed near the port area was equipped 

with a laminar air flow and incubator, which was used for sample processing. The water 

samples (1 ml) were serial diluted as required and spread plated (0.1 ml) on Zobell marine 

agar at New Mangalore port, and nutrient agar at Haldia port (HiMedia). The samples were 

incubated at room temperature for 24 hours before enumeration and expressed as colony 

forming units per millilitre (CFU ml-1).  
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The average values of TBC (cells ml-1) and TVC (CFU ml-1) from stations in the 

inner and outer port at New Mangalore port and arm and channel areas at Haldia port are 

presented as histograms while the whiskers represent the standard deviation (Fig. 2.2). 

Correlation of TBC and TVC (after log transformation), with the physicochemical 

parameters was done using StatSoft, Inc. (2007) STATISTICA (data analysis software 

system), version 8.0. www.statsoft.com. The correlation “r” values with p ≤ 0.05 were 

considered significant. 

 

2.2.5. DNA extraction, PCR amplification, and sequencing 

For 16S rRNA gene amplicon analyses, samples were collected in triplicate using 

three different Niskin sampler deployments from representative stations from inner and 

outer ports of New Mangalore port; arm and channel areas of Haldia port; during both PrM 

and SWM seasons. These stations were chosen since the location was expected to represent 

the approximate microbial ecology of that area. The samples were immediately kept on ice. 

In the mobile laboratory, one litre of the water samples was filtered through 47 mm diameter, 

0.22 µM pore size filter paper (Millipore, USA) by suction under low vacuum using a 

vacuum pressure pump (220/50 Hz) connected to a PALL 47 mm filtration unit. The filter 

papers were stored at -20 °C until further metagenomic DNA extraction and molecular 

processing. In the laboratory, DNA extraction was performed on each filter paper using 

Power Water DNA Isolation Kit (MoBio lab. Geneworks, Australia). DNA from the 

replicates were pooled and eluted in 50 µl of nuclease-free water. One - two µl of the 

metagenomic DNA was used as a template and was subjected to PCR amplification using a 

proprietary primer pool (16S rRNA gene primer set V2-4-8; 16S rRNA gene primer set V3-

6, 7-9) selectively amplifying a range of hypervariable regions on the 16S rRNA gene. The 

PCR cocktail contained 2X environmental master mix (15 µl), 16S rRNA gene primer set 

(3 µl), DNA/ positive control/negative control (2 µl), and water (10 µl). The cycling 

conditions were; initial denaturation at 95 °C (10 min), 25 cycles of denaturation at 95 °C 

(30 sec); annealing at 58 °C (30 sec); elongation at 72 °C (20 sec), final elongation at 72 °C 

(7 min) (Ion 16STM metagenomics kit, Thermo Fisher Scientific; Cat. No.: A26216). 

Amplicons from both the primer sets were pooled together, which allowed for the sequence 

based identification of the microbial composition across all the variable regions (Barb et al., 

2016; Sperling et al., 2017; Fuks et al., 2018). Subsequently, the amplicons were purified 

http://www.statsoft.com/
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(Agencourt AMPure XP beads, Beckman Coulter) and quantified (Qubit 2.0 Fluorometer) 

before library preparation.  

 

Amplicons were then subjected to end repair, adaptor/barcode ligation, and adjusted 

to a final concentration of 25-30 picomoles (pM) before pooling in an equimolar 

concentration. ISPs (Ion Sphere ParticlesTM) were attached to the libraries. The ISPs were 

then enriched using Ion PGM™ Hi-Q™ OT2 Kit (Cat. No.: A27739) (Khandeparker et al., 

2017b). Enriched ISPs were loaded on Ion 316TM Chip V2 (Cat. No.: 4483188) and 

sequenced on Ion Torrent PGMTM. 

 

2.2.6. Read filtering and annotation using Ion ReporterTM software 

Signal processing, base calling, mapping, and quality control was performed with 

Torrent Suite v5.0.5. The files containing sequence alignment data (.bam) were then 

uploaded on the Ion ReporterTM cloud-based software 

(https://ionreporter.thermofisher.com/). Ion ReporterTM is a bioinformatics tool that 

analyses and annotates the Ion Torrent PGMTM sequencing data. A custom workflow was 

designed which utilized both Curated MicroSEQ® 16S Reference library v2013.1 and 

Curated Greengenes v13.5 as reference libraries. Reads with a Phred score of Q20 were 

processed with primer detection set at both the ends, read length filter at 150 bp, and a 

minimum alignment coverage at 90%. With a read abundance filter set at 5, reads were 

grouped into 3 operational taxonomic unit (OTU) clusters based on three hierarchical levels; 

family (90-97% similarity cut-off), genus (≥97-99% similarity cut-off), and species (≥99% 

similarity cut-off) (Sperling et al., 2017). The analysis results were exported in the form of 

text documents and .biom files, which contained the hits for corresponding OTUs for each 

sample at family, genus, and species levels. 

 

The OTU abundance of the major families, genera and species from the 

representative stations from inner and outer port areas at New Mangalore port and arm and 

channel areas at Haldia port were visualized in the form of relative abundance bar charts 

using Golden Software, Inc. GrapherTM v8.4.696. The raw OTU abundance data for bacterial 

family, genus and species at NMPT are provided in Appendix I and the OTU abundance for 

bacterial family, genus and species at HDC are provided in Appendix II. The species 

diversity was assessed using Shannon’s index and Simpson’s index. Species richness was 

assessed using the total number of OTUs. This analysis was performed using Primer 6, 



 

19 

 

v6.1.10. Redundancy analysis (RDA) was performed using CANOCO (v4.5 for Windows 

software package) to evaluate the statistical relationship between the physicochemical 

parameters and the major species observed in both the New Mangalore and Haldia ports. 

Monte-Carlo test under the reduced model was used to assess the significance of the method 

(p< 0.05; 999 permutations). Prior to RDA, detrended correspondence analysis was 

performed where the lengths of the first axes were < 2 SD units indicating a linear 

characteristic of the data due to which RDA was selected (ter Braak and Šmilauer, 2002). 

The relationship was visualized as scatter biplots. 

 

2.3. Results 

2.3.1. Physicochemical parameters 

The detailed results of physicochemical parameters are provided in Table 2.1a. At 

New Mangalore port, temperature and salinity were higher during the PrM season. Salinity 

decreased from 35.6 ±0.2 & 35.9 ±0.3 during PrM to 33.9 ±1.3 & 34.4 ±0.3 during SWM. 

SPM was also high during PrM and was significantly higher than the Haldia port. 

Chlorophyll a (Chl a) was high during PrM, especially in the inner port, and was also higher 

than Haldia port. Silicate concentrations were also high in the inner port irrespective of the 

seasons. Most dissolved nutrients (phosphate, silicate, ammonia) were high during SWM 

season when compared to PrM season, whereas nitrite and nitrate concentrations were higher 

during the PrM season.  

 

At Haldia port, the temperature was high during SWM in both arm (an enclosed area 

comparatively less influenced by riverine currents) and channel (an open area highly 

influenced by currents and the incoming chemical and biological inputs). A reverse trend 

was observed in the case of salinity. SPM and Chl a were high in the channel area 

irrespective of the seasons. The concentration of silicate was high in the arm during PrM 

and the channel during SWM, where it was possibly introduced through monsoon run-off. 

It was significantly higher than New Mangalore port. Conversely, concentrations of 

ammonia, nitrite, and nitrate were high during SWM and low during PrM. Almost all the 

nutrient concentrations were high in the channel area irrespective of the seasons. 
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Table 2.1. (a) Average (± standard deviation) values of physicochemical parameters in the inner and outer areas of New Mangalore port and Arm 

and channel areas of Haldia port during monsoon (SWM) and pre-monsoon (PrM) seasons; (b) Correlation analysis for TBC and TVC with 

environmental variables at both the ports. Significant r values are denoted in bold. 

* p ≤ 0.05; ** p ≤ 0.01 

(a)  

 
  

New Mangalore port Haldia port 

(b)  

              New Mangalore port        Haldia port 

Parameter Season Inner Outer Arm Channel Season TBC TVC TBC TVC 

Temperature (°C) PrM 29.4±0.3 29.6±0.2 27.3±0.5 26.6±0.5 PrM 0.11 0.22 -0.56** -0.70** 

SWM 26.2±0.5 26.0±0.5 31.1±0.6 30.6±0.3 SWM 0.36 -0.10 -0.58** -0.42 

Salinity PrM 35.9±0.3 35.6±0.2 7.7±0.1 7.0±0.5 PrM 0.42 -0.14 -0.38 -0.71** 

SWM 34.4±0.3 33.9±1.3 3.1±0.02 2.0±0.2 SWM 0.10 0.15 -0.84** -0.66** 

SPM (mg l-1)  PrM 3046 ± 473 3295±624 213±177 712±601 PrM -0.30 0.49 0.33 0.33 

SWM 2643±1074 2232±742 313±113 560±333 SWM 0.08 -0.26 0.52* 0.17 

DO (mg l-1) PrM 4.4±1.3 6.3±1.6 5.3±1.1 6.3±0.4 PrM -0.05 0.33 0.04 0.33 

SWM 4.4±1.6 3.8±1.1 4.9±0.2 5.7±0.7 SWM 0.51* -0.03 0.54* 0.43 

BOD (mg l-1) PrM 1.2±1.0 0.8±0.6 3.2±1.3 4.4±0.6 PrM 0.31 -0.21 0.03 0.39 

SWM 2.5±1.3 0.9±1.3 1.3±0.5 1.8±0.9 SWM 0.40 -0.15 0.16 -0.05 

Chlorophyll a (µg l-1) PrM 28.0±12.3 7.6±3.7 0.5±0.4 0.7±0.5 PrM 0.28 -0.67* 0.003 0.28 

SWM 17.2±8.0 7.2±2.6 0.4±0.2 1.3±0.6 SWM 0.42 -0.02 0.70** 0.53* 

Phosphate (µM) PrM 1.5±0.7 2.1±2.8 6.7±1.0 5.0±0.9 PrM 0.30 -0.16 -0.17 -0.40 

SWM 2.6±0.6 2.9±0.7 3.8±0.5 3.0±0.6 SWM -0.32 -0.20 -0.55* -0.22 

Silicate (µM ) PrM 9.5±4.3 2.3±4.6 172±34 100±19 PrM 0.40 -0.53 -0.13 -0.57** 

SWM 23.5±7.9 23.5±9.5 150±30 157±29 SWM -0.20 -0.40 0.05 0.31 

Ammonia (µM ) PrM 29.9±8.3 20.2±4.8 3.9±1.1 4.8±1.7 PrM 0.37 -0.57 0.34 0.41 

SWM 29.6±10.8 29.1±7.6 7.9±3.5 10.4±3.8 SWM 0.26 -0.42 0.14 0.10 

Nitrite (µM ) PrM 2.1±0.8 1.4±0.3 0.7±0.4 0.9±0.5 PrM 0.34 -0.21 -0.04 0.33 

SWM 0.5±0.1 0.6±0.2 2.8±0.5 3.2±0.4 SWM -0.11 -0.29 0.49* 0.22 

Nitrate (µM) PrM 7.1±2.7 3.2±2.3 23.1±11.2 25.9±10.2 PrM 0.06 -0.21 -0.20 0.16 

SWM 0.8±0.5 0.5±0.4 38.0±5.1 38.3±5.0 SWM 0.43 -0.37 -0.01 -0.22 
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2.3.2. Total bacterial count and total viable count  

The total bacterial count at New Mangalore port ranged from 1.8 ±1.39 x105 cells 

ml-1 (mean ±standard deviation) to 3.06 ±4.48 x105 cells ml-1 during PrM and 2.58 ±5.43 

x105 cells ml-1 to 3.05 ±3.53 x106 cells ml-1 during SWM season. Except for a positive 

correlation with DO during SWM (Table. 2.1b), there was no significant influence of other 

environmental parameters on the total bacterial count. The TBC was high in the outer port 

during PrM (characterized by high nitrite and nitrate concentrations) and the inner port 

during SWM (where higher phosphate concentrations were recorded) (Fig. 2.2a). The total 

viable count ranged from 2.73 ±3.89 x103 CFU ml-1 to 1.48 ±3.92 x105 CFU ml-1 during 

PrM and 4.2 ±6.84 x104 CFU ml-1 to 6.28 ±12.4 x104 CFU ml-1 during SWM. It was high in 

the outer port during both the seasons (Fig 2.2c). The total viable count showed a negative 

correlation with Chl a, which was high in the inner port during PrM (Table 2.1b).  

 

The total bacterial count at Haldia port ranged from 1.26 ±0.38 x106 cells ml-1 to 1.78 

±0.53 x106 cells ml-1 during PrM and 1.30 ±0.55 x106 cells ml-1 to 3.13 ±0.27 x106 cells ml-

1 during SWM. Unlike New Mangalore port, total bacterial count at Haldia port showed a 

strong positive correlation with Chl a during SWM and with SPM during PrM seasons 

(Table 2.1b). The total viable count ranged from 7.61 ±21.4 x103 CFU ml-1 to 9.15 ±6.89 

x104 CFU ml-1 during PrM and 1.63 ±4.63 x104 CFU ml-1 to 7.43 ±10.5 x104 CFU ml-1 

during SWM. Both total bacterial count and total viable count were high in the channel 

region during both the seasons (Fig. 2.2d).  

 

The TBC at both the ports was high during SWM, and TVC was high during PrM. 

Overall, the total bacterial count was high at Haldia port when compared to New Mangalore 

port, and vice versa was observed in the case of total viable count (Fig. 2.2). Details of 

correlation analysis of total bacterial count and total viable count with environmental 

variables have been provided in Table 2.1b. 

 

2.3.3. Community analyses 

Sequencing of representative samples from both the ports yielded more than 286 

million bases (mb) of data comprising 1,409,364 reads from New Mangalore port and more 

than 76 mb of data which comprised of 390,557 reads from Haldia port. The mean read 

length was ~200 bp for all the samples (Table 2.2).  
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Figure 2.2. The average (± standard deviation) values of total bacterial count (TBC) at (a) 

New Mangalore port; and (b) Haldia port; Average values of total viable count (TVC) at (c) 

New Mangalore port; and (d) Haldia port during PrM and SWM seasons. 
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Table 2.2. Sequencing results showing bases, bases with a Phred score of Q20, reads, mean read length, total bases and total reads obtained from 

representative metagenomic DNA at both the ports 

Port Barcode name Sample ID Bases ≥Q20 Reads Mean 

Read 

length 

Total bases 

obtained 

Total reads 

N
ew

 M
a
n

g
a

lo
re

 

p
o

rt
 

IonXpress 014    

IonXpress 015  

IonXpress 016  

IonXpress 018 

PrM-Inner port 

PrM-Outer port 

SWM-Inner port 

SWM-Outer port 

 

63,135,654 

61,532,019 

115,233,547 

47,001,199 

 

56,934,189 

55,170,954 

1,03,960,690 

420,42,568 

 

306,247 

302,032 

569,370 

231,715 

 

206 bp 

204 bp 

202 bp 

203 bp 

 

 

 

286,902,419 

 

 

1,409,364 

H
a

ld
ia

 p
o

rt
 

IonXpress 023  

IonXpress 024 

IonXpress 021  

IonXpress 022 

PrM-Arm 

PrM-Channel 

SWM-Arm  

SWM-Channel 

19,296,751 

17,525,802 

21,543,617 

18,229,310 

 

16,860,354 

15,458,500 

18,858,172 

16,065,779 

 

100,993 

89,358 

109,357 

90,849 

 

191 bp 

196 bp 

197 bp 

201 bp 

 

 

 

76,595,480 

 

 

390,557 
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2.3.3.1. Bacterial diversity at New Mangalore port  

The abundant families at New Mangalore port during PrM were Alteromonadaceae 

and Rhodobacteraceae. They were equi-abundant in the inner and outer port areas (Fig. 2.3). 

The contribution of different genera to the bacterial community varied both spatially and 

temporally at New Mangalore port. Among the various genera from the family 

Alteromonadaceae, genus Alteromonas dominated the bacterial community and was high 

during PrM season (28.37% of the OTUs in the inner port and 23.23% of the OTUs in the 

outer port) than during SWM season (12.99% and 21.21% in the inner and outer ports 

respectively). During the PrM season, genus Aesturiibacter was also higher (~11% of the 

OTUs) than during SWM season (Fig. 2.4a). Concurrently, the species, Aesturiibacter 

halophilus was also high during PrM (16.60% in the inner port and 11.47% in the outer port) 

when compared to SWM season (<3%) (Fig. 2.5a). It was positively influenced by SPM 

(Fig. 2.6a) (RDA score: A. halophilus= 0.836; SPM= 0.742). Conversely, Genus Haliea, 

belonging to family Alteromonadaceae, was more abundant during SWM (10.36% of the 

OTUs in the inner port and 4.95% of the OTUs in the outer port) than during PrM season 

(<4%). Haliea sp. were higher in the inner port, whereas, Tenacibaculum sp., belonging to 

family Flavobacteriaceae, were high in the outer port. Both Haliea sp. and Tenacibaculum 

sp. were higher during SWM season than during PrM season (Fig. 2.5a). 

 

From family Rhodobacteraceae, genus Primorskyibacter was high in the inner port 

than the outer port during both the seasons (Fig. 2.4a). The species community was 

dominated by Primorskyibacter sedentarius, which was marginally higher during PrM 

season (27.54% in the inner port and 21.49% in the outer port) and was high in the inner 

port during both seasons (Fig. 2.5a) and showed a positive relationship with SPM (Fig. 2.6a) 

(RDA score: P. sedentarius= 0.769; SPM= 0.742). 

 

Genus Nocardioides was observed only during SWM. At the species level, 

Nocardioides sp. was high in the outer port (19.74%) when compared to the inner port (Fig. 

2.5a) and showed a negative relationship with salinity (Fig. 2.6a) (RDA score: Nocardioides 

sp. = -0.993; salinity= 0.975; Table 2.3).  
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Figure 2.3. Seasonal distribution of major families at (a) New Mangalore port (Inner and 

Outer port) and (b) Haldia port (Arm and Channel) 
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Figure 2.4. Seasonal distribution of major genera at (a) New Mangalore port (Inner and 

Outer port) and (b) Haldia port (Arm and Channel). 
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Figure 2.5. Seasonal distribution of major species at (a) New Mangalore port (Inner and 

Outer port) and (b) Haldia port (Arm and Channel). 
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2.3.3.2. Bacterial diversity at Haldia port 

During SWM, families Pseudomonadaceae, Sphingomonadaceae and 

Comamonadaceae were abundant. Whereas, family Rhodobacteraceae was abundant during 

PrM (Fig. 2.3). Genus Ruegeria (family Rhodobacteraceae) was abundant during PrM 

season in both the arm and the channel (13.01% and 11.77%, respectively) (Fig. 2.4b). At 

species level, Oceanicola litoreus was only observed during PrM season in both the channel 

(20.77%) and the arm (13.51%). Donghicola sp. was also observed only during PrM season 

and was high in the channel (9.15%) when compared to the arm (4.81%) (Fig. 2.5b) Both 

O. litoreus and Donghicola sp. were positively influenced by salinity (Fig. 2.6b) (RDA 

score: O. litoreus & Donghicola sp. = 0.999; salinity= 0.998).  

 

Genus Pseudomonas, belonging to family Pseudomonadaceae, was high during both 

SWM (17.01% of the OTUs in the arm and 27.21% of the OTUs in the channel) and PrM 

seasons (12.29% of the OTUs in the arm and 15.09% of the OTUs in the channel) and was 

the most abundant genus (Fig. 2.4b). P. pachastrellae (~2%), P. bauzanensis (~1% of the 

OTUs), and other Pseudomonas sp. (~1% of the OTUs) were low during SWM season (Fig. 

2.5b).  

 

Genus Hydrogenophaga, from the family Comamonadaceae, was only observed 

during SWM, in both the channel (16.71%) and the arm region (7.44%) (Fig. 2.4b). At the 

species level, Hydrogenophaga intermedia which was observed only during SWM season, 

was high in the channel (14.60%) when compared to the arm (4.89%) (Fig. 2.5b) and showed 

a negative relationship with salinity (Fig. 2.6b) (RDA score: H. intermedia = -0.995; 

salinity= 0.998; Table 2.4). Among the minor genera, genus Alcanivorax was observed only 

during SWM season (1% & 3% in the arm and channel respectively). 

 

Although the family Rhodobacteriaceae was observed in both the ports (Fig. 2.3), the 

species composition of the family was different at New Mangalore port and Haldia port. 

Overall, the community at Haldia port was more diverse, with a higher number of core OTUs 

(major OTUs with high corresponding read hits) contributing to the community when 

compared to New Mangalore port. 
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Figure 2.6a. Biplot of redundancy analysis (RDA) showing the relationship between 

bacterial species and environmental parameters at New Mangalore port. Blue arrows 

indicate the various bacterial species and red arrows represent the environmental variables. 

[Temp – Temperature; Sal – Salinity; DO – Dissolved Oxygen; SPM – Suspended 

particulate matter; BOD – Biological oxygen demand; Chl a – Chlorophyll a; PO4 – 

Phosphate; SiO4 – Silicate; NO3 – Nitrate; NO2 – Nitrite; NH4 – Ammonia]. 

 

Table 2.3.  Eigen values and interset correlation scores of RDA axes (New Mangalore port). 

Axes                                1 2 3 4 Total variance 

 Eigenvalues 

 Species-environment correlations 

0.705 

1 

0.253 

1 

0.037 

1 

0.004 

1 

1 

Cumulative percentage variance 

    of species data 

    of species-environment relation 

70.5 

70.5 

95.8 

95.8 

99.6 

99.6 

100 

100 

 

 

 

 

Interset correlation score 

Species score RDA 1 RDA 2 Environmental variable score RDA 1 RDA 2 

P. sedentarius 

A. halophilus 

Haliea sp. 

Tenacibaculum sp.  

Alcanivorax sp. 

Nocardioides sp. 

0.769 

0.836 

0.038 

0.38 

0.363 

-0.993 

0.414 

0.368 

0.629 

0.583 

-0.928 

-0.074 

Temperature 

Salinity 

SPM 

DO 

BOD 

Chl a 

PO4 

SiO4 

NH4 

NO2 

NO3 

0.982 

0.975 

0.742 

0.49 

-0.048 

0.474 

-0.784 

-0.866 

-0.904 

0.961 

0.818 

0.107 

0.025 

-0.079 

0.477 

0.05 

-0.47 

-0.462 

-0.355 

0.156 

-0.119 

-0.222 
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Figure 2.6b. Biplot of redundancy analysis (RDA) showing the relationship between 

bacterial species and environmental parameters at Haldia port. Blue arrows indicate the 

various bacterial species and red arrows represent the environmental variables. [Temp – 

Temperature; Sal – Salinity; DO – Dissolved Oxygen; SPM – Suspended particulate matter; 

BOD – Biological oxygen demand; Chl a – Chlorophyll a; PO4 – Phosphate; SiO4 – Silicate; 

NO3 – Nitrate; NO2 – Nitrite; NH4 – Ammonia]. 

 

Table 2.4.  Eigen values and interset correlation scores of RDA axes    (Haldia port). 

Axes                                1 2 3 4 Total variance 

Eigenvalues 

Species-environment correlations 

0.979 

1 

0.013 

1 

0.008 

1 

0 

0 

1 

Cumulative percentage variance 

    of species data 

    of species-environment relation 

97.9 

97.9 

99.2 

99.2 

100 

100 

0 

0 

 

 

  

Interset correlation score 

Species score RDA 1 RDA 2 Environmental variable score RDA 1 RDA 2 

P. pachastrellae 

O. litoreus 

R. pomeroyi 

H. intermedia 

P. bauzanensis 

Pseudomonas sp. 

A. junii 

Donghicola sp. 

M. murale 

0.697 

0.999 

0.983 

-0.995 

0.816 

0.983 

0.313 

0.999 

0.728 

-0.667 

-0.029 

-0.065 

-0.092 

-0.418 

0.185 

0.749 

-0.044 

0.259 

  Temperature      

  Salinity       

  SPM       

  DO        

  BOD       

  Chl a     

  PO4       

  SiO4      

  NH4       

  NO2       

  NO3       

-0.977 

0.998 

-0.838 

0.923 

0.964 

0.023 

0.675 

-0.144 

-0.839 

-0.877 

-0.569 

0.213 

0.02 

0.545 

-0.095 

0.217 

-0.554 

-0.129 

0.006 

0.061 

0.305 

-0.458 
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2.4. Discussion 

In the present study, a significant seasonal variation was observed in the bacterial 

diversity at both the marine port (New Mangalore port) and freshwater port (Haldia port). 

These two ports are geographically distant, which vary in the nature of inputs they receive 

during the monsoon season. New Mangalore port is an enclosed marine port on the west 

coast of India and is influenced by the coastal conditions, whereas Haldia port is an open 

channel riverine port on the east coast of India which receives continuous inputs from 

riverine discharge. Hence, the kind of organic and inorganic matter they receive is different, 

which in turn may influence the bacterial community. Previous studies have reported distinct 

biogeographic patterns of bacterial communities at ports worldwide (Ghannam et al., 2020), 

but did not address the influence of seasonal changes on the bacterial diversity. Moreover, 

port areas have a dynamic ecosystem that is influenced by not only the monsoon run-off but 

also the surrounding industries and in-port activities. They are the hotspots for marine 

bioinvasion (Drake et al., 2007). The present study elucidates the impact of seasonal changes 

and anthropogenic influence on the bacterial diversity at both the port areas using a 16S 

rRNA gene sequencing approach. 

 

2.4.1. Bacterial diversity at New Mangalore port  

Although, for the past two decades, the coastal waters of Mangalore underwent many 

physicochemical and biological changes, which can be attributed to the increasing harbor 

activities, industrialization, and increased human intrusion through colonization, the 

changes in the bacterial diversity have not been evaluated. Evidence of the presence of 

enteric bacteria as a result of allochthonous inputs in and around the Mangalore coast has 

been reported as early as 1985 (Srikantaiah et al., 1985). Due to an increase in the shipping 

activities, there is a rise in the exchange of ballast water with other water bodies, which is 

also influencing the native ecosystem in the port area. A novel bacterium, Georgenia soli, 

was isolated from the iron ore contaminated site within the New Mangalore port (Kämpfer 

et al., 2010). The presence of such metal resistant bacteria (Woo et al., 2012) can be 

attributed to the increasing anthropogenic influence and may not be driven solely by natural 

factors. Dredging activities are one such anthropogenic perturbations that are common in 

port areas. Dredging results in the resuspension of sediments, which may have contributed 

to the suspended particulate matter at both New Mangalore port and Haldia port. However, 

the SPM at New Mangalore port was higher than at Haldia port. This can be explained by 

the sediment texture at New Mangalore port, which was mostly sandy (Unpublished data). 
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Although these particles are heavy and account for more SPM, they carry less bioavailable 

nutrients (Renzi et al., 2007), owing to which, SPM did not have any significant influence 

on the bacterial abundance (total bacterial count and total viable count). However, bacteria 

that were previously reported as benthic halophiles, Primorskyibacter sedentarius 

(Romanenko et al., 2011) and Aesturiibacter halophilus (Yi et al., 2004) showed a positive 

relationship with SPM and were observed at New Mangalore port, especially during PrM 

season. This indicates that they could have been associated with the sediment, and the 

dredging activities in the port could have led to resuspension of these benthic communities 

into the water column. P. sedentarius was predominant in both inner and outer port areas. 

This bacterium was first isolated from the shallow sediments of the Sea of Japan 

(Romanenko et al., 2011). This bacterium is being reported in the coastal water of the Indian 

subcontinent for the first time. A. halophilus, capable of forming biofilms (Bae et al., 2011), 

was observed in both the seasons in the inner port but was higher during the PrM season, 

characterized by higher SPM, DO, and Chl a. Biofilms have widely been reported as 

prominent vectors that facilitate bioinvasion because of their resistance to chemical and 

mechanical treatments, provision of refuge from predatory protists and induction of 

interaction among pathogenic strains (Drake et al., 2005, 2007; Hede and Khandeparker, 

2018). Biofilms can also pose a significant threat to infrastructures such as ship hulls and 

underwater pipelines by promoting biocorrosion (Flemming, 2002) and biofouling (Beech 

et al., 2005; Khandeparker et al., 2014). The propagation and introduction of such bacteria 

could be adverse to the port environment. 

 

The SWM season, which was characterized by high BOD and silicate concentration, 

showed the presence of Haliea sp.. Organisms from this species are known to play a role in 

the degradation of organic matter through hydrolytic enzymes. They can also assimilate a 

wide range of alkenes, and other hydrocarbons (Suzuki et al., 2012). Nocardioides sp., were 

also observed during SWM season. Nocardoides sp., are members of Corynebacteria-

Mycobacteria-Nocardia-Rhodococcus (CMNR) group of bacteria and have varied 

applications in bioremediation because many species from this genus are known to degrade 

alkanes, phenols, and phenanthrene (Iwabuchi and Harayama, 1997; Yoon and Park, 2006). 

They were more abundant in the outer port, where there is a profound effect of the coastal 

conditions and greater influence of tides. A common phenomenon during SWM on the west 

coast of India is the deposition of tar balls from offshore oil rigs and ship tanker-wash 

(Dhargalkar et al., 1977; Suneel et al., 2015). The occurrence of these bacteria can be an 
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indication of the presence of polyaromatic hydrocarbons (PAH) and can be used as 

biomarkers for PAH detection.  

 

The SWM was also characterized by Tenacibaculum sp., which includes several fish 

pathogens (Habib et al., 2014) that are known etiological agents for tenacibaculosis and 

flexibacteriosis in marine fish. Hence, they have an important economic significance in 

aquaculture (Avendaño-Herrera et al., 2006) and could also pose a significant threat to 

resident marine life. 

 

2.4.2. Bacterial diversity at Haldia port 

Studies dating back to the late 1990s have reported a significant increase in pollutant 

levels in the surrounding coastal waters at Haldia (Mitra, 1998; Samanta et al., 2005). 

Concurrently, bioaccumulation of the various heavy metals has been reported in this area in 

various organisms of higher trophic levels such as Indian white shrimp (Bhattacharya et al., 

2013), macrobenthic molluscs (Mitra and Choudhury, 1993), Tenualosa ilisha (Hilsa) fish 

(Chakraborty et al., 2016), and other commercially important fish (Mitra and Ghosh, 2014). 

Bacteria present in this area have shown extreme tolerance to the presence of heavy metals 

(Bhattacharya et al., 2000). In our study, we have observed Oceanicola litoreus, a halophilic 

organism from Rhodobacteraceae, during PrM season, which was first discovered in 

seashore sediment in South Korea (Park et al., 2013). Oceanicola sp. belongs to the 

Roseobacter clade and plays an important role in ocean nutrient (Manganese) cycling (Dick 

and Tebo, 2010). In addition to the loading and unloading activities at the port, coastal 

industries in the vicinity of the port, especially crude oil refineries (Mitra, 1998), have also 

contributed to the manganese concentrations in Haldia port. Hence, it seems that the change 

in environmental conditions has led to the emergence of ecologically relevant bacteria, and 

the presence of such bacteria could be an indication of heavy metals in the environment.  

 

Additionally, Haldia port is heavily polluted by hydrocarbons and harbors a rich 

population of hydrocarbon-degrading microorganisms (Roy et al., 2002; Panigrahy et al., 

2014). Most hydrocarbon-degrading bacteria belong to phylum Proteobacteria (Floodgate, 

1995; Head and Swannell, 1999), such as Pseudomonas spp. which are known to readily 

degrade the crude oil when compared to other planktonic species (Dasgupta et al., 2013). In 

our study, halotolerant Pseudomonas sp. identified as Pseudomonas bauzanensis, which was 

first isolated from a polluted industrial site in the Bohai Sea (Zhang et al., 2011) was 
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observed. It has been widely reported in soil contaminated with hydrocarbons and is known 

for its ability to degrade PAHs, especially phenanthrene and pyrene (Wang et al., 2014). 

Furthermore, Donghicola sp., first named by Yoon et al. (2007) were observed during PrM 

season. Organisms from this species are halophilic and have an ability to degrade oil (Tan 

et al., 2009) and can grow using crude oil as the sole carbon source.  

 

The shipping activities (loading and unloading of cargo, ballast water uptake and 

discharge) inside the port are one of the major anthropogenic perturbations that influence 

the prevailing bacterial community. In our study, Ruegeria pomeroyi, a marine member of 

the α-proteobacterial group, was dominant during PrM. It has the ability to survive in various 

phosphorus (P) environments and is involved in the cycling of “P” in the environment 

(Sebastian and Ammerman, 2011). The materials loaded and unloaded at Haldia port include 

rock phosphate and phosphoric acid, which could have provided a conducive environment 

for R. pomeroyi to flourish. Additionally, R. pomeroyi is also known for its algicidal 

properties, which drive their interaction with algal hosts and suggested to play a role in 

fading algal blooms (Riclea et al., 2012; Todd et al., 2012). They possess the ability to 

degrade dimethylsulfoniopropionate (DMSP), an abundant anti-stress molecule produced by 

marine phytoplankton (Kettle et al., 1999). These characteristics elucidate the ability of R. 

pomeroyi to interact with the phytoplankton community. Additionally, they also contribute 

to the biotransformation of DMSP into dimethyl sulfide, which is an important intermediate 

of the sulphur cycle (Yoch, 2002). 

 

This study reports the halophilic bacteria viz., O. litoreus, Donghicola sp., and R. 

pomeroyi, in Indian coastal waters for the first time. In the redundancy analysis biplot, these 

organisms grouped together and showed a strong positive relationship with salinity (Fig. 

2.6b). The presence of these organisms demonstrates their ability to survive in semblance 

with the prevailing biome. All these organisms were abundant during the PrM season, and 

translocation through ballast water exchange could also be one of the reasons for their 

introduction into a non-native riverine environment. 

 

Acinetobacter junii, a halotolerant member of the γ-proteobacterial group, is a known 

etiological agent of bacteremia (Kappstein et al., 2000), and is commonly introduced 

through sewage and wastewater treatment effluents (Hrenović and Ivankovic, 2009). It was 

observed in the channel area during both the seasons. Higher chances of disease outbreaks 
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during monsoon have been reported in riverine environments, including the river Ganges 

(Mishra et al., 2012). The coastal areas of the Bay of Bengal have also been marked as 

hotspots of disease outbreaks, specifically from Vibrio cholerae O139, also a member of the 

γ-proteobacterial group, which was first isolated from this region (Shimada, 1993). The 

presence of pathogenic bacteria in these coastal waters could be detrimental to human health.  

 

During SWM, Hydrogenophaga intermedia, a β-proteobacteria, was observed, which 

can grow in polychlorinated biphenyl (PCB) contaminated waters (Sul et al., 2009). It has 

the ability to reduce textile dyes (Contzen et al., 2000; Gan et al., 2011), due to which it 

could be a potential bioremediating agent. Among the minor genera, members of genus 

Alcanivorax were observed only during SWM. They have been included in a group of 

obligate marine hydrocarbon-degrading bacteria (OHCB), which play a significant role in 

the biological removal of petroleum hydrocarbon. They have been reported in port waters 

with high shipping activity and play a significant role in the natural cleansing of oil-polluted 

marine sites (Yakimov et al., 2007; Gertler et al., 2012). If the discharge of ballast water in 

this port area leads to a change in bacterial diversity and flourishing of non-native organisms 

competing with such hydrocarbon-degrading bacteria, it could influence the assimilation 

and reduction of hydrocarbons in the port waters and is a cause of concern.  

 

SPM was high in the SWM season at Haldia port in surface water than in the bottom 

water of the channel area (Unpublished data), indicating the introduction of SPM through 

riverine discharge rather than the resuspension of benthic sediments. The sediment texture 

was mostly clayey and hence, carried more nutrients (Riclea et al., 2012) compared to the 

SPM at New Mangalore port and thus positively influenced the total bacterial count. Haldia 

port also had very low chlorophyll levels compared to New Mangalore port owing to the 

turbidity resultant of riverine influx. Due to the influx of nutrients, pollutants, and SPM-

associated bacteria, through river run-off, the bacterial community at Haldia port during 

SWM was significantly different from PrM season. 

 

Overall, the diversity and richness of the bacterial community at Haldia port was 

higher when compared to New Mangalore port. Shannon’s and Simpson’s diversity indices 

pointed out that, at Haldia port, the bacterial community was more diverse during SWM as 

a result of monsoonal run-off (Shannon – 4.222; Simpson – 0.977 in the arm and Shannon 

– 3.924; Simpson – 0.959 in the channel) than during PrM (Shannon – 3.133; Simpson – 
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0.919 in the arm and Shannon – 3.019; Simpson – 0.909 in the channel) (Table 2.5). The 

total number of OTUs, which is a measure of the species richness, was also higher during 

SWM (143 OTUs and 119 OTUs in the arm and channel, respectively) than during PrM (80 

OTUs and 78 OTUs in the arm and channel, respectively) (Table 2.5). The increase in 

riverine inputs during SWM could be the reason for higher species diversity and richness. 

At New Mangalore port, however, the species diversity was higher in the inner port 

(Shannon – 2.863; Simpson – 0.879) than the outer port during PrM. Vice versa was 

observed during SWM, where the species diversity was higher in the outer port (Shannon – 

3.121; Simpson – 0.917) than the inner port (Table 2.5). The seasonal variability in the 

environmental parameters significantly influenced the bacterial diversity at both New 

Mangalore port and Haldia port through the emergence of ecologically significant bacterial 

OTUs. For a deeper understanding of the roles of these bacteria in the coastal port 

environments, functional profiles of the metagenome need to be explored, which could be 

done through the prediction of functions using existing 16S rRNA gene datasets or whole 

metagenome analysis. 

 

Table 2.5. Variation in the bacterial species (OTUs), richness, and diversity at New 

Mangalore port and Haldia port during pre-monsoon season (PrM) and the southwest 

monsoon season (SWM).  

   Number of 

species 

OTUs (S) 

Number of 

sequences 

(N) 

Shannon’s 

diversity 

index 

Simpson’s 

diversity 

index 

New 

Mangalore 

Port 

Inner_PrM 94 21581 2.863 0.879 

Outer_PrM 86 20337 3.032 0.911 

Inner_SWM 92 10855 2.796 0.875 

Outer_SWM 74 6727 3.121 0.917 

Haldia 

Port  

Arm_PrM 80 7463 3.133 0.919 

Channel_PrM 78 7204 3.019 0.909 

Arm_SWM 143 6643 4.222 0.977 

Channel_SWM 119 6364 3.924 0.959 

 

2.5. Conclusions 

This study comprehensively elucidated the unique bacterial communities at two ports; 

a marine port (New Mangalore port) and a riverine port (Haldia port) using 16S rRNA gene 

sequencing. At the marine port, there was a significant increase in benthic bacteria (P. 

sedentarius and A. halophilus) during PrM, whereas the onset of SWM was characterized 

by an increase in pathogenic bacteria (Tenacibaculum sp.) and PAH degraders (Haliea sp. 

and Nocardioides sp.). At the riverine port, PrM was characterized by halophilic and 
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halotolerant bacterial species, presumably non-native to the riverine environment. These 

species have the ability to metabolize diverse substrates and play a significant role in nutrient 

cycling. On the other hand, during SWM, there was distinct domination of hydrocarbon-

degrading organisms (H. intermedia, Genus Alcanivorax). Hence, seasonal variation in the 

bacterial community was significant in both the marine and the freshwater ports. The 

interplay between monsoon run-off and anthropogenic inputs seems to have influenced the 

bacterial diversity. Many species have been reported in this study for the first time in Indian 

coastal waters. The proliferation of ecologically relevant bacterial OTUs may have played 

an integral role in determining the structure of the bacterial community. Understanding the 

factors leading to their emergence and unravelling the functional roles of such species in 

coastal ecosystems is a way forward. The bacterial community at the ports is also influenced 

by anthropogenic factors such as ballast water discharge, which has been addressed in 

Chapter 3. 

 

Appendix: The supplementary data for this chapter are provided in Appendix tables I  

and II. 



 

 

 

 

 

 

Chapter 3 
Studying the bacterial community changes due to 

ballast water discharge 
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3.1. Introduction 

 

The dynamics of the prevalent environmental conditions influence the bacterial 

community. Ports are dynamic ecosystems and the bacterial community in the port is 

influenced by both natural and anthropogenic factors. One of the most important 

anthropogenic factors in port environments is ballast water exchange. Ballast water 

discharge (BWD) adds fresh inoculum into the port water which may influence the 

indigenous microbiome. Shipping is a major mode of global transport which moves over 

90% of the world’s cargo (UNCTAD, 2012). In addition to the intended cargo, ships carry 

ballast water for additional stability during transit. At the port of call, a ship takes up water 

while unloading cargo and discharges the water while loading cargo. In the process, ballast 

water (BW) is transported from one environment to another and consequently the resident 

biota is also translocated, which can lead to bioinvasion. Bioinvasion is described as the 

introduction of non-native organisms into an ecosystem which is beyond their natural range 

(Anil et al., 2002). BW has been identified as a prominent vector for aquatic invasive species 

(Drake and Lodge, 2004; Drake et al., 2007) since more than 10 billion tonnes of BW is 

transported worldwide annually (Elçiçek et al., 2013). Studies have estimated that more than 

7000 aquatic species have invaded non-native ecosystems (Carlton, 1999; Raaymakers, 

2002). As many as 450 invasive species have been documented in the United States of 

America alone (Ruiz et al., 2015). 

 

Among the plethora of organisms that are being transported by BW, bacteria and 

other micro-organisms are of greater concern owing to their abundance, potential 

pathogenicity, and their ability to withstand the conditions inside BW tanks (Dobbs and 

Rogerson, 2005). Brinkmeyer (2016) has reported that more than 1019 bacteria are 

transported daily through ships’ BW. Hence, marine pathogenic bacteria and their dispersal 

through BW has been studied to a great detail (Altug et al., 2012; Emami et al., 2012; Desai 

et al., 2018; Ng et al., 2018). However, equal importance has to be given to the bacterial 

diversity at the location of deballasting. Ports are hotspots for ballast water mediated marine 

bioinvasion. Port ecosystems are highly dynamic and are influenced by both natural and 

anthropogenic (ballast water discharge, sediment dredging and shipping activities) factors 

(Nogales et al., 2011). Furthermore, although bacteria are ubiquitous, recent studies have 

revealed biogeographic patterns in their distribution (Ghannam et al., 2020). Hence, every 

port ecosystem may be inhabited by a unique bacterial community. Few studies have 
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assessed the bacterial diversity in the port environments (Takenaka et al., 2007; Ma et al., 

2009; Iannelli et al., 2012; Pramanik et al., 2016). However, there is a lacunae in the 

investigations on the response of bacterial community at the port to the ballast water 

discharge. The fate of the BW bacterial community (whether they flourish, perish or cope) 

with the change in environment is not fully understood. 

 

The present study was undertaken in Mangalore port, a marine port on the west coast 

of India. A study on the BW risk assessment in the ports located in India has listed Mangalore 

port among highest risk ports with a substantial risk of unwanted species transfer (Anil et 

al., 2003). A numerical modelling study has predicted the dispersion of BW through tidal 

currents in Mangalore port (Babu et al., 2018). Recently, the phytoplankton marker pigments 

at Mangalore port were assessed (Sathish et al., 2020). The ratio of the various pigments 

were used as indicators for determining the fate of the phytoplankton community in 

conducive or non-conducive environments (Sathish et al., 2020). The introduction and 

establishment of a non-native buckler crab Cryptopodia angulate off the Mangalore coast 

has also been reported (Sivasankar et al., 2019). However, the native community at the port 

is influenced by the inoculum of non-indigenous species from ballast water during the 

discharge process. There is relatively less information on the changes in the bacterial 

community at the port during the discharge process, especially in the port waters of the 

Indian subcontinent. In view of this, the present study assessed the changes in the bacterial 

diversity at the port (New Mangalore port) during the BWD process. The bacterial 

community was assessed using quantitative PCR technique, which allowed the exploration 

of the unculturable segment of bacteria. The shifts in the diversity of major bacterial phyla 

(α-, β-, γ- Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes) in both the surface 

and subsurface waters at the release point of BW and the dispersal points in the vicinity of 

the release point were assessed. We hypothesized that the bacterial clades that are tolerant 

to the change in the environmental conditions would be able to persist after the discharge 

process. This is the first assessment of the influence of ballast water discharge on the 

bacterial community in a tropical coastal port ecosystem. Hence, the results establish a 

baseline information in assessing the risk of marine bioinvasion and consequently for the 

implementation of effective ballast water management protocols. 
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3.2  Materials and Methods 

3.2.1.  Study area 

Sampling took place in New Mangalore port (NMPT), Karnataka, India between 27th 

September 2016 (08:30 PM) and 28th September 2016 (04:30 PM). NMPT is a deep-water, all 

weather sea port situated at Panambur, Mangalore on the west coast of India adjoining the 

Arabian Sea. Sampling was carried out at Oil Jetty (12.922°N, 78.811°E) located inside a 

navigable arm adjacent to the south breakwater near the entrance of the port (Fig. 3.1). Ballast 

water discharge was planned from a crude oil tanker which was on almost full ballast capacity. 

Thirteen out of the 14 ballast tanks were filled, each with an average capacity of 1883 m3. The 

source of ballast water was the port of Karachi, although mid-ocean ballast water exchange 

(BWE) was carried out in the Arabian Sea before entering NMPT. The age of the ballast water 

was 12 days and the total time for deballasting was approximately 20 hours, during which 

simultaneous loading of crude oil was taking place. The total volume of water discharged was 

approximately 21,750 m3 at an initial discharge flow rate of ~2500 m3 h-1. 

 

3.2.2.  Sampling strategy 

Sampling was carried out for the whole duration of the ballast water discharge (~20 

hours). Surface and subsurface (~3m depth) water samples were collected using a 5 L Niskin 

sampler every 4 hours from the release point (Oil Jetty – 12.922°N, 78.811°E), dispersal 

point I (MRPL Jetty – 12.919°N, 74.813°E; 338 m from the release point), dispersal point II 

(Channel marker buoy – 12.924°N, 74.808°E; 310.5 m from the release point) and dispersal 

point III (Turning circle – 12.925°N, 74.814°E; 465.8 m from the release point) (Fig. 3.1).  

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Study area showing the locations of sampling (release point, dispersal point I, 

dispersal point II and dispersal point III).  
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3.2.3.  Physicochemical parameters and dissolved nutrients 

Temperature was recorded using a portable digital thermometer (EAI® TM-120). The 

details of methodology for the analyses of salinity, DO, Chl a, SPM and dissolved nutrients 

(Ammonia (NH4), Phosphate (PO4), Silicate (SiO4), Nitrite (NO2), Nitrite (NO3)) have been 

described in chapter 2 in the section 2.2.3. 

 

3.2.4.  Microbiological analyses 

The details of methodology for the estimation of total bacterial count and total viable 

count have been described in chapter 2 in the section 2.2.4. Abundance of Vibrio spp. (V. 

parahaemolyticus, V. alginolyticus, V. cholerae), E. coli O157: H7 and total coliforms were 

quantified on Thiosulfate citrate bile salts agar (M189, HiMedia), HiCrome EC O157: H7 

Agar (M1574, HiMedia) and MacConkey agar (M081B, HiMedia) respectively. The 

identification of the bacteria was previously established using protein profiling on MALDI-

TOF MS and biochemical profiles (Khandeparker et al., 2015). 

 

3.2.5.  DNA extraction and quantitative PCR (qPCR) analyses 

The details of methodology for DNA extraction have been described in chapter 2 in 

the section 2.2.5. The extracted DNA was diluted 1:100 in autoclaved nuclease free water 

(AmbionTM). Quantification was done using a fluorometer (Qubit 2.0, Thermofischer 

Scientific, USA). 1 µl of the diluted sample was used as a template for quantitative PCR 

(qPCR) for quantifying the major phyla (Table 3.1). 

 

qPCR assays were performed on a real-time PCR (Rotor-Gene Q, Qiagen) in 

triplicates. Each PCR cocktail was made up of 2x Power SYBR® Green PCR Master Mix 

(Applied Biosystems) (10 µl), forward and reverse primers (0.5 µl each), template (1 µl) and 

nuclease free water (to make up the volume to 20 µl). Cycling conditions were enzyme 

activation at 95°C (5 minutes), 50 cycles of denaturation at 95°C (1 minute); annealing at 

53°C (1 minute) and extension at 72°C (1 minute). The annealing temperature was 53°C for 

all the primer sets. Previously quantified target DNA was diluted tenfold and used as internal 

standard. A melt analysis step at the end of each qPCR run was done to confirm that the 

signal was obtained from target DNA amplification. The quantification was done using 

Rotor-Gene Q software (v2.3.4) by using their threshold cycle (CT) values and plotting them 

against known standards on the amplification curve (Kuchi and Khandeparker, 2020). 

Graphical illustrations were done in the form of contour plots using Surfer 12TM (Surface 
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mapping system, Golden Software Inc., v12.0.626). Correlation analyses were performed 

using StatSoft, Inc. (2007, version 8.0. www.statsoft.com). Regression with p value ≤ 0.05, 

were considered significant. 

 

Table 3.1. Primer sets for quantitative PCR (qPCR) used in the study. 

 

3.3.  Results 

3.3.1.  Physicochemical parameters and dissolved nutrients 

The details of the physicochemical parameters and dissolved nutrients are provided 

in Table 3.2. In brief, the salinity of the ballast water (BW) was 34.34. In the port area, which 

includes the release point and dispersal points I, II and III, the average salinity during BWD 

ranged from 32.1 ± 0.4 – 33.8 ± 0.9 in the surface water and 34.4 ± 0.3 – 34.6 ± 0.2 in the 

subsurface water (Table 3.2). Due to the rapid discharge of ballast water, there was an 

increase in the dissolved oxygen in the surface water over time at the point of release. 

Chlorophyll a concentration (Chl a) was 4.62 µg l-1 in BW. At the port, during BWD the 

average Chl a ranged from 4.0 ± 1.5 µg l-1 to 5.5 ± 1.9 µg l-1 in the surface (Table 3.2a) and 

3.3 ± 1.2 µg l-1 to 4.2 ± 1.5 µg l-1 in the subsurface water (Table 3.2b). Suspended particulate 

matter (SPM) was 230 mg l-1 in BW and ranged from 274 ± 115 mg l-1 to 300 ± 70 mg l-1 in 

the surface water (Table 3.2a) and from 290 ± 102 mg l-1 to 304 ± 102 mg l-1 in the subsurface 

water (Table 3.2b). During the BWD, SPM increased in the surface water at all locations 

except dispersal point I. In the subsurface water, it increased at the release point, whereas, 

vice versa was observed in the case of dispersal points I, II and III. 

 

Silicate concentration (SiO4) was 10.95 µM in BW. At the port, in the surface water, 

the initial SiO4 was higher than the BW at release point (29.97 µM) and dispersal point III 

(17.75 µM). Over time, during BWD, the SiO4 decreased at both these locations.  

Target group name Primer 

name 

Sequence (5′-3′) Reference 

α-Proteobacteria 

 

β-Proteobacteria 

 

γ-Proteobacteria 

 

Bacteroidetes 

 

Firmicutes 

 

Actinobacteria 

α-682F 

α-908R 

β-359F 

β-682R 

γ-1080F 

γ-1202R 

798cfbF 

cfb967R 

928FirmF 

1040FirmR 

Act920F3 

Act1200R 

CIAGTGTAGAGGTGAAATT 

CCCCGTCAATTCCTTTGAGTT 

GGGGAATTTTGGACAATGGG 

ACGCATTTCACTGCTACACG 

TCGTCAGCTCGTGTYGTGA 

CGTAAGGGCCATGATG 

CRAACAGGATTAGATACCCT 

GGTAAGGTTCCTCGCGTAT 

TGAAACTYAAAGGAATTGACG 

ACCATGCACCACCTGTC 

TACGGCCGCAAGGCTA 

TCRTCCCCACCTTCCTCCG 

Bacchetti DeGregoris et 

al. (2011) 

Ashelford et al. (2002) 

 

Bacchetti DeGregoris et 

al. (2011) 

Bacchetti DeGregoris et 

al. (2011) 

Bacchetti DeGregoris et 

al. (2011) 

Bacchetti DeGregoris et 

al. (2011) 

http://www.statsoft.com/
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Table 3.2. Physicochemical parameters and dissolved nutrients in ballast water and (a) surface and (b) subsurface waters of release point, dispersal 

point I, dispersal point II and dispersal point III.  

(a) Sampling site Hours Temp Salinity DO Chl a SPM SiO4 PO4 NO3 NO2 NH4 

 Ballast water - 27.5 34.34 3.47 4.62 230 10.95 2.52 1.02 1.37 28.36 

S
u

rf
a

ce
 

Release Point 

 

 

 

 

 

 

 

Dispersal Point I 

 

 

 

 

 

 

 

Dispersal Point II 

 

 

 

 

 

 

 

Dispersal Point III 

0 

4 

8 

12 

16 

20 

 

27.5 

25.1 

25.8 

NS 

25.4 

27.4 

 

32.85 

34.25 

34.62 

34.35 

34.11 

32.51 

 

2.79 

1.04 

3.85 

NS 

3.37 

5.09 

 

7.47 

3.63 

6.13 

1.20 

2.78 

3.28 

 

273.5 

245 

316 

294 

266 

308 

 

29.97 

50.27 

70.57 

52.03 

33.48 

14.03 

 

1.91 

9.61 

17.31 

10.79 

4.27 

4.29 

 

1.60 

1.91 

2.21 

1.01 

0.15 

0.94 

 

1.37 

1.24 

1.10 

1.30 

1.15 

1.27 

 

31.89 

31.66 

31.43 

24.43 

18.03 

14.28 

 

Avg ±SD 26.2±1.2 33.8±0.9 2.7±1.9 4.1±2.3 284±27 41.7±19.9 8±5.7 1.3±0.8 1.2±0.1 25.3±7.7 

0 

4 

8 

12 

16 

20 

 

28.9 

26.7 

26.5 

26.1 

26.5 

26.0 

 

30.50 

32.27 

31.49 

33.14 

33.37 

33.69 

 

3.82 

1.40 

1.15 

1.55 

1.57 

NS 

 

7.60 

6.09 

7.05 

5.70 

2.95 

3.48 

 

284 

241 

235 

344 

418 

276 

 

5.73 

8.08 

19.68 

31.27 

19.36 

14.33 

 

3.04 

4.45 

3.94 

3.42 

3.18 

4.41 

 

0.68 

0.83 

0.18 

1.31 

0.35 

0.01 

 

1.09 

1.17 

1.30 

1.30 

1.14 

1.16 

 

23.65 

30.32 

24.43 

17.20 

13.39 

17.08 

 

Avg ±SD 26.8±1.1 32.4±1.2 1.9±1.1 5.5±1.9 300±70 16.4±9.3 3.7±0.6 0.6±0.5 1.2±0.1 21±6.2 

0 

4 

8 

12 

16 

20 

 

27.6 

27.7 

25.6 

26.1 

26.6 

28.0 

 

31.75 

31.31 

33.30 

33.24 

32.91 

32.15 

 

5.49 

3.35 

1.21 

3.37 

3.85 

3.02 

 

6.87 

2.99 

4.49 

2.90 

3.85 

3.01 

 

319 

229 

260 

282 

312 

344 

 

5.53 

23.38 

40.60 

57.82 

15.10 

13.26 

 

4.56 

4.75 

4.11 

3.47 

3.96 

3.51 

 

0.07 

0.19 

0.12 

0.10 

1.28 

0.61 

 

1.23 

1.22 

1.30 

1.32 

1.39 

1.26 

 

21.98 

27.72 

24.43 

16.64 

19.40 

16.04 

 

Avg ±SD 26.9±1.0 32.4±0.8 3.4±1.4 4.0±1.5 291±42 26±19.7 4±0.5 0.4±0.5 1.3±0.1 21±4.6 

0 

4 

8 

12 

16 

20 

 

26.7 

27.4 

26.3 

25.4 

27.5 

28.1 

31.90 

31.67 

32.61 

32.49 

31.86 

32.28 

5.72 

3.26 

1.62 

1.51 

5.22 

3.53 

4.40 

4.73 

5.15 

2.58 

2.12 

5.51 

197 

226 

243 

505 

212 

258 

17.75 

21.31 

6.62 

63.35 

38.71 

14.07 

3.69 

3.03 

4.79 

17.04 

10.34 

3.64 

1.04 

1.07 

0.70 

0.33 

0.55 

0.77 

1.18 

1.15 

1.22 

1.33 

1.42 

1.51 

16.29 

19.55 

26.65 

25.99 

22.81 

19.63 

Avg ±SD 26.9±1.0 32.1±0.4 3.5±1.8 4.1±1.4 274±115 27±20.8 7.1±5.6 0.7±0.3 1.3±0.1 21.8±4.1 
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(b) Sampling site Hours Temp Salinity DO Chl a SPM SiO4 PO4 NO3 NO2 NH4 

S
u

b
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Release Point 

 

 

 

 

 

 

 

Dispersal Point I 

 

 

 

 

 

 

 

Dispersal Point II 

 

 

 

 

 

 

 

Dispersal Point III 

0 

4 

8 

12 

16 

20 

 

25 

24.2 

24.2 

NS 

25.1 

24.8 

 

34.31 

34.73 

34.67 

34.60 

NS 

34.65 

 

1.30 

0.20 

1.04 

0.40 

1.01 

0.67 

 

4.04 

4.43 

5.03 

3.73 

2.64 

4.22 

 

255 

247 

250 

368 

330 

360 

 

45.94 

13.69 

13.81 

49.45 

29.45 

14.73 

 

16.76 

6.00 

4.63 

5.21 

4.47 

4.73 

 

0.32 

0.25 

0.17 

0.67 

0.37 

0.89 

 

1.45 

1.20 

1.18 

1.26 

1.16 

1.35 

 

7.28 

26.12 

29.72 

21.43 

16.28 

24.87 

 

Avg ±SD 24.7±0.4 34.6±0.2 0.8±0.4 4±0.8 302±57 27.9±16.5 7±4.8 0.5±0.3 1.3±0.1 21±8.1 

0 

4 

8 

12 

16 

20 

 

24.5 

24.6 

24.6 

25.6 

25.1 

24.5 

 

34.78 

34.31 

34.38 

34.16 

NS 

34.68 

 

0.50 

0.50 

0.45 

1.33 

0.52 

0.56 

 

2.87 

5.96 

5.49 

2.82 

4.07 

NS 

 

235 

248 

246 

462.2 

334 

232 

 

8.08 

23.38 

37.49 

51.59 

31.66 

16.12 

 

4.45 

4.75 

4.90 

5.05 

5.33 

4.81 

 

0.83 

0.19 

0.18 

0.17 

0.77 

0.84 

 

1.17 

1.22 

1.22 

1.21 

1.29 

1.17 

 

30.32 

27.72 

24.68 

21.64 

20.49 

39.44 

 

Avg ±SD 24.8±0.4 34.5±0.3 0.6±0.3 4.2±1.5 293±91 28.1±15.6 4.9±0.3 0.5±0.4 1.2±0.04 27.4±7 

0 

4 

8 

12 

16 

20 

 

24.5 

25.3 

25.2 

24.6 

25.4 

24.7 

 

34.69 

34.33 

33.85 

34.65 

NS 

34.49 

 

0.18 

0.63 

1.01 

0.45 

1.21 

0.49 

 

3.27 

2.45 

3.66 

5.08 

3.70 

1.73 

 

255 

254 

511 

280 

276 

250 

 

3.57 

33.56 

37.22 

40.88 

15.80 

51.93 

 

4.75 

4.34 

4.46 

4.57 

4.54 

5.40 

 

0.84 

0.35 

0.42 

0.48 

0.88 

0.67 

 

1.41 

1.28 

1.27 

1.26 

1.23 

1.26 

 

23.43 

22.70 

24.27 

25.83 

21.19 

16.04 

 

Avg ±SD 25±0.4 34.4±0.3 0.7±0.4 3.3±1.2 304±102 30.5±17.7 4.7±0.4 0.6±0.2 1.3±0.1 22.2±3.4 

0 

4 

8 

12 

16 

20 

 

24.2 

24.8 

25.7 

24.6 

25 

25.3 

34.80 

34.30 

33.19 

34.33 

NS 

34.65 

0.18 

0.40 

1.49 

1.03 

0.95 

0.32 

1.32 

5.17 

6.62 

2.74 

2.17 

1.78 

248 

282 

491 

269 

234 

214 

20.01 

33.56 

20.44 

35.01 

25.94 

16.87 

3.23 

4.34 

4.92 

4.79 

4.88 

4.97 

1.43 

0.35 

0.70 

0.60 

0.28 

1.16 

1.26 

1.28 

1.21 

1.26 

1.32 

1.38 

15.02 

22.70 

27.07 

25.83 

25.92 

26.00 

Avg ±SD 24.9±0.5 34.4±0.6 0.7±0.5 3.3±2.1 290±102 25.3±7.6 4.5±0.7 0.8±0.5 1.3±0.1 23.8±4.5 

Temp – Temperature (⁰C); DO – Dissolved oxygen (mg l-1); Chl a – Chlorophyll a (µg l-1); SPM – Suspended particulate matter (mg l-1); SiO4 – 

Silicate (µM); PO4 – Phosphate (µM); NO3 – Nitrate (µM); NO2 – Nitrite (µM); NH4 – Ammonia (µM); NS – Not sampled; Avg ±SD – Average 

±Standard deviation.  
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Inversely, it was lower than the BW at dispersal points I and II (5.73 µM and 5.53 

µM respectively) and increased by the end of BWD (Table 3.2a). Similar trend was observed 

in SiO4 concentration in the subsurface waters at the port (Table 3.2b). Phosphate 

concentration (PO4), was 2.52 µM in the BW. It increased at the release point in the surface 

water, while it did not change significantly at the dispersal points during BWD (Table 3.2a). 

In the subsurface waters, initial PO4 concentration was higher at the release point (16.76 

µM) than the BW and decreased during BWD. Similar to surface water, the PO4 

concentration at dispersal points did not vary significantly during BWD (Table 3.2b). Nitrate 

concentration (NO3) decreased at all locations in the surface waters at the port, except at 

dispersal point II, whereas it did not vary significantly in the subsurface waters. Nitrite 

concentration (NO2) did not vary significantly over the course of BWD at the port. Overall, 

the mixing of BW with the port water during BWD influenced the physicochemical 

characteristics at the port. 

 

3.3.2.  Total bacterial (TBC), total viable (TVC) and pathogenic counts 

The TBC in BW was 4.6 ± 0.4 x106 cells ml-1, whereas in the port area which includes 

release and dispersal point stations, the average TBC ranged from 3.2 ± 0.8 x106 cells ml-1 

to 3.9 ± 1.4 x106 cells ml-1 in the surface water (Table 3.3a). At the release point, where the 

initial TBC was higher than the BW, it decreased over the course of BWD. An inverse trend 

was observed in the dispersal points where the TBC increased during BWD. The average 

TBC was lower in the subsurface waters and ranged from 2.7 ± 0.7 x106 cells ml-1 to 3.1 ± 

0.6 x106 cells ml-1 and increased in all locations after the BWD (Table 3.3b). The TVC was 

84.8 x104 CFU ml-1 in the BW. During the BWD, TVC increased in all the stations in both 

surface and subsurface waters, except at the release point and dispersal point II in the surface 

water and the dispersal point II in the subsurface water column (Table 3.3). Total coliforms 

were 180 CFU ml-1 in BW. During the BWD, average total coliforms ranged from 195 ± 129 

CFU ml-1 to 964 ± 1473 CFU ml-1 in the surface water and decreased in all the locations 

except dispersal point III (Table 3.3a). In the subsurface water, they were higher and ranged 

from 246 ± 457 CFU ml-1 to 1.4 ± 2.5x103 CFU ml-1 during BWD (Table 3.3b). Among the 

Vibrio sp., V. cholerae were not detected in the port water. In the surface water, V. 

alginolyticus increased at all the locations except dispersal point II, where the initial 

abundance was higher than in the BW (Table 3.3a). In the subsurface waters, V. alginolyticus 

decreased in all the locations except dispersal point III (Table 3.3b). V. parahaemolyticus 

decreased in the surface water at the release point and dispersal point II where the initial 

abundance was higher than in the BW (Table 3.3a). In the subsurface water, it decreased in 

all locations except dispersal point III (Table 3.3b).  
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Table 3.3. Average (±SD) values of total bacterial count (TBC) in cells ml-1, total viable count (TVC) in CFU ml-1, total coliforms (TC) in CFU 

ml-1, Vibrio alginolyticus (VA) in CFU ml-1, V. parahaemolyticus (VP) in CFU ml-1 and V. cholerae (VC) in CFU ml-1 in ballast water; and (a) 

surface and (b) subsurface waters of release point, dispersal point I, dispersal point II and dispersal point III.  

(a) Sampling site Hours TBC ( x106) TVC (x104) TC VA VP VC 

 Ballast water - 4.6±0.4  84.8 180 4.8±0.1x104 2.72±0.3x104 ND 
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Release Point 

 

 

 

 

 

 

 

Dispersal Point I 

 

 

 

 

 

 

 

Dispersal Point II 

 

 

 

 

 

 

 

Dispersal Point III 

0 

4 

8 

12 

16 

20 

5.9±0.03 

2.8±0.2 

NS 

3.0±0.2 

2.98±0.2 

4.7±0.4 

 

37.9±0.01 

3.86±0.2 

3.07±0.8 

21.1±0.6 

11±0.07 

11±1.8 

 

385±7 

215±14 

75±21 

230±28 

238±32 

25±7 

 

2.27±0.2x104 

1.99±0.6x104 

9.43±1.5x103 

2.07±1.3x103 

3.68±1.7x103 

3.84±0.2x104 

 

5.12±0.2x104 

2.97±0.6x103 

970±28 

3.3±1.2x104 

6.11±0.9x104 

2.49±0.01x104 

 

ND 

ND 

ND 

ND 

ND 

ND 

 

Avg ±SD 3.9±1.4 14.6±13.1 195±129 1.6±1.4x104 2.9±2.5x104 - 

0 

4 

8 

12 

16 

20 

3.1±0.01 

1.97±0.4 

NS 

4.1±0.3 

3.7±0.3 

3.2±0.01 

 

2.36±0.03 

5.47±1.03 

6.54±0.03 

2.01±0.2 

26.4±0.2 

9.07±0.01 

 

3605±78 

140±14 

ND 

ND 

1837±193 

203±4 

 

ND 

2.4±1.4x104 

ND 

490±85 

330±14 

8.5±0.01x103 

 

ND 

7.4±0.8x104 

ND 

243±25 

1.13±0.1x103 

3.9±0.7x104 

 

ND 

ND 

ND 

ND 

ND 

ND 

 

Avg ±SD 3.2±0.8 8.6±9.1 964±1473 5.7±9.9x103 1.9±3.1x104 - 

0 

4 

8 

12 

16 

20 

 

2.6±0.1 

2.1±0.6 

NS 

4.7±0.5 

3.5±0.04 

3.9±0.01 

 

NS 

12.4±0.6 

64.4±0.6 

84.9±1.3 

24.3±0.14 

3.54±0.02 

 

275 

920±64 

260 

30±14 

40±14 

50±42 

 

4.8x105 

5.3±0.04x103 

1.4±0.2x104 

1.4±0.5x103 

5.3±0.4x103 

2.1±0.04x104 

 

6.35±0.07x104 

3.31±0.03x103 

7.18±1.7x103 

532±45 

9.2x103 

1.12±0.04x104 

 

ND 

ND 

ND 

ND 

ND 

ND 

 

Avg ±SD 3.4±1.0 37.9±35.1 263±341 8.8±19.2x104 1.6±2.4x104 - 

0 

4 

8 

12 

16 

20 

 

2.7±0.03 

2.9±0.01 

3.7±0.3 

4.3±0.02 

NS 

3.0±0.1 

 

0.11±0.01 

0.11±0.02 

0.52±0.02 

0.16±0.04 

NS 

9.78±0.03 

ND 

ND 

285±7 

ND 

NS 

1350±304 

25±7 

103±32 

150 

143±32 

NS 

1.5±0.2x104 

50 

10 

180 

220±99 

NS 

2.09±0.2x103 

 

ND 

ND 

ND 

ND 

ND 

ND 

 

Avg ±SD 3.3±0.7 2.1±4.3 273±540 3.0±6.5x103 509±885 - 
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(b) Sampling site Hours TBC ( x106) TVC (x104) TC VA VP VC 
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Release Point 

 

 

 

 

 

 

 

Dispersal Point I 

 

 

 

 

 

 

 

Dispersal Point II 

 

 

 

 

 

 

 

Dispersal Point III 

0 

4 

8 

12 

16 

20 

1.3±0.3 

2.6±0.1 

NS 

4.3±0.003 

3.1±0.02 

2.9±0.2 

 

5.63±0.04 

19.6±0.03 

3.02±0.03 

1.37±0.4 

9.8 

9.97±0.2 

 

6.6±0.2x103 

60 

930±42 

250 

655±85 

ND 

 

5.3±0.9x104 

5.7±0.2x104 

1.3±0.01x104 

880±28 

1.6±0.07x104 

1.1±0.08x104 

 

4.53±0.07x104 

1.77±0.3x104 

1.76±0.09x104 

195±7 

365±7 

3.75±0.6x104 

 

ND 

ND 

ND 

ND 

ND 

ND 

 

Avg ±SD 2.9±1.1 8.2±6.6 1.4±2.5x103 2.5±2.4x104 2.0±1.9x104 - 

0 

4 

8 

12 

16 

20 

 

1.97±0.4 

1.8±1.2 

NS 

3.3±0.2 

3.1±0.06 

3.1±0.05 

 

4.14±0.8 

6.08±0.04 

5.65±1.3 

10.2 

16.2±0.2 

29.2±6.9 

 

40 

ND 

35±7 

4575±502 

455±233 

465±28 

 

1.9±0.2x104 

2.8±1.4±103 

853±254 

1.6±0.01x104 

1.6±0.01x104 

1.8±0.01x104 

 

2.05±0.06x104 

1.90±0.2x103 

1.02±0.01x104 

600±141 

1.85±0.05x104 

4.5±0.1x103 

 

ND 

ND 

ND 

ND 

ND 

ND 

 

Avg ±SD 2.7±0.7 11.9±9.5 928±1800 1.2±0.8x104 9.4±8.5x103 - 

0 

4 

8 

12 

16 

20 

 

2.1±0.6 

3.2±0.01 

NS 

3.6±0.3 

3. 5±0.5 

3.1±0.05 

 

8.82±0.03 

4.78±0.03 

6.10±0.2 

7.83±2.0 

42.6±0.3 

1.85±0.001 

 

910±495 

120 

195±7 

60 

1170±198 

90 

 

2.1±0.06x104 

1.9x0.6x103 

7.8±1.5±103 

2.5x0.2x103 

4.3±0.7x104 

5.1±0.05x103 

 

6.7±0.2x103 

1.2±0.3x103 

2.62±0.6x103 

1.23±0.05x104 

4.94±0.1x104 

2.1±0.6x103 

 

ND 

ND 

ND 

ND 

ND 

ND 

 

Avg ±SD 3.1±0.6 12±15.2 424±486 1.4±1.6x104 1.2±1.9x104 - 

0 

4 

8 

12 

16 

20 

 

2.3±0.3 

2.3±0.3 

2. 8±0.2 

4.7±0.4 

NS 

2.9±0.3 

0.30±0.04 

0.17±0.004 

0.14±0.03 

0.17±0.004 

NS 

9.21±0.08 

ND 

65±7 

90±14 

15±21 

NS 

1060±14 

270±42 

590±19 

475±7 

140±14 

NS 

7.7±2.5x103 

295±64 

213±60 

10 

370±64 

NS 

3.94±0.1x103 

ND 

ND 

ND 

ND 

ND 

ND 

Avg ±SD 3.0±1.0 2.0±4.0 246±457 1.8±3.3x103 967±1668 - 

 

TBC – Total bacterial count (cells ml-1); CFU – Colony forming units; TVC – Total viable count (CFU ml-1); TC – Total coliforms (CFU ml-1); 

VA – Vibrio alginolyticus (CFU ml-1); VP – V. parahaemolyticus (CFU ml-1); VC – V. cholerae (CFU ml-1); NS – Not sampled; ND – Not detected; 

Avg ±SD – Average ±Standard deviation.
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3.3.3.  Bacterial diversity 

Figure 3.2a depicts the location of sample collection at the port. The bacterial 

community in the BW was dominated by γ- proteobacteria (79.58%) and Bacteroidetes 

(19.01%) (Fig. 3.2b). At the port, in the surface water, the bacterial community was initially 

dominated by Actinobacteria (78.46%) at release point, β-proteobacteria (54.69%) at 

dispersal point I and γ-proteobacteria (59.74%) at dispersal point II (Fig. 3.3). During the 

BWD, there was a constant shift in the bacterial diversity.  

 

 

Figure 3.2. (a) Base map showing the location of sample collection. RP – Release point; 

DPI – Dispersal point I; DPII – Dispersal point II; DPIII – Dispersal point III. (b) Relative 

abundance of major bacterial phyla in ballast water. 

 

Bacteroidetes which contributed less than 1% to the bacterial community before 

BWD at the port, increased at the release point and dispersal point II (which is in close 

proximity to the release point). By the end of BWD, Bacteroidetes dominated the bacterial 

community at both release point (53.87%) and dispersal point II (53.59%) (Fig. 3.3e). At 

dispersal point I, which was farther from the release point, there was an increase in γ-

proteobacteria (23.46% to 62.17%; Fig. 3.3c) which eventually dominated the bacterial 

community at the end of the BWD along with Firmicutes (20.91%) (Fig. 3.3f).  

 

While at dispersal point III, β- proteobacteria (60.33%; Fig. 3.3b) and γ-

proteobacteria (28.57%; Fig. 3.3c) dominated the bacterial community by the end of BWD. 

In the subsurface water, Actinobacteria were dominant at the release point (58.94%) and 

dispersal point III (68.50%) before the discharge (Fig. 3.4d), whereas, γ-proteobacteria 

(67.41%; Fig. 3.4c) and β- proteobacteria (71.64%; Fig. 3.4b) were high at dispersal point I 

and dispersal point II respectively.  
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Figure 3.3. continued… 
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Figure 3.3. Distribution of gene copy numbers µl-1 of (a) α-proteobacteria (red), (b) β-proteobacteria (green), (c) γ-proteobacteria (dark blue), (d) 

Actinobacteria (yellow), (e) Bacteroidetes (grey) and (f) Firmicutes (purple) in the surface water at the port during ballast water discharge. 
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Figure 3.4. continued… 
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Figure 3.4. Distribution of gene copy numbers µl-1 of (a) α-proteobacteria (red), (b) β-proteobacteria (green), (c) γ-proteobacteria (dark blue), (d) 

Actinobacteria (yellow), (e) Bacteroidetes (grey) and (f) Firmicutes (purple) in the subsurface water at the port during ballast water discharge. 
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Similar to the surface water, there was a shift in the port bacterial community during 

the BWD. At the release point, γ- proteobacteria (50.37%; Fig. 3.4c) and Firmicutes 

(32.96%; Fig. 3.4f) dominated by the end of BWD. At all the three dispersal points, there 

was a distinct domination of Bacteroidetes by the end of the discharge process (Fig. 3.4e).   

 

3.4.  Discussion  

Assessing the risk of bioinvasion is implemented in two steps; investigating the 

ballast water in ships and more importantly, investigating the changes in the native biota at 

a port ecosystem due to ballast water discharge (Selifonova, 2009). Previous studies have 

concentrated on the bacterial assemblages in the coastal port waters (Ma et al., 2009; Gomes 

et al., 2013; Patel et al., 2014; Ng et al., 2015; Pramanik et al., 2016) and in the ships’ ballast 

water tanks (Tomaru et al., 2010; Tomaru et al., 2014; Ng et al., 2015; Brinkmeyer, 2016; 

Lymperopoulou and Dobbs, 2017). However, evaluating the effect of ballast water input on 

the native port ecosystem (point of deballasting) during the discharge process is important 

and would help in understanding the immediate shifts in bacterial communities. This study, 

with the help of quantitative PCR (qPCR) tool, assessed the change in the bacterial diversity 

in the port waters during ballast water discharge (BWD). Additionally, total culturable and 

pathogenic bacterial counts were also assessed using conventional culture-based methods. 

 

In the present study, the bacterial community in the port water was initially 

dominated by Actinobacteria, β- and γ-proteobacteria (Fig. 3.3 b – d and Fig. 3.4 b – d). 16S 

rRNA gene sequencing at Mangalore port has also revealed that the bacterial community is 

dominated by species belonging to Actinobacteria and γ-proteobacteria (Unpublished data). 

Recent studies have reported that Actinobacteria are ubiquitous in tropical environments 

such as Brazil (Piza et al., 2004), coast of Andaman in eastern Indian Ocean (Gopalakrishnan 

et al., 2014), along the Indian coast (Sivakumar et al., 2007), and tsunami affected coastal 

environments of Tamilnadu, India (Vijayakumar et al., 2014). Marine Actinobacteria have 

been significantly important in bioprospecting of bioactive compounds (Ward and Bora, 

2006). β-proteobacteria on the other hand are known for their role in ammonia oxidation 

(Freitag and Prosser, 2004; Freitag et al., 2006; Dang et al., 2010). Additionally, previous 

studies also reported that β- proteobacteria play a role in phosphate solubilisation (Shuo et 

al., 2010). Hence, it seems that the native bacterial diversity at the port is dominated by the 

bacterial species which play an important role in nutrient cycling.  
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On the other hand, the bacterial diversity in the ballast water was dominated by γ-

proteobacteria and Bacteroidetes (Fig. 3.2b). When this ballast water was discharged at the 

port, there was a distinct shift in the bacterial diversity at the port. Phylum Bacteroidetes, 

which may have been added in higher numbers in the port water through the ballast water, 

increased by the end of BWD at release point and dispersal point II (which was close to the 

release point) in the surface water. In the subsurface water, phylum Bacteroidetes was 

dominant at the end of BWD in all stations except the release point. Concurrently, the TBC 

and TVC also increased in most of the locations at the port during BWD, which may be due 

to the addition of fresh inoculum through the discharge process. Bacteroidetes is the second 

most abundant bacteria in the aquatic ecosystems after Proteobacteria (Kirchman, 2002; 

Amaral-Zettler et al., 2010), especially in the coastal areas (Alonso-Sáez and Gasol, 2007). 

Members of the phylum Bacteroidetes are known to degrade high molecular weight matter 

and are also known to be attached to suspended particles (Eilers et al., 2001; Fernández-

Gómez et al., 2013). They showed a negative correlation with SPM (r= -0.73, p≤ 0.01 in the 

surface waters and r= -0.64, p≤ 0.05 in the subsurface waters; Table 3.4), which could have 

aided in their survival and proliferation during the discharge process. Few species from this 

phylum are pathogenic and have been isolated from both human and animal clinical samples 

(Hugo et al., 1999). Tenacibaculum sp., belonging to phylum Bacteroidetes has been 

previously reported in the Mangalore port (Unpublished data). This genus includes species 

that are fish pathogens (Habib et al., 2014) and are known etiological agents of 

tenacibaculosis (Avendaño-Herrera et al., 2006). In the present study, phylum Bacteroidetes 

were not high in the port area before BWD (< 0.5% of the bacterial community) but 

increased during BWD. The proliferation of certain bacterial clades in the port water could 

be an effect of ballast water discharge and if the species comprising these phyla include 

pathogenic strains, they could be detrimental to both marine life and human health.  
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Table 3.4. Correlation analysis between major bacterial phyla and physicochemical 

parameters in surface and subsurface waters. Significant r values are denoted in bold red 

colour. 

  Alpha Beta Gamma Actino Bacter Firmi 

DO Surface 0.05 -0.07 -0.03 0.13 0.44 0.10 

Subsurface 0.13 -0.08 -0.31 -0.10 -0.36 -0.05 

Salinity Surface -0.01 -0.19 0.12 0.43 -0.04 0.09 

Subsurface 0.03 0.18 0.62* -0.02 0.39 0.23 

Temper-

ature 

Surface 0.23 0.25 0.09 -0.02 0.58* 0.20 

Subsurface -0.52 -0.43 -0.63* -0.09 -0.30 -0.40 

Chl a Surface 0.56* 0.36 0.44 -0.02 0.34 0.40 

Subsurface 0.36 0.16 -0.10 0.13 -0.40 0.31 

SPM Surface -0.79** -0.82** -0.79** -0.44 -0.73** -0.88** 

Subsurface -0.02 -0.35 -0.36 0.05 -0.64* -0.09 

SiO4 Surface -0.35 -0.31 -0.27 -0.06 -0.47 -0.28 

Subsurface -0.33 -0.01 -0.05 -0.40 -0.19 -0.52 

PO4 Surface -0.43 -0.63* -0.46 -0.17 -0.54* -0.45 

Subsurface -0.08 0.31 -0.11 -0.14 0.09 -0.18 

NO3 Surface 0.20 -0.18 0.15 0.55* 0.27 0.29 

Subsurface -0.37 -0.54* -0.34 0.37 0.33 -0.41 

NO2 Surface -0.37 -0.11 -0.33 -0.30 -0.09 -0.42 

Subsurface -0.45 -0.70** -0.06 0.32 0.23 -0.27 

NH4 Surface 0.12 0.00 0.15 -0.03 -0.23 0.17 

Subsurface 0.38 0.20 0.16 0.02 -0.01 0.47 

 

DO – Dissolved oxygen; Chl a – Chlorophyll a; SPM – Suspended particulate matter; SiO4 

– Silicate; PO4 – Phosphate; NO3 – Nitrate; NO2 – Nitrite; NH4 – Ammonia; Alpha – α-

proteobacteria; Beta – β-proteobacteria; Gamma – γ-proteobacteria; Actino – 

Actinobacteria; Bacter – Bateroidetes; Firmi – Firmicutes; * p ≤ 0.05; ** p ≤ 0.01. 

 

The bacterial community in the surface water of dispersal point I and III was 

dominated by γ-proteobacteria and β-proteobacteria at the end of BWD respectively. The 

two stations are relatively far from the release point, hence the influence of BWD could have 

been lesser. However, the bacterial community in the subsurface water was different from 

the surface water and dominated by phylum Bacteroidetes at both the stations. The 

consequence of an increase in Bacteroidetes in the port area has already been discussed. But 

the increase in Proteobacterial subtypes in the surface waters is equally concerning due to 

their ecological and biogeochemical significance. They are the most abundant and 

extensively studied marine phylum (Yilmaz et al., 2016). γ-proteobacteria are the most 

ubiquitous among the Proteobacterial subphyla (Barbieri et al., 1999). They include most of 

the pathogenic species (Altug et al., 2012) including Vibrio spp., which increased in the 

Mangalore port area during BWD. Toxicogenic Vibrio spp., (V. cholerae O1 and O139), and 

Escherichia coli, which are both member of γ-proteobacteria, have been identified as 
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indicator organisms for the assessment of ballast water quality in the ballast water 

performance standard (D2 guidelines). Although, V. cholerae were not detected during this 

study, the assessment of the viable segment of bacteria revealed the presence of other 

pathogenic species.  

 

Total coliforms, which include E. coli, decreased during the discharge process in the 

surface water at release point and dispersal points I and II, while they showed an increasing 

trend at dispersal point III (which was far from release point). Additionally, the average total 

coliforms were low at the release point in the surface water. In the subsurface water, although 

the average total coliforms were high at the release point, they showed a decreasing trend 

during the BWD. Coliforms are stenohaline (Solic and Krstulovic, 1992) and allochthonous 

(Khandeparker et al., 2017a), since they are introduced into the coastal water through 

wastewater. They have been reported to be higher in the near-shore waters than the off-shore 

waters of the Indian coast (Nallathambi et al., 2002; Robin et al., 2012). Hence, their 

abundance was low in the BW and the dilution of port water with the BW could have resulted 

in their decrease at the release point.  

 

On the other hand, Vibrio spp. are autochthonous and euryhaline (Wright et al., 1996; 

Khandeparker et al., 2017a). In the present study, V. alginolyticus and V. parahaemolyticus 

increased in most of the locations in the surface water at the port during BWD. Vice versa 

was observed in the subsurface waters at the port during BWD. The increase in Vibrio spp. 

at the port could be attributed to the ballast water discharge and the ability of Vibrio spp. to 

thrive in a wide range of salinity. Additionally, the prevalent environmental conditions such 

as salinity (Hsieh et al., 2008; Martinez-Urtaza et al., 2008), nutrient concentrations (Eiler 

et al., 2006; Rehnstam-Holm et al., 2010), and tidal forcing (Khandeparker et al., 2017a) can 

influence the abundance and distribution of Vibrio spp. Furthermore, the addition of 

bacterial inoculum, especially pathogens in the port area through ballast water discharge 

may not be the only concern. Changes in the nutrient dynamics in the port water as a result 

of such discharge could not only influence the abundance of prevailing pathogens, but could 

trigger the expression of virulence genes (Vijayan and Lee, 2014; Khandeparker et al., 

2015), which could be a potential concern to human health. 

 

β-proteobacteria, which were high at the end of BWD at dispersal point III, are less 

diverse and widespread in the marine ecosystem when compared to γ-proteobacteria 
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(Yilmaz et al., 2016) and play an important role in the nutrient cycling such as PO4 

solubilization (Shuo et al., 2010), methanotrophy (Pernthaler et al., 2008), ammonia 

oxidation (Freitag and Prosser, 2004), and nitrogen cycling (Bissett et al., 2009). Both β-

proteobacteria (r= -0.82; p≤ 0.01) and γ-proteobacteria (r= -0.79; p≤ 0.01) were negatively 

correlated with SPM (Table 3.4) indicating a possible utilization of the organic matter 

provided by SPM. Additionally, β-proteobacteria showed a negative correlation with PO4 

(r= -0.63; p≤ 0.05) in the surface water and NO3 (r= -0.54; p≤ 0.05) and NO2 (r= -0.70; p≤ 

0.01) in the subsurface water, indicating that they may play a role in assimilation and cycling 

of these essential nutrients. Due to this ability, β-proteobacteria may have been able to 

compete with the native bacterial community and flourish in the port ecosystem.  

 

Tidal forcing is another important factor which can mediate the mixing of nutrients 

and influence the prevailing bacterial community. An earlier study applied numerical 

models to study the hydrodynamics and the role of tides, winds, and currents on the dispersal 

of BW in Mangalore port (Babu et al., 2018). They reported that the currents in this port are 

mostly tide driven and predicted a pattern for the dispersal of the particles that are being 

introduced into the port through BW. Tides in this region are mixed semidiurnal where the 

high tide and low tide occur twice a day. In the present study, at ~0 hours and ~13 hours of 

BWD, there was a high tide (1.17 m and 1.40 m respectively) which resulted in an influx of 

water into the port. Concurrently, low tide at ~6.5 hours (0.31 m) and ~19 hours (0.43 m) of 

BWD caused an efflux of water from the port. The influence of tides on the transport of 

micro-organisms has previously been elucidated (Khandeparker et al., 2017a). Thus, in a 

marine bioinvasion perspective, in addition to the introduction of non-indigenous species, 

their dispersal mediated by tides and currents during the period of BWD is a vital factor that 

needs consideration. 

 

The bacterial diversity at the release point, where the influence of the discharge of 

BW is higher than at the dispersal points, was dominated initially by Actinobacteria in both 

the surface (Fig. 3.3d) and subsurface (Fig. 3.4d) waters and changed significantly over time. 

The bacterial diversity at dispersal points I and II, which are close to the release point, was 

also influenced more by BWD. Although dispersal point III was farther from the release 

point, a significant shift in the bacterial diversity during the discharge process was evident. 

From the present study, it is evident that there is a change in the bacterial diversity at the 

port during the ballast water discharge. Moreover, tidal forcing can also influence the 
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dispersal of bacterial assemblages from the ballast water during BWD. This study assessed 

the influence of BWD over a period of 20 hours. In order to understand the risk of 

bioinvasion, further studies should focus on the long term examination of the bacterial 

diversity at the port area after BWD, to assess whether the translocated bacterial clades have 

been successful in establishing themselves in a non-native environment. Furthermore, 

unraveling the changes in functional diversity in the port waters after the BWD, could 

provide valuable insights on the risk of ballast water mediated bioinvasion and is a step 

ahead. 

 

3.5.  Conclusions 

The findings of the present study indicate a shift in the bacterial community at port 

mediated by the translocation of ballast water. The significant change in the TBC and TVC 

could be attributed to fresh inoculum through ballast water at the port. Total coliforms 

decreased at the most locations at the port because they are stenohaline and cannot withstand 

a change in salinity. Whereas Vibrio alginolyticus and V. parahaemolyticus, which are 

euryhaline, increased over time at the release point (point of discharge). There was a shift in 

the distribution of major bacterial phyla during the course of ballast water discharge. In 

addition to the introduction of bacterial assemblages through ballast water, the 

environmental factors, especially the nutrient dynamics and tidal forcing probably also 

influenced the distribution of the major bacterial phyla. The dominant phyla in the port 

waters before the discharge were Actinobacteria, β- and γ-proteobacteria. However, during 

the discharge process, there was an increase in Bacteroidetes and γ-proteobacteria over time, 

which were added in higher numbers in the port water through the ballast water. This shift 

in the bacterial diversity may also translate to the species level diversity thereby altering the 

functional traits of the bacterial community. Investigating the long term changes in the port 

bacterial community due to repeated inoculation from ballast water uptake and discharge is 

important. Subsequently, it is also crucial to assess the risk of such ballast water mediated 

introductions and the role of tides in their dispersal.  





 

 

 

 

 

 

Chapter 4 
Assessing the changes in the community structure 

in ballast water tanks with respect to physico-

chemical and biological changes during voyage 
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4.1 Introduction 

 

Marine bioinvasion may be described as the dispersion of living organisms beyond 

their native ecosystems, which may transform the biota of non-native marine environments 

(Anil et al., 2002; Lockwood et al., 2013; Seebens et al., 2013). It is a worldwide 

phenomenon that not only affects the biodiversity, but also negatively impacts industries 

and poses a risk to the environment and human health (Anil et al., 2002; Simberloff, 2011; 

Galil et al., 2014). The zebra mussel, that is paradigmatic of an invasive species, has cost in 

excess of $500 million annually for their management in the Great Lakes (Connelly et al., 

2007). Although ballast water (BW) is essential for ships to maintain their stability during a 

voyage, it has been identified as a significant vector for bioinvasion.  Due to increase in 

maritime trade over the past few decades, cargo ships have been responsible for translocating 

more than 10 billion tonnes of BW annually (Elçiçek et al., 2013) along with the resident 

biota (Hulme, 2009; Seebens et al., 2013) into other aquatic environments. In addition to 

BW, the sediment (Mimura et al., 2005) and biofilms (Drake et al., 2007) in the BW tanks 

have also been identified as potential vectors for bioinvasion. In the past three decades, many 

organisms have invaded non-native marine environments around the world such as 

Mnemiopsis leidyi [Opaque comb jellyfish] (Vinogradov et al., 1989), Dreissena 

polymorpha [Zebra mussel] (Ludyanskiy et al., 1993), Mytilopsis sallei [Black-striped 

mussel] (Field, 1999), Asterias amurensis [North Pacific Seastar] (Buttermore, 1994), and 

Vibrio cholerae O1 and O139 (Ruiz et al., 2000).  

 

Studies have been carried out on the diversity of ballast tank water concerning 

marine invertebrates (Gray et al., 2007), zooplankton abundance (Gollasch et al., 2000; 

Olenin et al., 2000; Dibacco et al., 2012), harmful algae (Smayda, 2007), and phytoplankton 

(McCarthy and Crowder, 2000; Choi, 2009). Bacteria are much smaller organisms and are 

present in higher numbers in the BW tanks (Dobbs and Rogerson, 2005). Given their 

potential pathogenicity, dispersal of marine bacteria is of great concern when compared to 

higher organisms (Drake et al., 2007). Thus, marine pathogenic bacteria and their transport 

through BW have been studied extensively (Joachimsthal et al., 2003; Drake et al., 2007; 

Seiden et al., 2011; Altug et al., 2012; Emami et al., 2012; Desai et al., 2018; Ng et al., 

2018). However, most of these studies have concentrated only on the culturable segment of 

bacteria. Modern molecular methods have allowed the inclusion of unculturable bacteria, 

thereby providing a more holistic bacterial diversity in BW tanks (Khandeparker and Anil, 

2017).   
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A study by Brinkmeyer (2016), revealed that the bacterial community in the BW 

tanks is unlike that of typical marine environments. The novel pathogenic forms of bacteria 

were also detected (Ng et al., 2015). Few studies have also assessed the efficacy of mid-

ocean exchange, a technique used to reduce the risk of bioinvasion (Tomaru et al., 2014; 

Lymperopoulou and Dobbs, 2017) and identified biomarkers to assess the origin of BW 

(Gerhard and Gunsch, 2019). Studies have also evaluated the effectiveness of different BW 

treatment technologies (Lafontaine and Despatie, 2014; Moreno-Andrés et al., 2016; 2018; 

Romero-Martínez et al., 2017; Cullen, 2018; Petersen et al., 2019). Environmental DNA 

metabarcoding has been used to assess the efficacy of BW management systems (Rey et al., 

2019). The bacterial community in the ballast water tanks undergoes transformations to 

tackle the conditions during a voyage which includes formation of spores, cysts and other 

resting stages and decrease in short lived organisms with specific requirements (such as 

light) for growth and propagation (Anil et al., 2002). However, there are lacunae in the 

understanding of the modification in the structure and function of bacterial communities 

during a voyage, since marine bioinvasion continues to be a considerable threat to the health 

of aquatic ecosystems. 

 

The objective of the current study was to acquire a holistic understanding of the 

changes in the bacterial community inside the BW tanks during a voyage in the seas 

surrounding the Indian peninsula. The voyage was undertaken from Visakhapatnam port, 

India (Bay of Bengal), to Mumbai port, India (Arabian Sea). A previous study by Desai et 

al. (2018), has assessed the variation in the culturable bacterial load in a trans-sea voyage 

from the west to the east coast of India. In this study, we have explored the unculturable 

segment of bacteria for the first time inside the BW tanks which was assessed using Ion 

Torrent PGMTM, a next generation sequencing technique. The sequences were acquired from 

a range of hypervariable regions on the 16S rRNA gene to improve the efficacy of the data. 

The functional diversity and the expression of core metabolic functions have been predicted 

using the same datasets. It was hypothesized that photoautotrophs and non-spore formers 

would decrease over time since the conditions in the BW tanks are not conducive for their 

growth. On the other hand, bacterial groups with strategies to overcome this stress and 

compete with the existing organisms are expected to survive or proliferate during the 

voyage. In such a case, an increase in the expression of core metabolic functions that could 

support their survival was expected.   



 

61 

 

4.2 Materials and methods 

4.2.1.  Voyage route  

Sampling was carried out on a bulk carrier motor vessel, which had no BW treatment 

system on board. The voyage was undertaken from Visakhapatnam port, Andhra Pradesh 

(east coast of India) (17.6885° N, 83.2974° E) to Mumbai port, Maharashtra (west coast of 

India) (18.9477° N, 72.8525° E) during June 2014 (Fig. 4.1). The BW was taken ~ 20 

nautical miles from the Visakhapatnam port in two ballast tanks. The complete duration of 

the voyage was approximately five days, after which the BW was discharged ~ 45 nautical 

miles from the Mumbai port (Fig. 4.1). 

 

 

Figure 4.1. Navigation route 

 

4.2.2.  Sample collection 

Two ballast tanks (top side tank port side -TSTP and top side tank starboard side- 

TSTS) were sampled. Each ballast tank had a capacity of 581.64 m3 and a depth of 5.05 m. 

The water samples from ballast tanks were collected through the manhole from both surface 

and bottom of the ballast tanks using a 5 L Niskin sampler daily at 09:00 AM until the end 

of the voyage. In TSTS, BW was partially discharged after 36 hours of the voyage, after 

which the water depth reduced to 2 m. Subsequently, only surface water samples could be 

collected from this tank. Additionally, natural seawater samples were also collected from 
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the area of BW uptake (SW) (~ 20 nautical miles from the Visakhapatnam port) and the area 

of BW discharge (DW) (~ 45 nautical miles from the Mumbai port). Sample codes, age of 

the water, and sample description are provided in Table 4.1. 

 

Table 4.1. Details of the samples (sample ID), age of water and voyage duration (days). SW 

– source water: natural sea water collected from the source (off-Visakhapatnam, India); 

TSTP – Ballast water collected from top side tank port side; TSTS – Ballast water collected 

from top side tank starboard side; DW – destination water: natural sea water collected from 

the destination point/ area of deballasting (off-Mumbai, India) 

S. no. Sample ID Age of water 

sample (hours) 

Voyage 

duration (Days) 

1 SW - - 

2 TSTP1 0 0 

3 TSTP2 24 1 

4 TSTP3 48 2 

5 TSTP4 72 3 

6 TSTP5 96 4 

7 TSTP6 120 5 

8 TSTS1 0 0 

9 TSTS2 24 1 

10 TSTS3 48 2 

11 TSTS4 72 3 

12 TSTS5 96 4 

13 TSTS6 120 5 

14 DW - - 

 

4.2.3.  Physicochemical parameters and dissolved nutrients  

Temperature, pH, and total dissolved solids (TDS) were measured using a multi-

parameter probe (Oakton PCD 650, Cole-Palmer, USA). Details of methodology for the 

analyses and estimation of salinity, dissolved oxygen (DO), Chlorophyll a (Chl a), 

suspended particulate matter (SPM) and dissolved nutrients (Ammonia (NH4), Phosphate 

(PO4), Silicate (SiO4), Nitrite (NO2), Nitrite (NO3)) have been provided in chapter 2 in the 

section 2.2.3. Samples for salinity were analysed within 10 days of collection. DO estimation 

was done in the temporary laboratory onboard within 1 hour of collection. 

 

4.2.4.  Total bacterial count, total viable count, and culturable pathogenic bacteria 

The details of methodology for the estimation of total bacterial count (TBC) have 

been described in chapter 2 in the section 2.2.4. In brief, the samples (1 ml) were stained 

with SYBR Green I (1:10,000 final concentration; Molecular Probes, USA) and incubated 

in the dark at room temperature for 15 minutes. Stained samples were analysed using FACS 
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Verse (BD Biosciences, USA) flow cytometer equipped with a blue laser (488 nm). Bacterial 

cells with low nucleic acid content (LNA) are metabolically inactive cells and those with 

high nucleic acid content (HNA) are metabolically active cells and were differentiated by 

gating against green fluorescence (FITC) versus the right angle light scatter (RALS) 

(Khandeparker et al., 2018). BD FACS Diva software version 6.2 (BD Biosciences, USA) 

was used to process the data. The TBC, LNA and HNA were expressed as cells per millilitre 

(cells ml-1). 

The details of the methodology for the estimation of total viable count have been described 

in chapter 2 in the section 2.2.4. The methodology for pathogenic bacteria has been provided 

in chapter 3 in the section 3.2.4. The estimation of total viable count and pathogenic count 

was carried out on board in a temporary laboratory set up inside the cabin, and the abundance 

was expressed as colony forming units per millilitre (CFU ml-1). 

 

4.2.5.  DNA extraction, PCR amplification, and sequencing 

 Water samples for metagenomic amplicon analyses were collected on alternate days 

in triplicates. The details of methodology for DNA extraction, PCR amplification, library 

preparation and sequencing have been described in chapter 2 in the section 2.2.5.  

 

4.2.6.  Filtering of reads and analysis on Ion ReporterTM software 

 The details of phylogenetic analysis of the sequence reads using Ion ReporterTM 

software have been described in chapter 2 in the section 2.2.6.  

 

4.2.7.  Functional diversity of the microbiome 

 The functional diversity of the metagenome was predicted from the existing 16S 

amplicon metagenomic data sets using iVikodak, a web-based platform (Nagpal et al., 

2019). The platform is standardized to analyse data up to genus level; hence the genus OTU 

abundance data and metadata were uploaded as delimited text files (.txt). The data were 

normalized and subjected to functional prediction based on existing algorithms using the 

Kyoto encyclopedia of genes and genomes (KEGG) database (Kanehisa and Goto, 2000). 

Simultaneous functional prediction was done to compare the functional diversity in the 

ballast tanks with that of the natural seawater (SW) and also to determine the functional 

diversity in the ballast tanks based on duration of incubation/voyage. Heat maps and box 

whisker plots depicting the abundance of core metabolic functions were obtained. 
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4.2.8.  Zooplankton and phytoplankton abundance 

For zooplankton sample collection, two casts using Heron-Tranter net (mesh size 

100 µm and mouth area of 0.5m) were made inside both the tanks. Using the initial and final 

flow meter readings the volume of water filtered was calculated as V = αNRA (where, V – 

volume of water filtered in m3; α – Flow meter calibration factor; NR – Number of 

revolutions (read from the flowmeter); A – area of the mouth of the net). Aliquots of the 

samples were obtained by splitting the sample into two halves using a Folsom plankton 

splitter and taken on petri plates with grids. Live and dead zooplankton were counted using 

a stereo microscope (Olympus SZX16) under 4X and 10X magnification at the temporary 

laboratory setup inside the cabin on board and expressed as live and dead individuals m-3. 

For the analyses of phytoplankton abundance, 1 litre of the water samples was preserved in 

Lugol’s iodine and stored until analysis. In the laboratory, samples were allowed to settle 

for 48 hours, and the supernatants were siphoned out (Hasle and Sournia, 1978) until only 

100 ml was remaining. Aliquots were taken in petri dishes and analysed using an inverted 

microscope (Olympus IX71) under 20X magnification and expressed as cells l-1. 

 

4.2.9.  Graphical representation and statistical analyses 

 The relative abundance of OTUs was visualized in the form of cumulative bar charts 

(Golden Software, Inc. GrapherTM v8.4.696). Clustering of samples with similarity profile 

analysis (SIMPROF) was performed to summarize the substantial OTU abundance data. The 

reads were standardized, log transformed (normal distribution was confirmed using Shapiro-

Wilk test of normality [SPSS Statistics, Version 22]) and clustered based on Bray-Curtis 

similarity (Primer 6, v6.1.10). The cluster plots were obtained with similarity cut-off at 70% 

similarity for family level, 65% at genus level and 55% similarity at species level. The 

species diversity was assessed using Shannon’s index [H` = -SUM (Pi* Loge (Pi)), where 

“p” is the proportion (n/N) of individuals of one particular species found (n) divided by the 

total number of individuals found (N). “i” is the limits to the summation ranging from 1 to 

“s”, where “s” stands for total number of species] and Simpson’s index [1-λ` = 1-SUM 

(Ni*(Ni-1)/(N*(N-1)), where N stands for the total number of individuals found and “i” is 

the limits to the summation from 1 to total number of species (s)]. Species richness has been 

assessed using the total number of OTUs. This analysis has been performed using Primer 6, 

v6.1.10. The correlation analyses between biotic and abiotic parameters were performed 

using StatSoft, Inc. (2007) STATISTICA (data analysis software system), version 8.0. 

www.statsoft.com. Regression with p-values ≤ 0.05, were considered significant.  

http://www.statsoft.com/
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4.3 Results 

4.3.1.  Physico-chemical parameters and dissolved nutrients 

Results of the physico-chemical parameters and dissolved nutrients are provided in 

Table 4.2. In brief, the temperature at SW was 32.1 °C, whereas it ranged from 29.8 – 31.5 

°C inside the ballast tanks and did not vary significantly as the voyage progressed. Salinity 

was 33.85 in SW. After BW uptake, it ranged from 33.9 to 34.1 in both TSTP and TSTS and 

did not vary significantly during the voyage. The total dissolved solids (TDS) were 26.5 mg 

l-1 in SW, while average TDS were 26.6±0.1 mg l-1 and 26.5±0.1 mg l-1 in the surface and 

bottom of TSTP respectively. Whereas, the TDS were 26.6±0.04 mg l -1 in TSTS respectively 

during the voyage. The concentration of Chl a which was 0.65 µg l-1 at SW, showed a 

decreasing trend in TSTP where the average Chl a was 0.24±0.1 µg l-1 and 0.42±0.3 µg l-1 

in the surface and bottom. In TSTS it was 0.36±0.1 µg l-1. The phosphate (PO4) concentration 

in SW was 1.65 µM. After BW uptake, the average PO4 concentration was 1.39±0.18 µM 

and 1.63±0.32 µM in the surface and bottom waters of TSTP and 1.58±0.32 µM in TSTS. 

Nitrite (NO2) concentration was 0.68 µM in SW. During the voyage, the average NO2 

concentration was 0.71±0.05 µM in the surface water and 0.79±0.09 µM in the bottom water 

of TSTP, and 0.8±0.1 µM in TSTS. Nitrate (NO3) concentration was 4.18 µM in SW. After 

the uptake, the average NO3 concentration was 5.87±2.1 µM and 4.53±0.57 µM in surface 

and bottom of TSTP respectively and 4.63±0.4 µM in TSTS. All the dissolved nutrients 

except NO3 showed an increasing trend over time. 
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Table 4.2. Physicochemical characteristics of source water (SW), (a) port side tank (TSTP) and (b) starboard side tank (TSTS) and destination 

water (DW).  

 (a) 

Sample ID Temp 

(°C) 

Salinity pH TDS 

(mg l-1) 

DO 

(mg l-1) 

Chl a 

(µg l-1) 

SPM 

(mg l-1) 

NH4 

(µM) 

PO4 

(µM) 

SiO4 

(µM) 

NO2 

(µM) 

NO3 

(µM) 

  SW 32.1 33.85 8.3 26.5 2.5 0.65 25.5 10.47 1.65 6.37 0.68 4.18 

S
u

rf
ac

e 

TSTP1 31 34.1 8.6 26.7 1.9 0.36 18.5 15.27 1.28 10.22 0.71 10.07 

TSTP2 31.3 33.99 8.4 26.6 2 0.31 40.5 14.46 1.24 3.95 0.69 5.26 

TSTP3 30.9 33.96 8.6 26.6 2.2 0.26 19 12.83 1.38 8.8 0.7 4.24 

TSTP4 30 34 8.6 26.6 2.7 0.20 31 15.73 1.25 5.35 0.64 5.93 

TSTP5 30.3 33.97 8.6 26.4 2.3 0.12 11 14.23 1.71 13.65 0.77 5.04 

TSTP6 30.9 33.98 8.5 26.4 2.2 0.17 56 13.86 1.49 6.25 0.75 4.69 

 Avg ± SD 30.7±0.5 34±0.1 8.6±0.1 26.6±0.1 2.2±0.3 0.24±0.1 29.3±16.7 14.4±1 1.39±0.18 8.04±3.58 0.71±0.05 5.87±2.1 

B
o

tt
o

m
 

TSTP1 31.2 34.12 8.5 26.6 1.9 0.76 80 13.52 1.98 4.36 0.71 4.27 

TSTP2 31.3 34.01 8.5 26.6 2.1 0.35 34.5 10.46 1.52 4.81 0.71 5.56 

TSTP3 30.9 33.95 8.6 26.5 2.4 0.45 29 13.75 1.35 4.81 0.69 4.44 

TSTP4 30.6 34 8.7 26.5 2.6 0.76 37 15 1.41 5.56 0.83 3.88 

TSTP5 30.4 33.97 8.6 26.5 2.4 0.12 42.5 12.1 2.08 5.86 0.92 4.71 

TSTP6 31.2 33.98 8.5 26.5 2.2 0.10 11.5 13.87 1.42 7.21 0.85 4.34 

 Avg ± SD 30.9±0.4 34±0.1 8.6±0.1 26.5±0.1 2.3±0.3 0.42±0.3 39.1±22.7 13.12±1.6 1.63±0.32 5.44±1.03 0.79±0.09 4.53±0.57 

(b) 
Sample ID Temp 

(°C) 

Salinity pH TDS 

(mg l-1) 

DO 

(mg l-1) 

Chl a 

(µg l-1) 

SPM 

(mg l-1) 

NH4 

(µM) 

PO4 

(µM) 

SiO4 

(µM) 

NO2 

(µM) 

NO3 

(µM) 

 SW 32.1 33.85 8.3 26.5 2.5 0.65 25.5 10.47 1.65 6.37 0.68 4.18 

S
u

rf
ac

e 

TSTS1 31.2 33.9 8.5 26.6 1.9 0.51 47.5 14.25 1.42 6.17 0.79 4.18 

TSTS2 31.5 33.98 8.4 26.6 2.3 0.27 46.5 12.25 1.2 3.47 0.63 5.3 

TSTS3 31 33.92 8.5 26.5 2.2 0.44 36.5 13.34 1.3 5.89 0.8 4.57 

TSTS4 30.5 33.97 8.7 26.6 2.6 0.35 33 14.9 1.73 7.07 0.76 4.84 

TSTS5 29.8 34.04 8.7 26.6 2.5 0.14 32 14 1.76 12.48 0.94 4.29 

TSTS6 30.1 33.98 8.6 26.6 2.2 0.42 85 12.29 2.04 8.11 0.85 4.58 

 Avg ± SD 30.7±0.7 34±0.1 8.6±0.1 26.6±0.04 2.3±0.3 0.36±0.1 46.8±19.9 13.51±1.08 1.58±0.32 7.2±3.01 0.8±0.1 4.63±0.4 

 DW 31.2 35.35 8.4 27.6 2.5 0.27 24.5 11.92 0.9 3.23 0.61 4.74 

Temp – Temperature; TDS – Total dissolved solids; DO – Dissolved oxygen; SPM – Suspended particulate matter; NH4 – Ammonia; PO4 – 

Phosphate; SiO4 – Silicate; NO2 – Nitrite; NO3 – Nitrate; Avg ± SD – Average ± standard deviation. 
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4.3.2.  Total bacterial count, total viable count and pathogenic count 

The total bacterial count was 44.1±18.7 x106 cells ml-1 in SW. However, after the 

BW uptake, the average total bacterial count decreased in both TSTP (1.40±0.94 x106 cells 

ml-1 and 1.66±0.87 x106 cells ml-1 in surface and bottom respectively) and TSTS (0.67±0.39 

x106 cells ml-1) (Table 4.3). The LNA bacteria which were 28.1±6.8 x106 cells ml-1 in SW 

decreased to 0.92±0.63 x106 cells ml-1 and 1.15±0.65 x106 cells ml-1 in the surface and 

bottom of TSTP respectively (average abundance; Table 4.3). In TSTS the average 

abundance of LNA was 0.49±0.34 x106 cells ml-1. Similar trend was observed in HNA 

bacteria which were 161±119 x105 cells ml-1 in SW. The average HNA abundance decreased 

in the surface (4.73±3.11 x105 cells ml-1) and bottom (5.12±2.48 x105 cells ml-1) of TSTP 

and in TSTS (1.87±0.53 x105 cells ml-1) (Table 4.3). Conversely, the total viable count 

which were 290±99 CFU ml-1 in SW, increased after the BW uptake and the average 

abundance was 7.7±12.3 x103 CFU ml-1 and 4.4±2.5 x103 CFU ml-1 respectively in the 

surface and bottom waters of TSTP and 3.3±2.9 x103 CFU ml-1 in TSTS (Table 4.3). No 

pathogens were detected in SW except for Vibrio parahaemolyticus (10 CFU ml-1). 

However, both V. parahaemolyticus and Vibrio alginolyticus were present in the ballast 

tanks during the voyage. The average abundance of V. alginolyticus was 33±30 CFU ml-1 

and 79±94 CFU ml-1 in surface and bottom water of TSTP respectively. It was 37±68 CFU 

ml-1 in TSTS. Total coliforms were also detected in both the tanks (< 13 CFU ml-1), whereas, 

Vibrio cholerae and E. coli O157: H7 were not detected (Table 4.3).  

 

4.3.3.  Metagenomic exploration of the bacterial community  

Multiplex sequencing using barcodes yielded ~312 million bases (mb) of data 

corresponding to ~1.8 million reads (Table 4.4). Figure 4.2 visualizes the major bacterial 

families at SW and in the ballast tanks during the voyage. SW was dominated by family 

Caulobacteraceae (16.11%), belonging to α-Proteobacteria (Fig. 4.2). The bacterial 

community in both the ballast tanks was different from the natural seawater and varied 

significantly during the period of voyage. Family Rhodobacteraceae increased in both 

surface (8.77% to 34.36%) and bottom (10.56% to 31.35%) of TSTP and in TSTS (5.57% 

to 23.61%) with respect to time (voyage duration) and dominated the bacterial community 

by the end of the voyage (Fig. 4.2). Additionally, Alteromonadaceae and Flavobacteriaceae 

also increased by the end of the voyage. Inversely, family Prochlorococcaceae decreased 

from 15.37% to 0.33% in the surface, 5.05% to 0.23% in the bottom of TSTP and from 

12.36% to 0.26% in TSTS (Fig. 4.2).  
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Table 4.3. Total bacterial count, total viable count and pathogenic abundance in source water (SW), (a) port side tank (TSTP) and (b) starboard 

side tank (TSTS) and destination water (DW). 

(a) Sample ID TBC  

(x106 cells ml-1) 

LNA  

(x106 cells ml-1) 

HNA  

(x105 cells ml-1) 

TVC  

(CFU ml-1) 

VA  

(CFU ml-1) 

VP  

(CFU ml-1) 

VC  

(CFU ml-1) 

TC  

(CFU ml-1) 

EC  

(CFU ml-1) 

 SW 44.1±18.7  28.1±6.8 161±119 290±99 ND 10 ND ND ND 

S
u

rf
ac

e 

TSTP1 2.46±0.08 1.57±0.04 8.92±0.35 683±32 55±7 ND ND 15±7 ND 

TSTP2 2.67±0.27 1.86±0.19 8.15±0.80 1.7±0.1 x103 55±21 10±14 ND 15±21 ND 

TSTP3 1.11±0.04 0.69±0.02 4.24±0.21 2.2±1.3 x103 70±21 15±7 ND ND ND 

TSTP4 1.0±0.14 0.65±0.11 3.45±0.26 1.4±0.04 x103 10 ND ND 5±7 ND 

TSTP5 0.52±0.05 0.35±0.03 1.64±0.2 7.8±0.3 x103 5±7 5±7 ND 5±7 ND 

TSTP6 0.62±0.07 0.42±0.05 1.97±0.21 32.2±0.02 x103 5±7 ND ND 15±7 ND 

 Avg±SD 1.40±0.94 0.92±0.63 4.73±3.11 7.7±12.3 x103 33±30 5±6 - 9±7 - 

B
o

tt
o

m
 

TSTP1 2.53±0.03 1.78±0.02 7.48±0.01 1.1±0.02 x103 38±2 10±14 ND ND ND 

TSTP2 2.23±2.14 1.74±1.51 4.96±0.63 2.4±0.4 x103 80±14 45±21 ND 12±12 ND 

TSTP3 2.04 ±0.18 1.33±0.10 7.09±0.08 4.7±0.01 x103 90±0 10 ND ND ND 

TSTP4 2.02±0.33 1.34±0.16 6.80±1.72 4.4±0.01 x103 255±14 10±14 ND 5±7 ND 

TSTP5 0.38±0.04 0.24±0.02 1.45±0.19 8.3±0.3 x103 10±14 5±7 ND 10±0 ND 

TSTP6 0.78±0.07 0.48±0.04 2.91±0.29 5.5±0.1 x103 ND ND ND ND ND 

 Avg ± SD 1.66±0.87 1.15±0.65 5.12±2.48 4.4±2.5 x103 79±94 13±16 - 4±5 - 

(b) Sample ID TBC  

(x106 cells ml-1) 

LNA  

(x106 cells ml-1) 

HNA  

(x105 cells ml-1) 

TVC  

(CFU ml-1) 

VA  

(CFU ml-1) 

VP  

(CFU ml-1) 

VC  

(CFU ml-1) 

TC  

(CFU ml-1) 

EC  

(CFU ml-1) 

 SW 44.1±18.7 28.1±6.8 161±119 290±99 ND 10 ND ND ND 

S
u

rf
ac

e 

TSTS1 0.53±0.01 0.39±0.005 1.46±0.07 80±14 20±14 5±7 ND 5±7 ND 

TSTS2 0.45±0.07 0.31±0.04 1.36±0.37 3.6±0.1 x103 175±141 20±14 ND 60 ND 

TSTS3 0.50±0.05 0.31±0.02 1.92±0.26 6.6±0.4 x103 20 5±7 ND 5±7 ND 

TSTS4 0.47±0.05 0.31±0.03 1.57±0.20 915±92 ND ND ND 5±7 ND 

TSTS5 0.63±0.01 0.42±0.07 2.13±0.06 6.7±0.3 x103 5±7 ND ND ND ND 

TSTS6 1.45±0.001 1.18±0.0001 2.78±0.009 1.8±0.01 x103 ND 5±7 ND ND ND 

 Avg ± SD 0.67±0.39 0.49±0.34 1.87±0.53 3.3±2.9 x103 37±68 6±7 - 13±23 - 

 DW 26.2±1.12 16.1±0.04 102±10.9 2.5±0.2 x103 ND ND ND ND ND 

TBC – Total bacterial count; LNA – Low Nucleic Acid content bacteria; HNA – High Nucleic Acid content bacteria; TVC – Total viable count; VA – Vibrio 

alginolyticus; VP – V. parahaemolyticus; VC – Vibrio cholerae; TC – Total coliforms; EC – Escherichia coli O157: H7; ND – Not detected; CFU ml-1 – Colony 

forming units per millilitre; Avg ± SD – Average ± standard deviation. 
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Similarly, a decreasing trend was observed in Sphingomonadaceae family (9.96% to 

6.3% in the surface and 19.64 to 7.19% in the bottom) and Pseudoalteromonadaceae family 

(1.98% to 0.42% in the surface and 11.43% to 0.39% in the bottom). Family 

Mycobacteriaceae, which was very less in TSTP, showed a decreasing trend in TSTS 

(10.45% to 1.54%) (Fig. 4.2). Families Microbacteriaceae and Caulobacteraceae which 

were present in SW contributed minimally to the bacterial diversity inside the ballast tanks. 

 

The major genera contributing to the bacterial community are presented in Figure 

4.3. The results were concurrent with the observations at family level. At SW, the bacterial 

community was dominated by Phenylobacterium (22.12%), from family Caulobacteraceae 

followed by Prochlorococcus (12.12%), a marine cyanobacterium (Fig. 4.3). Other genera 

such as Gordonia (8.84%), Alteromonas (7.98%), Nocardioides (7.71%) and 

Mycobacterium (4.63%) also contributed to the bacterial community (Fig. 4.3). In the ballast 

tanks during the voyage, Genus Alteromonas, a γ –Proteobacteria belonging to family 

Alteromonadaceae showed an increasing trend and dominated the community by the end of 

the voyage. It contributed 27.49% and 13.62% to the bacterial community in surface and 

bottom of TSTP, respectively, and 10.64% to the bacterial community in TSTS (Fig. 4.3). 

Genus Shimia increased in the surface of TSTP (0.54% to 12.51%) and TSTS (0.19% to 

4.59%). Furthermore, genus Sulfitobacter which contributed minimally to the bacterial 

community in SW increased in the bottom water of TSTP (16.71%) (Fig. 4.3). Genus 

Tenacibaculum was higher during the mid-voyage period in both the tanks.    

 

Inversely, genus Prochlorococcus decreased in both ballast tanks, and its 

contribution to the bacterial community was negligible by the end of the voyage (<1%). 

Additionally, genus Erythrobacter (α-Proteobacteria) decreased over time in TSTP (11.13% 

to 7.45% in the surface and 41.87% to 13.62% in the bottom) (Fig. 4.3). Genus 

Mycobacterium (Actinobacteria), which was less in TSTP, showed a decreasing trend in 

TSTS during the voyage (19.05% to 2.48%). Genus Norcardioides (Actinobacteria), which 

was present in both the tanks, also decreased during the voyage (Fig. 4.3).  
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Table 4.4. Number of bases, ≥Q20 bases (Phred score), reads, mean read length of the samples. 

Barcode name Sample ID Bases ≥Q20 Reads Mean Read length 

(base pairs/bp) 

Total bases 

obtained 

Total reads 

IonXpress 002    

IonXpress 004  

IonXpress 008  

IonXpress 011 

IonXpress 005  

IonXpress 009 

IonXpress 012  

IonXpress 006 

IonXpress 010  

IonXpress 013 

IonXpress 003  

SW 

TSTP2_Surface 

TSTP4_Surface 

TSTP6_Surface 

TSTP2_Bottom 

TSTP4_ Bottom 

TSTP6_ Surface 

TSTS2 

TSTS4 

TSTS6 

DW 

19,749,208 

58,067,723 

58,778,824 

63,804,743 

20,581,162 

23,253,054 

23,439,341 

21,934,122 

21,289,440 

22,885,469 

18,852,267 

17,279,305 

51,742,550 

52,335,706 

57,226,502 

17,931,573 

20,411,880 

20,623,605 

19,201,426 

18,531,114 

20,142,780 

16,558,019 

103,396 

297,161 

299,701 

321,145 

106,182 

116,784 

118,722 

111,711 

109,846 

116,302 

94,924 

191  

195 

196 

199 

194 

199 

197 

196 

194 

197 

199 

 

 

 

 

 

 

 

311,984,460 

 

 

 

 

 

 

 

 

1,795,874 
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Figure 4.2. Relative abundance of major bacterial families of source ballast water (SW) and in ballast tanks on (a) port side (TSTP); (b) starboard 

side (TSTS).
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Figure 4.3. Relative abundance of major genera of bacteria of source ballast water (SW) and in ballast tanks on (a) port side (TSTP); (b) starboard 

side (TSTS).
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At SW, Phenylobacterium falsum was the most abundant species (30.04%). 

Whereas, Actinobacterial species, Rhodococcus corynebacterioides (Nocardiaceae) and 

Microbacterium schleiferi (Microbacteriaceae), were equi-abundant (~8%) (Fig. 4.4). In the 

ballast tanks, Shimia isoporae and Nautella italica, both α-Proteobacteria belonging to 

Rhodobacteraceae, showed an increasing trend and dominated the bacterial community, 

especially in the surface water of TSTP (30.43% and 12.52% respectively) by the end of the 

voyage. In TSTS, they contributed 8.51% and 3.56% respectively. Sulfitobacter 

mediterraneus increased in the bottom water of TSTP (3.15% to 18.69%). On the other hand, 

Erythrobacter citreus showed a significant decrease during the voyage in TSTP (18.03% to 

9.73% in the surface and 42.52% to 11.29% in the bottom water). In contrast, a marginal 

decrease was observed in TSTS (5.11% to 4.98%). A similar trend was observed with P. 

falsum belonging to Caulobacteraceae (α-Proteobacteria). However, even after the 

decrease, P. falsum and Tenacibaculum sp. were still the dominant species at the end of the 

voyage (Fig. 4.4). The bacterial community in DW was dominated by family Gordoniaceae 

(Actinobacteria) (20.83%; Fig. 4.5b). Families Caulobacteraceae (6.3%), 

Rhodobacteraceae (4.13%) were also observed, while Altermonadaceae, 

Mycobacteriaceae, and Sphingomonadaceae were equi-abundant (~3%) (Fig. 4.5b). 

Concurrently, Gordonia was the dominant genera (20.01%), followed by Prochlorococcus 

(19.07%) (Fig. 4.5d). At the species level, however, the bacterial community was dominated 

by P. falsum (18.71%), followed by R. corynebacterioides (14.42%) (Fig. 4.5f). 

 

4.3.3.1 Species richness, diversity and cluster analysis 

 The species diversity at SW (Shannon – 3.005; Simpson – 0.884) was much lower 

than the ballast tanks. In TSTP, the diversity increased mid-voyage in both the surface 

(Shannon – 3.875; Simpson – 0.959) and bottom (Shannon – 3.403; Simpson – 0.928) 

waters. In TSTS, the diversity increased over time and was high at the end of the voyage 

(Shannon – 3.558; Simpson – 0.945). The species richness was also considerably higher in 

the ballast tanks. 147-153 OTUs were detected in the surface water of TSTP, while 88-102 

OTUs were observed in the bottom water. In TSTS, 91-113 OTUs were found, whereas, 

only 76 OTUs were found in SW (Table 4.5). Cluster analysis together with the SIMPROF 

test revealed three distinct clusters belonging to the BCS from natural sea water (SW), 

surface water of TSTP, and bottom water of TSTP (Fig. 4.6 a, c and e). The bacterial OTUs 

in TSTS, revealed two clusters belonging to natural sea water and TSTS respectively (Fig. 

4.6 b, d and f).  
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Figure 4.4. Relative abundance of major species of bacteria of source ballast water (SW) and in ballast tanks on (a) port side (TSTP); (b) starboard 

side (TSTS).



 

75 

 

4.3.3.2 Inference of functional potential of the bacterial community 

Predictive inference of functions of the bacterial community revealed that with an 

increase in the voyage time, there was an increase in the expression of genes corresponding 

to core functions in both the tanks which included biosynthesis of various essential amino 

acids, biosynthesis and resistance to antibiotic compounds and active nucleic acid synthesis 

and repair (Fig. 4.7a and b). In TSTP, the core functions were expressed more in the surface 

than in the bottom (Fig. 4.7a). In both the tanks, key functions such as metabolism of nucleic 

acid, essential and non-essential amino acid, carbohydrate, lipid and energy were expressed 

to a greater extent by the end of the voyage (Fig. 4.7 a and b).  Their expression was also 

distinctly higher in the tanks when compared to natural seawater (Fig. 4.8). 

 

4.3.4 Phytoplankton and zooplankton abundance 

The phytoplankton abundance was 5600 cells l-1 in SW. After BW uptake, there was 

an initial increase in their abundance in TSTP (12700 cells l-1). However, in both the tanks, 

the abundance showed a decreasing trend over time (Fig 4.9c). 

The mortality of zooplankton after the uptake of BW was 7.14% and 13.59% in TSTP and 

TSTS respectively. During the voyage, the mortality continued to increase over time and 

was 74.27% in TSTP and 91.44% in TSTS at the end of the voyage (Fig. 4.9c).  

 

4.4  Discussion 

4.4.1. Variation in the total bacterial count, total viable count, and culturable pathogens 

The total bacterial count, which was 44.1±18.7 x106 cells ml-1 in SW reduced after 

the uptake in both TSTP and TSTS. The bacterial load is influenced by various factors such 

as the physico-chemical parameters within the ballast tanks and their mortality due to viral 

load and grazing pressure (Drake et al., 2007). It is also possible that the uncoupling of the 

microbial loop resulted in the failure to utilize the dissolved organic matter (DOM) released 

by zooplankton and phytoplankton mortality (Drake et al., 2002). Additionally, decrease in 

the bacterial count has been attributed to an increase in algal extracellular products such as 

toxins (Bell and Mitchell, 1972), which might have been released as a result of 

phytoplankton mortality. 
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Figure 4.5. Relative abundance of major bacterial taxa in source water and destination water 

at (a, b) family; (c, d) genus; and (e, f) species levels. 
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Table 4.5. Variation in the bacterial species (OTUs) richness and diversity in the source 

water (SW), ballast tank water (TSTP and TSTS) and destination water (DW). 

Sample ID Number of 

species OTUs 

Number of 

sequences 

Shannon 

Diversity (H`) 

Simpson 

Index (1-λ) 

SW 76 8419 3.005 0.884 

TSTP2_Surface 

TSTP4_Surface 

TSTP6_Surface 

153 

151 

147 

11343 

13305 

29516 

3.829 

3.875 

3.062 

0.947 

0.959 

0.875 

 

TSTP2_Bottom 

TSTP4_Bottom 

TSTP6_Bottom 

 

88 

102 

100 

 

7232 

7224 

9785 

 

2.774 

3.403 

3.384 

 

0.804 

0.928 

0.932 

 

TSTS2_Surface 

TSTS4_Surface 

TSTS6_Surface 

 

91 

91 

113 

 

 

4656 

4607 

10857 

 

 

3.397 

3.454 

3.558 

 

 

0.926 

0.929 

0.945 

 

DW 65 6414 3.14 0.923 

 

 

Figure 4.6. Cluster analysis with SIMPROF test based on Bray-Curtis similarity coefficient 

of source of ballast water (SW) and ballast tanks (TSTP and TSTS) classified based on (a, 

b) Family; (c, d) Genus and; (e, f) Species operational taxonomic units (OTUs).  
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Figure 4.7. Heat map representing the expression of core metabolic functions by the bacterial community over time in [a] TSTP and [b] TSTS. 

Numbers 1-38 denote the various metabolic functions (listed in page 101).  
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List of metabolic functions in Figure 4.7. 

1. Betalactam resistance; 2. Beta alanine metabolism; 3. Vancomycin resistance; 4. Valine, 

leucine and isoleucine degradation; 5. Valine, leucine and isoleucine metabolism; 6. 

Tyrosine and tryptophan metabolism; 7. Tetracycline biosynthesis; 8. Sulphur metabolism; 

9. Starch and sucrose metabolism; 10. Quorum sensing; 11. Propanoate metabolism; 12. 

Phleomycin, kanamycin and gentamicin biosynthesis; 13. Phenylalanine, tyrosine and 

tryptophan biosynthesis; 14. Peptidoglycan biosynthesis; 15. Oxidative phosphorylation; 16. 

DNA excision repair and replication; 17. Non homologous end joining; 18. Nitrogen 

metabolism; 19. Monobactam biosynthesis; 20. Mismatch repair; 21. Methane metabolism; 

22. Lipopolysaccharide biosynthesis; 23. Glycine, serine and threonine metabolism; 24. 

Glutathione metabolism; 25. Fructose, galactose and mannose metabolism; 26. Folate 

biosynthesis; 27. Fatty acid degradation and biosynthesis; 28. Cysteine and methionine 

metabolism; 29. Cyanoamino acid metabolism; 30. Central carbon metabolism; 31. Cationic 

antimicrobial peptide resistance; 32. Carotenoid biosynthesis; 33. Carbon fixation pathway; 

34. Butanoate metabolism; 35. Arginine biosynthesis; 36. Aminobenzoate degradation; 37. 

Aminoacyl tRNA biosynthesis; 38. Acarbose and validamycin biosynthesis.  
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Figure 4.8. Predictive inference of functional diversity of the bacterial diversity. [a] Box 

whisker plots depicting the top (most abundant) functions at L1 level with respect to the 

location (SW and TSTP); [b] Box whisker plots depicting the top functions at L1 level with 

respect to the location (SW and TSTS); [c] Box whisker plots depicting the top functions at 

L2 level with respect to the location (SW and TSTP); [d] Box whisker plots depicting the 

top functions at L2 level with respect to the location (SW and TSTS). L1 and L2 represent 

the specific levels of functional hierarchy.  
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Figure 4.9. Trend of (a) total bacterial count, photoautotrophs, pathogenic species and 

bacteria with strategies to cope with stress; (b) total viable count and culturable pathogenic 

bacteria and; (c) phytoplankton abundance and zooplankton mortality with respect to voyage 

duration. (R2 – Correlation coefficient; m – slope. The R2 values are obtained by drawing a 

line of best fit using the linear model taking into consideration all the experimental data 

points. The slope was obtained from the equation of the line y=mx + c; where “m” is the 

slope). 
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In the present study, a positive correlation was observed between total dissolved 

solids (TDS) and total bacterial count (r=0.58, p≤0.05); thus, a decrease in the total bacterial 

count was observed with decreasing TDS. On the other hand, total viable bacteria showed 

an increasing trend in both the tanks. This is in congruence with a study by Tomaru et al. 

(2014), wherein viable bacterial numbers increased during the voyage. Zooplankton and 

phytoplankton are known to harbour many bacteria (Khandeparker and Anil, 2013). The 

release of organic matter due to the death of zooplankton and phytoplankton, in addition to 

the associated bacteria, could result in an increase in the total viable bacteria. An increase in 

the viable bacteria was attributed to the higher suspended particulate matter as a result of 

sediment resuspension inside the BW tanks (Desai et al., 2018). Although, no such 

correlation was observed in this study, both TDS (r=- 0.68, p≤ 0.05) and Chl a concentration 

(r= -0.68, p≤ 0.05) showed a strong negative correlation with total viable bacteria, indicating 

the utilization of plankton derived organic matter by the viable fraction of bacteria.  

 

Vibrio cholerae and E. coli O157:H7 were not detected in the BW samples. 

However, V. alginolyticus (up to 255±14 CFU ml-1) and V. parahaemolyticus (45±21 CFU 

ml-1) were observed in the BW tanks, but decreased over time. Vibrio sp., are non-spore 

forming bacteria, and under stressed conditions, they can thrive on association with 

phytoplankton (Rehnstam-Holm et al., 2010) and zooplankton (Tang, 2005).  

 

Due to the decrease in these higher planktonic forms, such an association may not 

have been possible. Although toxigenic V. cholerae is euryhaline (McCarthy, 1996), other 

Vibrio spp. are also known to prefer lower salinity, and are usually found in the coastal areas 

(Baker-Austin et al., 2012). The source of the BW was from the off-shore region, where the 

abundance of Vibrio spp. was low. 

 

The unculturable bacterial community obtained through metagenomic amplicon 

sequencing in the ballast tanks changed over time and was significantly different from that 

of the natural seawater (Fig. 4.6). A study by Tomaru et al. (2014) also observed a 

continuous change in the bacterial community inside the ballast tanks. The richness and 

diversity in the tanks was also higher than the natural seawater. Similar results were 

observed by Gerhard and Gunsch (2019), where the diversity in the BW samples were higher 

than the diversity in the harbour. One of the reasons for the higher diversity could be the 

residual sediments and unpumpable water present in the tanks as a result of previous 
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ballasting operations. The resuspension of this sediment and mixing of the unpumpable 

water during BW uptake could have contributed to the bacterial community in the water 

column inside the ballast tanks, leading to the higher diversity and richness. It is also 

possible that phytoplankton and zooplankton mortality could have released the bacteria 

associated with them, which could have influenced the bacterial diversity. 

 

4.4.2. Variation in photoautotrophs and non-spore forming bacteria 

In addition to the total phytoplankton abundance, which showed a decreasing trend 

inside the ballast tanks (Fig. 4.9c), phylogenetic analysis of the bacterial community 

revealed that few bacterial clades also decreased over time due to the conditions inside the 

tanks. The bacteria that decreased during the voyage were phototrophs, a group of organisms 

unable to cope with the dark conditions inside the ballast tanks (Tomaru et al., 2014; Ng et 

al., 2015), and non-spore forming bacteria. In this study, E. citreus, a photoautotroph, was 

observed in both the tanks and dominated the bacterial community during uptake but 

decreased rapidly during the voyage. Erythrobacter sp., are aerobic phototrophs containing 

bacteriochlorophyll a and carotenoids which help them in harvesting light and also protect 

against radiation (Setiyono et al., 2019). Additionally, a decrease in Prochlorococcus, a 

photosynthetic cyanobacterium over time was also observed. Among the non-spore forming 

bacteria, Family Caulobacteraceae, incapable of forming resting stages during stress 

conditions (Lingens et al., 1985) decreased. Bacteria in the BW tanks usually transform to 

form resting stages (spores) during a voyage to battle the unfavourable (nutrient depleted, 

sub-oxic) conditions (Ruiz et al., 2000). Organisms incapable of undergoing such 

transformations showed a decreasing trend. Phenylobacterium sp., belonging to the family 

Caulobacteraceae, in addition to being a non-spore former, has an extremely restricted 

nutritional range (Lingens et al., 1985). Due to high competition within the prevailing 

microbiome caused by the nutrient limiting conditions in the BW tanks (Seiden et al., 2011), 

there was a decrease in the abundance of P. falsum over time and its contribution to the 

bacterial community was lesser at the end of the voyage than at the time of uptake in both 

the BW tanks. Phenylobacterium sp., has been reported to cause skin infections in humans 

(Zhu et al., 2010). Although their abundance was low, the possibility of their proliferation 

under favourable circumstances could be inimical to human health. Additionally, under 

favourable conditions, it is possible that the genetic interactions between the invading 

pathogens and their non-native counterparts could lead to an increase in virulence gene 

expression resulting in disease outbreaks (Gennari et al., 2012).  
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4.4.3. Variation in bacteria with strategies to cope with stress 

Bacteria that can adopt mechanisms to cope with the conditions inside the BW tanks 

survived and proliferated during the voyage. Bacterial clades that are antibiotic-producing, 

biofilm-forming, or which can grow under nutrient limiting conditions such as a few 

members of α- proteobacteria, increased over time during the voyage especially family 

Rhodobacteraceae, one of the most dominant bacterial groups, in coastal ecosystems 

(González and Moran, 1997), and play a significant role in biogeochemical processes 

(Pujalte et al., 2014). Members of the family Rhodobacteraceae are also known to grow 

under phosphate limiting conditions by employing multiple strategies to overcome the stress 

(Smith et al., 2019). They can also actively perform denitrification and nitrate respiration 

(Kraft et al., 2014). During a voyage, due to lack of fresh nutrients over time, the competition 

for available nutrients results in conditions that would only be favorable to certain bacterial 

species over others (Neyland, 2010). Family Rhodobacteraceae, due to its innate ability to 

grow under low nutrient conditions, flourished and dominated the bacterial community at 

the end of the voyage. Members of this family are known to be the most common primary 

surface colonizers in coastal ecosystems and can establish themselves in non-native 

environments (Dang et al., 2008). They play a major role in biocorrosion and biofouling 

(Beech et al., 2005). Naturally, they could have a major economic impact if translocated into 

a new environment. 

 

Among the species belonging to Rhodobacteraceae, N. italica showed an increase 

over time during the voyage. It was first isolated from a marine biofilm (Vandecandelaere 

et al., 2009) with an ability to produce antibiotics and other secondary metabolites to 

compete with other microorganisms (Martens et al., 2007). These strategies are not only 

useful in the BW tank environment where competition for nutrients is high, but they also aid 

in the proliferation of such bacteria in a non-native environment after BW discharge. Shimia 

isoporae, from the same family, increased over time, eventually dominating the bacterial 

community by the end of the voyage. It was first isolated from reef-building corals on the 

coast of southern Taiwan (Chen et al., 2011). Another species belonging to the family 

Rhodobacteraceae, Sulfitobacter mediterraneus, was observed in the bottom water of TSTP, 

which dominated the bacterial community by the end of the voyage. It is a sulfate-oxidizing 

bacterium that was first isolated from eutrophic waters on the Mediterranean coast. It is a 

non-spore forming, strictly aerobic organism which can activate enzymes such as arginine 
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hydrolase (amino acid hydrolysis), β-glucosidase (carbohydrate degradation), and gelatine 

hydrolase (proteolysis) after a prolonged incubation (>3 days) (Pukall et al., 1999). The 

delayed emergence of this bacterium in the bacterial community could be due to such a 

prolonged incubation, which is an essential condition for the activation of these enzymes. 

Thus, the capability to produce important enzymes required for active metabolism, may have 

influenced their growth in the ballast tanks. Emergence of such bacteria and their 

introduction through BW in non-native environments can influence and modulate the 

prevailing microbiome. 

 

An increase in specific bacterial clades could be attributed to the core metabolic 

functions expressed by bacteria inside the BW tanks. Metabolic functional prediction of the 

bacterial community was carried out using iVikodak, a workflow designed to analyse and 

visualize the functional potential of bacterial assemblages (Nagpal et al., 2019). The core 

functions of the bacterial community in the ballast tanks were expressed to a higher extent 

when compared to that of the source of BW. These functions include antibiotic resistance 

(platinum drugs, cationic antimicrobial peptides, betalactam, and vancomycin), and 

biosynthesis of antimicrobials (Tetracycline, monobactam, acarbose and validamycin, 

phleomycin, kanamycin, and gentamycin). Functional pathways for central carbohydrate 

metabolism, including the TCA cycle, starch, and sucrose metabolism, propanoate 

metabolism, fatty acid metabolism, were also expressed. Additionally, metabolic functions 

such as essential and non-essential amino acid metabolism, energy metabolism (oxidative 

phosphorylation, methane, sulphur, and nitrogen metabolism), genetic functions (DNA 

excision, repair, and replication, mismatch repair, RNA degradation) and quorum sensing 

were also expressed. Moreover, the expression of most of the core functions in the BW tanks 

increased with voyage duration (Fig. 4.7). These mechanisms are rudimentary in the survival 

of the bacteria and subsequent propagation in new environments after discharge. Lv et al. 

(2018) have reported a high prevalence of antibiotic resistance genes (ARGs) in the ballast 

tank sediments, and they attributed this to the high anthropogenic perturbations in the coastal 

waters. Activities such as sewage discharge and aquaculture that have intensified lately are 

reported to have significant copies of ARGs (Li et al., 2015) and some of the antibiotics are 

extensively used in mariculture (Muziasari et al., 2016). The ability of a bacterial community 

to invade a new environment should take into account not only the density of the inoculum 

but also the ability of the microorganisms to express mechanisms that might aid in their 

survival (Hess-Erga et al., 2019). From the marine bioinvasion perspective, introduction of 



 

86 

 

bacterial communities which express mechanisms to cope with the competition, into non-

native port environments, would be of concern not only to the prevailing microbiome, but 

can also cause economic loss to the aquaculture industry. 

 

4.4.4. Variation in pathogenic bacteria 

One of the critical reasons for understanding the invasive potential of bacteria is their 

pathogenicity. Translocation of pathogenic bacteria through BW could pose a threat to 

marine life and also to human health. In the present study, it was observed that 

Pseudoalteromonas ruthenica, belonging to family Altermonadaceae increased briefly mid-

voyage. They are pale orange pigment forming bacteria, first isolated from marine 

invertebrates (Ivanova et al., 2002). This family was first reported by Colwell et al. (1986) 

and includes a wide range of enteric organisms that are pathogenic to both humans and 

marine mammals (Esteve, 1995; Pereira et al., 2008). They carry substantial epidemiological 

importance, and the introduction of bacteria of this family into a non-native environment 

could have undesirable effects.  

 

A species belonging to the family Flavobacteriaceae (Phylum Bacteroidetes), 

Tenacibaculum sp. showed a significant increase during the voyage. This family hosts 

several fish pathogens and is a known etiological agent for tenacibaculosis and 

flexibacteriosis in marine fish (Småge et al., 2016; 2018). It primarily holds an important 

economic significance in aquaculture (Avendaño -Herrera et al., 2006), which could pose a 

significant threat to marine life if introduced into new environments. M. schleiferi 

(Microbacteriaceae) and R. corynebacterioides (Nocardiodaceae), which belong to 

Actinobacteria, were observed in SW, however, their contribution to the bacterial 

community in the ballast tanks during the voyage was minimal. In general, coryneform 

bacteria, are pigment-producing and have been found in clinical specimens as opportunistic 

pathogens (Gneiding et al., 2008). Despite their low abundance in the BW tanks, there is a 

considerable risk to human health, in a scenario where the environmental conditions at the 

point of discharge are conducive for their growth and proliferation. 

 

An overall increase in most of the pathogens was evident, their abundance was high 

during the mid-voyage when compared to the end of the voyage. Hence, voyage duration 

seems to be an important factor that influences pathogenic bacterial species. Storage time of 

BW has been reported as a critical factor in determining the bacterial diversity inside the 
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tanks (Wennberg et al., 2013) and a reduction in bacterial load was observed over a longer 

BW retention time (Seiden et al., 2010; Tomaru et al., 2014; Ng et al., 2015). Moreno-

Andrés et al. (2018) reported that even after treatment of the ballast water, regrowth of 

bacteria is time-dependant and the modified bacterial community may pose a higher risk of 

invasion due to their capability to overcome the stress of the treatment technique. In addition 

to storage time, salinity is a critical factor in determining the bacterial diversity and richness 

(Lymperopoulou and Dobbs, 2017). However, this could be highly specific to the 

biogeography of the source of the BW. In the present study, there was a distinct shift in the 

bacterial community over time, although the salinity did not vary significantly in the ballast 

tanks during the voyage (33.9 – 34.1). Hence the key factors influencing the bacterial 

community could be region-specific. Recognising these factors would be valuable in 

developing strategies to reduce the risk of biological invasions. 

 

Overall, the average total bacterial count in the BW tanks decreased at the end of the 

voyage (Fig. 4.9a). The composition of the bacterial community showed a differential 

response during the voyage. A sharp decline in photoautotrophic bacteria after BW uptake 

was observed, and their contribution to the bacterial diversity decreased over time. On the 

other hand, the bacteria which exhibit strategies to cope with the conditions inside the BW 

tanks increased during the voyage (Fig. 4.9a). The contribution of pathogenic bacterial 

species increased during mid-voyage. At the end of the voyage, however, their contribution 

to the bacterial community was low (Fig. 4.9a). In the culturable segment of bacteria, the 

total viable bacteria in the BW tanks did not increase significantly till day 3; however, after 

day 3, the total viable bacteria increased by two orders of magnitude at the end of the voyage 

(Fig. 4.9b). V. cholerae and E. coli O157:H7 were not observed during the voyage, however, 

V. alginolyticus, V. parahaemolyticus and total coliforms were observed. There was a 

decrease in the abundance of phytoplankton after the uptake of BW (Fig. 4.9c). The 

mortality of zooplankton also increased over time (Fig. 4.9c). However, V. 

parahaemolyticus and total coliforms showed a minimal increase during day one and 

continued to decrease till the end of the voyage (Fig. 4.9b). 

 

The bacterial community in the source water (SW) was different from that of the 

location of BW discharge (DW). Although, genus Prochlorococcus was abundant in both 

the environments, the species level bacterial community did not reflect the same. Instead, P. 

falsum was the most abundant species in both the environments (source and destination). P. 
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falsum, which belongs to α- proteobacteria was first isolated in non-saline groundwater 

(Tiago et al., 2005) and has an extremely limited nutritional spectrum (Lingens et al., 1985). 

M. schleiferi, belonging to Actinobacteria was more at the source than at the destination and 

this bacterium was isolated from human clinical specimens and reported as an opportunistic 

pathogen (Gneiding et al., 2008). Conversely, R. corynebacterioides, belonging to 

Actinobacteria was higher at the discharge location than at the source.  It is a red pigment 

forming bacteria reported to be an opportunistic pathogen in immunocompromised 

individuals (Yassin and Schaal, 2005; Kitamura et al., 2012). The Bay of Bengal (source) 

and the Arabian Sea (destination) are different in their hydrographic and biogeochemical 

characteristics (Anil et al., 2002). Since the bacterial community is distinctly different at the 

source and the destination of BW, its discharge into a non-native environment should be 

carefully considered. The fate of the bacterial community from the ballast tanks in the new 

environment would depend on the geographical features, environmental conditions, 

ecological health, and the resident biota of the recipient waters. Further studies should focus 

on identifying the key factors that influence the outcome of such introductions.  

 

4.5  Conclusions 

The diversity and richness of the bacterial community in the BW were higher than 

the natural seawater. Prolonged dark conditions in the BW tanks lead to a decrease in 

photoautotrophs (E. citreus, Prochlorococcus) and non-spore forming bacteria, P. falsum. 

Alternatively, biofilm forming and antibiotic producing N. italica and S. isoporae 

(belonging to Rhodobacteraceae known for their ability to grow under nutrient limiting 

conditions) increased during the voyage. S. mediterraneus can synthesize and express 

essential enzymes required to maintain a metabolically active state, which aided in their 

proliferation over time. The shift in the bacterial community is governed by the ability of 

the bacteria to cope with the stress through mechanisms that could aid in their survival and 

allow them to compete with the other members of the microbiome. There was a substantial 

increase in the expression of core functions by the bacterial community in the ballast tanks 

with an increase in voyage duration, which could provide insights on the ability of the 

bacterial community to compete with the indigenous biota at the point of discharge. 

Pathogenic species, P. ruthenica and Tenacibaculum sp. were higher during the mid-voyage 

period than at the end of the voyage, suggesting voyage duration to influence their 

community. Understanding the fate of the altered bacterial community after discharge into 

a new environment is crucial. In the current study, the salinity did not vary significantly 
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during the course of the voyage. However, a change in salinity is reported to influence the 

bacterial diversity. In fact, the D1 ballast water management standards put forth by the 

International maritime organization (IMO), require ships to perform mid-ocean exchange of 

ballast water (BWE). The change in salinity is expected to reduce the undesirable bacterial 

load. This premise regarding salinity driven changes in the bacterial community needs 

further investigation, which has been undertaken in the form of microcosm experiments and 

has been discussed in Chapter 5. 





 

 

 

 

 

 

 

Chapter 5 
Microcosm experiments to simulate the 

conditions in ballast tanks and elucidating the 

community shifts that could occur due to 

variation in different parameters 
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5.1  Introduction 

 

Marine bioinvasion through ships’ ballast tanks has been recognized as one of the 

greatest threats to the oceans. Many studies have reported a profusion of invasive organisms 

in the past few decades (Carlton, 1985; Carlton and Geller, 1993; Cohen, 1998). 

Microorganisms are spread in higher numbers than other macro-organisms given their 

abundance in any given ecosystem (Ducklow and Shiah, 1993; Burkholder et al., 2007; 

Altug et al., 2012). Additionally, ballast water tanks act as incubators for heterotrophic 

bacteria, which can withstand prolonged dark conditions, unlike other autotrophs (Drake et 

al., 2002). Thus, by virtue of their abundance, life-history characteristics, and potential 

pathogenicity or toxicity, bacteria possess a great capacity to invade and cause detrimental 

effects in new environments (Drake et al., 2007). Hence the threat of bacterial invaders is a 

major concern when compared to other higher organisms. Specifically, the spread of 

bacteria, including pathogenic strains on a global scale through ships’ ballast water (BW) is 

a phenomenon that is gaining increased importance (Ruiz et al., 2010). There is documented 

evidence that V. cholerae, which is the causative agent for cholera, can be transported via 

ships’ BW and has caused epidemics in areas where it was not reported earlier (McCarthy 

and Khambaty, 1994; Colwell, 1996; Ruiz et al., 2000; Lobitz et al., 2015). 

 

The International Maritime Organization (IMO) has put forth guidelines to reduce 

the risk of bioinvasion through ships’ ballast water. Mid-ocean exchange of ballast water 

(BWE) requires ships to exchange a percentage of coastal water with open ocean water (200 

nautical miles from the coast). The idea is to release the organisms into an environment with 

non-ambient salinity to reduce the undesirable bacterial load in exchange for oceanic species 

with presumably lesser concern (Bailey, 2015).  A study has reported that salinity is the most 

significant environmental factor that contributes to the bacterial diversity in ballast water 

tanks (Lymperopoulou and Dobbs, 2017). Hence, oceanic species are less likely to survive 

the environmental stress when released into coastal (marine or freshwater) environments 

(Wade, 1994). There are many studies that have tried to assess the efficiency of BWE with 

respect to phytoplankton abundance (McCollin et al., 2007), marine invertebrates (Gray et 

al., 2007), zooplankton abundance (Choi et al., 2005), diatoms and dinoflagellates (Dickman 

and Zhang, 1999) and virus like particles (Leichsenring and Lawrence, 2011). The 

importance of bacterial invaders has taken precedence much more recently. Studies have 

reported that the bacterial abundances did not change significantly in most of the cases after 
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BWE and at the end of the voyage (Seiden et al., 2011; Molina and Drake, 2016). 

Contrastingly, studies on the bacterial diversity during a voyage reported a marked change 

in the community due to BWE (Tomaru et al., 2010) and emphasized that ballast water tanks 

act as incubators for the prevailing bacteria in the tanks, which change over time during the 

transit duration (Desai et al., 2018). Moreover, it has been reported that the response of 

bacterial diversity to changing salinity is unlike higher organisms (Wang et al., 2011). An 

investigation into both the culturable and unculturable segments of bacteria showed that 

although the abundance of culturable bacteria in ballast tanks remained unchanged during 

the voyage, there was a significant decrease in the unculturable bacteria and their density 

gradient gel electrophoresis profiles were different after ballast water exchange (BWE) 

(Tomaru et al., 2014). The bacterial diversity is ever-shifting as a response to environmental 

stress. Rather than relying on the variation in individual abundances, which may not equate 

to significant shifts in the bacterial community, a community level approach would provide 

for a more sensitive and meaningful understanding of their response.  

 

The premise of BWE is to expose the coastal bacterial communities in the ballast 

water tanks to a non-ambient salinity (Open Ocean). But the assumption that salinity change 

plays an important role in reducing bacterial load during BWE is not yet fully explored and 

explained. Although bacterial diversity is influenced by the prevailing environmental 

conditions (Methé et al., 1998), studies concentrating on the response of bacterial diversity 

to changing environmental conditions are sparse. Studies have reported the importance of 

salinity in the virility and viability of pathogens like toxicogenic Vibrio cholerae (McCarthy, 

1996). But there is a paucity of knowledge on the influence of salinity as a major 

environmental factor in the context of BWE. In view of this, the objective of the present 

study was to understand the response of bacterial communities to changes in salinity using 

microcosm experiments. Surface water samples from coastal ports with varied salinity 

conditions (hypersaline, saline, and freshwater) were collected, aged, and translocated into 

water collected from different areas (salinity gradient) of an estuary. This incubation 

experiment allowed us to assess the response of bacteria from different environments to a 

sudden salinity change, which is analogous to the release of ballast water by ships into non-

indigenous environments. 

 

Real time quantitative polymerase chain reaction (qPCR) approach was used to 

assess the contribution of major bacterial phyla (Proteobacteria subclasses [α, β, and γ], 



 

92 

 

Bacteroidetes, Firmicutes, and Actinobacteria) to the bacterial diversity. The variation in 

culturable pathogenic abundance was also assessed using standard plating techniques. Since 

dark conditions would immensely reduce the photosynthetic bacteria, we hypothesized that 

the bacterial diversity would be mostly heterotrophic and is expected to change significantly 

as a response to the salinity shock after translocation. Extreme salinity shock is expected 

when the bacteria from the hypersaline port are translocated into freshwater from the estuary 

and vice-versa with the freshwater port bacteria. The ability of various bacterial clades to 

tackle the salinity stress would depend on the mechanisms they adopt to cope with this stress. 

 

5.2.  Materials and Methods 

5.2.1  Sampling strategy 

Surface water samples were collected from Kandla port, Gujarat, India (Local 

Fishing Craft Anchorage-2; 23° 01' 03″ N, 70° 13' 19″ E) for hypersaline water experiment 

(Experiment I) (salinity at the time of collection – 39.68) using a 5 l Niskin sampler and 

transferred into a 50L Nalgene carboy and stored in the dark, static condition for 30 days to 

simulate the ballast tank condition.  

 

For translocation into water with varying salinities, surface water samples were 

collected from the Zuari estuary, Goa, India from the estuarine mouth, Dona Paula (DP; 15° 

25' 16.9″ N, 73° 47' 36.9″ E), Mid estuary, Cortalim (CR; 15° 24' 32.0″ N, 73° 54' 50.2″ E) 

and Upstream station, Sanvordem (SV; 15° 16' 01.1″ N, 74° 06' 36.0″ E). Similarly, surface 

water samples were collected from Paradip port (Area adjacent to fertilizer berths; 20° 16' 

27.8″ N, 86° 40' 2.9″ E) for saline water (Experiment II) (salinity at the time of collection – 

29.4) and Kolkata port (Tidal Basin-1; 22º 32' 43″ N, 88º 19' 07″ E) for freshwater 

(Experiment III) (salinity at the time of collection – 0.22) experiments (Fig. 5.1). 

 

5.2.2.  Translocation and experimental setup 

The port water (~20 L) collected from the three port environments was immediately 

incubated in the dark for 30 days. The temperature during all the three experiments was 

maintained between 25.0-26.0 °C. A schematic representation of the experimental setup is 

provided in Fig. 5.2. 
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Figure 5.1. Location map showing the collection sites of the water samples used in the experiment. 
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Figure 5.2. Schematic representation of the experimental design (TBC, Total bacterial 

count; TVC-ZMA, Total viable marine bacterial count; TVC-NA, Total viable freshwater 

bacterial count; TC, Total coliforms). 

 

Experiment I – Aged hypersaline water from Kandla port was translocated into the 

estuarine water of three different salinities in a ratio of 1:5 in 20 l polycarbonate tanks 

(dimensions – 43 x 27 x 18cm) (Tarsons, Cat no. 41080). The tanks were placed in a static 

condition in the laboratory with natural light to provide a natural day-night environment. 

The translocation of the aged port water into the water from the estuarine mouth (DP) is 
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referred to as high saline condition (HSC); the translocation of aged port water into the water 

from the mid estuarine station (CR) is termed as mid saline condition (MSC); and the 

translocation of the aged port water into the water from the upstream station (SV) is termed 

as low saline condition (LSC). Incubation was conducted for each condition in duplicate 

tanks (n=2) for 12 days. 

 

The salinity of the aged Kandla port water was 39.38, while it was 31.1, 13.51, and 

0.03 at the mouth (DP), mid-estuary (CR), and upstream (SV), respectively. During the 

course of the experiment (after mixing), average salinity was 32.36 ± 0.72 in HSC, 15.28 ± 

0.35 in MSC, and 6.35 ± 0.26 in LSC. 

Experiment II – Aged saline water from Paradip port was used for this experiment. 

The salinity of the aged Paradip port water was 26.15, while at DP, CR, and SV, it was 32.3, 

18.57, and 0.05 respectively. After translocation, during the incubation period (12 days), the 

average salinity was 27.13 ± 0.19, 20.48 ± 0.29, and 4.54 ± 0.06 in HSC, MSC, and LSC, 

respectively. 

Experiment III – Aged freshwater from Kolkata port was used for this experiment. 

Salinity at Kolkata port was 0.35, whereas it was 34.49 at DP, 17.02 at CR, and 0.14 at SV.  

The average salinity after the mixing was 29.70 ± 0.87 in HSC, 13.11 ± 0.59 in MSC, and 

0.13 ± 0.01 in LSC. 

 

5.2.3.  Physicochemical analyses and dissolved nutrients 

The temperature was recorded using a portable digital thermometer (EAI® TM-120). 

Total organic carbon (TOC) was measured using a TOC analyser (Shimazu). The 

methodology for the analysis of salinity, suspended particulate matter (SPM), dissolved 

oxygen (DO), and dissolved nutrients (Phosphate (PO4), Silicate (SiO4), Nitrite (NO2), and 

Nitrate (NO3)) from the water samples has been described in chapter 2 in the section 2.2.3. 

 

5.2.4.  Microbiological analyses 

The methodology for the estimation of total bacterial count (hereafter referred to as 

TBC), total viable marine bacterial count (hereafter referred to as TVC-ZMA), and total 

viable freshwater bacterial count (hereafter referred to as TVC-NA) is provided in chapter 

2 in the section 2.2.4. The methodology for enumeration of pathogenic bacteria, Vibrio 

alginolyticus (hereafter referred to as VA), V. parahaemolyticus (hereafter referred to as 
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VP), V. cholerae (hereafter referred to as VC), Escherichia coli O157: H7, and total 

coliforms (hereafter referred to as TC) has been provided in chapter 3 in the section 3.2.4. 

 

5.2.5.  Metagenomic bacterial diversity 

One litre of the water samples was collected from the tanks for metagenomic 

analyses. The details of the methodology for DNA extraction have been described in chapter 

2 in section 2.2.5. The extracted DNA was diluted (1:100) using nuclease free water 

(AmbionTM) and quantified (Qubit 2.0, Thermofischer Scientific, USA). One µl of the 

diluted samples was used as a template for qPCR analyses using specific primer sets for 

major bacterial phyla (Proteobacteria subclasses (α, β, and γ), Bacteroidetes, Firmicutes, and 

Actinobacteria) to obtain the bacterial diversity as described by Ashelford et al. (2002) and 

De Gregoris et al. (2011). The list of primers used in this study has been tabulated in chapter 

3 (Table 3.1). The details of the methodology for qPCR analysis have been provided in 

chapter 3 in section 3.2.5. 

 

5.2.6.  Graphical representation and statistical analyses 

All the graphical representations and illustrations were done using 

GrapherTM (Golden Software, LLC, v12.3.734). The relationship between abiotic (DO, pH, 

SPM, TOC, SiO4, PO4, NO3, and NO2) and biotic (TBC, TVC-ZMA, TVC-NA, bacterial 

diversity) variables was evaluated by using Canonical correspondence analysis (CANOCO 

v4.5 for Windows software package) after log transformation, using Monte-Carlo test to 

assess the significance of the method (p< 0.05; 999 permutations). Prior to the analyses, 

unimodal characteristics of the data were checked by using detrended correspondence 

analysis (the length of the first axes were > 2 SD units) (ter Braak and Šmilauer, 2002). CCA 

triplots were created to visualize the relationship between the abiotic and biotic parameters 

(Fig. 5.3). The correlations between biotic and abiotic parameters were further confirmed 

using StatSoft, Inc. (2007) STATISTICA (data analysis software system), version 8.0. 

www.statsoft.com. Regression with p-value ≤ 0.05 was considered significant and has been 

tabulated in Table 5.1. 

 

 

 

 

 

http://www.statsoft.com/
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5.3.  Results 

5.3.1.  Hypersaline port water experiment (Experiment I) 

In the CCA triplots, the length and the orientation of the arrows denote their relative 

influence on the biotic variables. Significant (p≤ 0.05) environmental factors are represented 

by dashed lines (Fig. 5.3). Furthermore, the correlation was confirmed and tabulated in Table 

5.1. 

 

Table 5.2 provides the values of physicochemical parameters and dissolved nutrients 

in the aged port water and water from the different stations of the estuary representing the 

mouth (DP), mid estuary (CR), and upstream (SV) locations. After translocation, during the 

incubation period, SPM was lower than the aged port water due to the addition of estuarine 

water with low SPM (Table 5.2), but increased during the incubation period and was 549 ± 

119 mg l-1, 475 ± 139 mg l-1, and 537 ± 277 in HSC, MSC and LSC respectively (Table 5.2). 

A similar trend was observed in the TOC concentration. However, there was no significant 

change in phosphate (PO4) concentration. Nitrate (NO3) concentration decreased in all three 

conditions, whereas vice versa was observed in the case of nitrite (NO2) concentration (Table 

5.2).  

 

Table 5.3 shows the values of TBC, TVC-ZMA, TVC-NA, and pathogenic bacteria 

in the aged port water, DP, CR, and SV. During the incubation period, average TBC, which 

was 6.9 ± 0.7 x107 cells ml-1 in the aged port water, decreased over time. Within the three 

conditions, TBC was high in HSC (1.2 ± 0.1 x107 cells ml-1) and showed a negative 

correlation with NO3 (r=-0.973). It was low in LSC (4.4 ± 2.4 x106 cells ml-1). TBC was also 

positively influenced by PO4 (Fig. 5.3a). However, TVC-ZMA increased after the mixing 

and was high in HSC (5.5 ± 2.1 x103 CFU ml-1), whereas TVC-NA was high in LSC (28.9 

± 18.1 x103 CFU ml-1; Table 5.3). E. coli O157: H7 was only detected in LSC, whereas both 

Vibrio alginolyticus (VA) and V. parahaemolyticus (VP) preferred and increased at higher 

salinity. VA was high in HSC (393 ± 459 CFU ml-1), and VP was high in MSC (95 ± 123 

CFU ml-1; Table 5.3).  VA showed a negative correlation with NO3 in HSC (r=-0.983) and 

was positively influenced by NO2 in MSC (r=0.961) (Table 5.1). TOC and SPM were the 

key factors that positively influenced the TVC-ZMA, TVC-NA, and pathogenic bacteria 

(Fig. 5.3a). 
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Figure 5.3. Canonical correspondence analysis (CCA) showing the relationship between 

bacteria and environmental parameters in (a) experiment I (hypersaline port water 

experiment); (b) experiment II (saline port water experiment), and; (c) experiment III 

(freshwater port water experiment). H0-H12 (filled black circles) denote incubation period 

of 12 days in HSC; M0-M12 (filled green triangles) denote incubation period of 12 days in 

MSC; L0-L12 (filled pink squares) denote incubation period of 12 days in LSC. Black 

arrows indicate the various environmental parameters. Dotted black arrows are highly 

significant (Monte Carlo test, p < 0.05). The empty triangles indicate the species variables 

[DO, Dissolved oxygen; SPM, Suspended particulate matter; TOC, Total organic carbon; 

SiO4, Silicate; PO4, Phosphate; NO3, Nitrate; NO2, Nitrite; TBC, Total bacterial count; 

ZMA, Total viable marine bacterial count; NA, Total viable freshwater bacterial count; 

O157, E. coli O157:H7; TC, Total coliforms; VA, Vibrio alginolyticus; VP, V. 

parahaemolyticus; VC, V. cholerae; Alpha, α proteobacteria; Beta, β proteobacteria; 

Gamma, γ proteobacteria; Actino, Actinobacteria; Bacter, Bacteroidetes, and Firmi, 

Firmicutes. 
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Table 5.1. Correlation analysis between bacterial counts and physicochemical parameters in HSC, MSC and LSC of experiments I-III. 

  

Experiment I: Hypersaline port water 

experiment 

HSC 

pH 

Nitrate 

MSC 

TOC 

Phosphate 

Nitrite 

 

Experiment II: Saline port water experiment 

HSC 

TOC 

Silicate 

Phosphate 

Nitrate 

MSC 

Silicate 

Phosphate 

Nitrate 

LSC 

pH 

Nitrate 

 

Freshwater port water  experiment 

HSC 

SPM 

MSC 

SPM 

LSC 

SPM 

Phosphate 

TBC 

  

 

-  

-0.973*  

 

 -  

           - 

 -  

  
 

 

0.975* 

0.983* 

0.986* 

-   
 

-  

-  

0.9532*  
 

-  

-  

  
 

 

-  

  

-  

  

-  

-0.955* 

TVC-ZMA 

  

 

0.992** 

-  

  

-  

0.954* 

-    

  

  

 

-  

-  

-  

-0.966*  
 

-  

-  

-   
 

-  

-  

  
 

 

-   
 

-   
 

-  

-  

TVC-NA 

  

 

 - 

 -   

 

-0.988* 

-  

-  

  

  

  

-0.994** 

-0.987* 

-0.954* 

-   
 

-  

-  

-   
 

-  

-  

  
 

 

-   
 

-  

  

-  

-  

E. coli O157:H7 

  

 

-  

-  

  

-  

-  

  -   

  

  

 

-  

-  

-  

-   

 

-  

-  

0.998** 
 

-  

-  

  
 

 

-   
 

-  
 

-0.977* 

-  

TC 

  

 

-  

-  

  

-  

-  

-  

  

  

  

-  

-  

-  

-0.980*  
 

-  

-  

- 

  

-  

-  

  
 

 

-   
 

-  
 

-  

-  

VA 

  

 

-  

-0.983* 

  

-  

-  

0.961* 

  

  

  

-  

-  

-  

-   
 

-  

-  

-  

  

-  

-  

  
 

 

-0.971*  
 

-  

  

-0.977* 

-  

VP 

  

 

-  

 -   

 

-  

-  

-  

  

  

  

-  

-  

-  

-  

  

-0.965* 

-  

0.998**  

  

0.999** 

-  

  
 

 

-0.971* 

  

-  

  

-  

-  

VC 

  

  

-  

-   

 

-  

-  

-  

  

  

  

-  

-  

-  

-   
 

-  

-  

-  

  

-  

0.983* 

  
 

 

-  
 

-0.973* 
 

-  

-  

TBC, Total bacterial count; TVC-ZMA, Total viable marine bacterial count; TVC-NA, Total viable freshwater bacterial count; TC, Total 

coliforms; VA, Vibrio alginolyticus; VP, V. parahaemolyticus; VC, V. cholerae; * p ≤ 0.05; ** p ≤ 0.01; ‘–’ No significant correlation. 
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Table 5.2. Physico-chemical parameters and dissolved nutrients in hypersaline port water (source), aged hypersaline port water, estuarine stations 

(destination), and during incubation period after mixing in high saline condition (HSC), mid saline condition (MSC), and low saline condition 

(LSC) in experiment I. 

 

 

Table 5.2 continued… 
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DP, Dona Paula (estuarine mouth station); CR, Cortalim (mid estuarine station); SV, Sanvordem (upstream station); DO, Dissolved Oxygen; SPM, 

Suspended particulate matter; TOC, Total organic carbon; NS, Not sampled and BDL, Below detection limit. 
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Table 5.3. Mean (±SD) values of total bacterial count (TBC), total viable marine bacterial count (TVC-ZMA), total viable freshwater bacterial 

count (TVC-NA) and pathogenic bacteria in hypersaline port water (source), aged hypersaline port water, estuarine stations (destination) and 

during the incubation period after mixing in HSC, MSC and LSC in experiment I. 

  

 

Table 5.3 continued… 
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Figure 5.4. a-e, Relative abundance of gene copy numbers µl-1 in experiment I of α-

proteobacteria (red), β-proteobacteria (light blue), γ-proteobacteria (dark blue), 

Actinobacteria (yellow), Bacteroidetes (grey) and Firmicutes (purple) in (a) Hypersaline 

port water; (b) Aged hypersaline port water; (c) water from the estuarine mouth (DP); (d) 

mid-estuary (CR); (e) estuarine upstream (SV). f-h Relative abundance of major bacterial 

phyla during the incubation period after mixing in (f) high saline condition (HSC); (g) mid 

saline condition (MSC) and (h) low saline condition (LSC). 
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Before aging, the port water was dominated by Actinobacteria (53.64%) (Fig. 5.4a). 

After aging, however, the bacterial diversity shifted in the aged port water with α-

proteobacteria (55.19%) and Bacteroidetes (36.36%) being the dominant phyla (Fig. 5.4b). 

In the estuarine stations, the bacterial diversity was dominated by β-proteobacteria (80.04%) 

at DP; α-proteobacteria (55.45%) at CR; and by γ-proteobacteria (36.06%) and 

Bacteroidetes (33.78%) at SV (Fig. 5.4c, d, and e). After translocation, in HSC, the bacterial 

diversity was initially dominated by Bacteroidetes (63.47%) followed by β-proteobacteria 

(19.67%). However, there was a steady increase in Actinobacteria and γ-proteobacteria over 

time (Fig. 5.4f). In MSC, however, the bacterial diversity was dominated by α-proteobacteria 

(40.58%) but subsequently shifted to β-proteobacteria and Bacteroidetes (Fig. 5.4g). The 

bacterial diversity at LSC was initially dominated by Actinobacteria, but a significant 

increase in Bacteroidetes during the later stages of the incubation was evident (Fig. 5.4h). 

Nitrate had a positive influence on all the major taxonomic phyla (Fig. 5.3a). 

 

5.3.2. Saline port water experiment (Experiment II) 

Table 5.4 shows the values of physicochemical parameters and dissolved nutrient 

values in the aged port water, DP, CR, and SV. During the incubation period after 

translocation, the SPM did not vary significantly in HSC and MSC but was low in LSC (79 

± 13 mg l-1)  (Table 5.4). The TOC, however, showed an increasing trend in all the 

conditions. There was a significant increase in PO4 concentration after 5 days of incubation. 

NO3 concentration was high in LSC (7.4 ± 9.4 µM) and low in HSC (5.1 ± 6.4 µM) (Table 

5.4). 

 

Table 5.5 shows the bacterial abundance values before translocation in the aged port 

water and the estuarine locations. After translocation, the TBC reduced by one order of 

magnitude. Within the three conditions, it was high in HSC (3.3 ± 0.7 x106 cells ml-1) and 

low in LSC (8.4 ± 3.6 x105 cells ml-1) during the incubation period. It was positively 

influenced by PO4 during HSC and by nitrate during MSC (Table 5.1), whereas SPM and 

TOC showed a negative correlation with TBC in all three conditions (Fig. 5.3b). TVC-ZMA 

showed an increasing trend in all three conditions and was negatively correlated with nitrate 

in HSC, while TVC-NA were high in LSC (Table 5.5) and were negatively correlated with 

TOC, silicate, and phosphate in HSC (Table 5.1).  
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Table 5.4. Physico-chemical parameters and dissolved nutrients in saline port water (source), aged saline port water, estuarine stations (destination) 

and during incubation period after mixing in HSC, MSC and LSC in experiment II.   

 

 

 

Table 5.4 continued… 
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Table 5.5. Mean (±SD) values of total bacterial count (TBC), total viable marine bacterial count (TVC-ZMA), total viable freshwater bacterial 

count (TVC-NA) and pathogenic bacteria in saline port water (source), aged saline port water, estuarine stations (destination) and during the 

incubation period after mixing in HSC, MSC and LSC in experiment II.   

 

 

 

Table 5.5 continued… 
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Figure 5.5. a-e, Relative abundance of gene copy numbers µl-1 in experiment II of α-

proteobacteria (red), β-proteobacteria (light blue), γ-proteobacteria (dark blue), 

Actinobacteria (yellow), Bacteroidetes (grey) and Firmicutes (purple) in (a) Saline port 

water; (b) Aged saline port water; (c) water from estuarine mouth (DP); (d) mid-estuary 

(CR); (e) estuarine upstream (SV). f-h Relative abundance of major bacterial phyla during 

the incubation period after mixing in (f) HSC; (g) MSC and (h) LSC. 
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There was a significant increase in E. coli O157: H7 abundance in LSC during the 

incubation period. However, both VA and VP were high in HSC (2.5 ± 3.3 x103 CFU ml-1 

and 623 ± 917 CFU ml-1, respectively) (Table 5.5).  VP showed a negative correlation with 

silicate and was positively influenced by nitrate in MSC (Table 5.1). A strong positive 

correlation was observed between nitrate and TVC-ZMA, TVC-NA, and pathogenic 

bacteria (Fig. 5.3b).  

 

The Paradip port water bacterial diversity was initially dominated by α-proteobacteria 

(75.74%) (Fig. 5.5a). However, after aging, the bacterial diversity in the aged port water was 

dominated by γ- and β-proteobacteria (52.63% and 29.72%, respectively) (Fig. 5.5b). In the 

estuarine stations, γ- and α-proteobacteria (36.34% and 31.86% respectively) were dominant 

in DP; Actinobacteria and γ-proteobacteria (49.78% and 36.28% respectively) in CR; and 

β-proteobacteria in SV (51.26%) (Fig. 5.5c, d, and e). After the translocation, the bacterial 

diversity was initially dominated by α-proteobacteria (76.73%) in HSC. However, 

Bacteroidetes (78.11%) were abundant by day 4 of incubation. There was a steady increase 

in β- and γ-proteobacteria throughout the incubation period, which eventually dominated the 

bacterial diversity along with Actinobacteria (Fig. 5.5f). In MSC, γ-proteobacteria (78.65%) 

were dominant, while β-proteobacteria showed a steady increase, eventually dominating the 

bacterial diversity (Fig. 5.5g). In LSC, the bacterial diversity was initially dominated by 

Bacteroidetes (52.9%) and γ-proteobacteria (38.59%). Similar to MSC, β-proteobacteria 

increased significantly and dominated the bacterial diversity (73.46%) by the end of the 

incubation period (Fig. 5.5h).  

 

5.3.3.  Freshwater port water experiment (Experiment III) 

Table 5.6 shows the physicochemical and dissolved nutrient values during 

experiment III. After translocation during the incubation period, the SPM, which was 199 

mg l-1 increased significantly in all the conditions and was 403 ± 55 mg l-1, 299 ± 108 mg l-

1, and 213 ± 33 mg l-1 in HSC, MSC, and LSC respectively. TOC increased significantly and 

was high in LSC (4.6 ± 1.8 mg l-1; Table 5.6). NO3 concentration was particularly high in 

the aged port water (82.59 µM) before the translocation and was high in MSC (23.9 ± 5 

µM), and LSC (23.8 ± 3 µM) during the incubation period after translocation (Table 5.6).  

 

Table 5.7 shows the bacterial abundance in the aged port water and the estuarine 

stations before the translocation. After translocation, the TBC reduced by one order of 
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magnitude and was high in HSC (2.5 ± 0.7 x106 cells ml-1) and low in LSC (2.3 ± 0.6 x106 

cells ml-1). However, it increased over time in all the conditions during the incubation period. 

SPM and TOC showed a negative correlation with TBC in all three conditions (Fig. 5.3c). 

There was a significant increase in both TVC-ZMA and TVC-NA, which were high in HSC 

(1.1 ± 1 x104 CFU ml-1 and 3.5 ± 4 x103 CFU ml-1, respectively) during the incubation 

period. During the incubation period, E. coli O157: H7 and total coliforms (TC) thrived in 

lower salinities and showed a weak positive correlation with NO3 (Fig. 5.3c). VA was also 

high in LSC, whereas VP and Vibrio cholerae (VC) were high in HSC (Table 5.7). A 

negative correlation between SPM and VA during LSC was observed (Table 5.1), whereas 

VC showed a positive correlation with SPM (Fig. 5.3c). 

 

The Kolkata port water bacterial diversity was initially dominated by Actinobacteria 

(59.96%) (Fig. 5.6a). After aging, the bacterial diversity in the aged port water was 

dominated by Bacteroidetes (72.06%) (Fig. 5.6b), while in the estuarine stations, the 

bacterial diversity in DP and CR were dominated by Bacteroidetes (62.24% and 75.44% 

respectively) and by γ-proteobacteria in SV (67.92%) (Fig. 5.6c, d, and e). During the 

incubation period, γ-proteobacteria (75.62%) were dominant in HSC, while a steady increase 

in α- and β-proteobacteria was observed over time. Firmicutes, in HSC, did not vary 

significantly during the whole course of the experiment (~13.5%) (Fig. 5.6f). In MSC, the 

bacterial diversity was also dominated by γ-proteobacteria (71.75%) initially but decreased 

subsequently with an increase in the abundance of α-proteobacteria (41.09%) and 

Bacteroidetes (34.58%), which dominated the bacterial diversity by the end of the incubation 

period (Fig. 5.6g). In LSC, α-proteobacteria (86.23%) was dominant initially after the 

translocation. However, it was later dominated by Firmicutes and Bacteroidetes (Fig. 5.6h). 

TOC had a positive influence on Bacteroidetes, Firmicutes, Actinobacteria, and β-

proteobacteria, whereas α- and γ-proteobacteria were positively influenced by SPM (Fig. 

5.3c).  
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Table 5.6. Physico-chemical parameters and dissolved nutrients in freshwater port water (source), aged freshwater port water, estuarine stations 

(destination) and during incubation period after mixing in HSC, MSC and LSC in experiment III.    

 

 

 

Table 5.6 continued… 
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Table 5.7. Mean (±SD) values of total bacterial count (TBC), total viable marine bacterial count (TVC-ZMA), total viable freshwater bacterial 

count (TVC-NA) and pathogenic bacteria in freshwater port water (source), aged freshwater port water, estuarine stations (destination) and during 

the incubation period after mixing in HSC, MSC and LSC in experiment III. 

  

 

Table 5.7 continued… 
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Figure 5.6. a-e, Relative abundance of gene copy numbers µl-1 in experiment III of α-

proteobacteria (red), β-proteobacteria (light blue), γ-proteobacteria (dark blue), 

Actinobacteria (yellow), Bacteroidetes (grey) and Firmicutes (purple) in (a) Freshwater port 

water; (b) Aged freshwater port water; (c) water from estuarine mouth (DP); (d) mid-estuary 

(CR); (e) estuarine upstream (SV). f-h Relative abundance of major bacterial phyla during 

the incubation period after mixing in (f) HSC; (g) MSC and (h) LSC. 
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5.4.  Discussion 

The present study attempted to mimic the process of ballast water discharge using 

microcosm experiments. The aging of port water in the dark simulated the conditions in the 

ballast water tanks during a voyage. Previous studies have reported BWE is effective during 

longer duration (15 days to several months) voyages (Van Der Meer, 2012). In the present 

study, the aging of the port water in the dark for 30 days resulted in an absolute shift in the 

bacterial diversity with an increase in bacterial clades better adapted to the stress. The study 

was conducted using qPCR technique, which has been widely used to assess the bacterial 

diversity by overcoming the disadvantages of standard culture techniques, thus including 

the viable but not culturable (VBNC) segment of bacteria. 

 

5.4.1.  Hypersaline port water experiment (Experiment I) 

The aging of the port water in the dark caused a decrease in the total bacterial count 

(TBC) and also resulted in the shift of dominant bacteria in the bacterial diversity from 

Actinobacteria to α-proteobacteria, which are known to grow in aphotic deep ocean areas 

(Orcutt et al., 2011). The bacteria (TBC) in this aged hypersaline port water, when 

translocated to the estuarine mouth (DP), mid estuary (CR), and upstream (SV), preferred 

high saline condition (HSC) (Table 5.3), which could be due to higher stress on the bacteria 

when the aged port water is translocated to lower salinity estuarine water. However, after 

the initial shock following the translocation, the TBC continued to increase throughout the 

incubation period in all three conditions. In addition to TBC, VA, and γ-proteobacteria 

preferred higher salinity where low NO3 concentrations were detected, and NO2 

concentrations showed an increasing trend. γ-proteobacteria (which include VA) have been 

known to play a major role in nitrate reduction in marine systems (Philippot, 2005), which 

could have led to the reduction of NO3 to NO2. Most of the viable bacteria, including the 

pathogenic strains (VA, VP, and TC), were positively influenced by SPM (Fig. 5.3a). The 

influence of SPM on both autochthonous and allochthonous bacteria has already been 

illustrated (Khandeparker et al., 2017a). SPM not only provides essential nutrients but also 

harbors attached bacteria that contribute to the bacterial diversity. Additionally, it provides 

protection from UV radiation and predation, which is beneficial when such organisms are 

discharged into a new environment from ballast water tanks. Bacteria attached to the SPM 

are metabolically more active and are more resistant to environmental changes (Iriberri et 
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al., 1987).  Hence, SPM can influence the bacterial load (especially pathogens) and aid in 

their survival during stressed conditions in the aquatic systems. 

 

The bacterial diversity changed significantly over time in all three conditions. γ-

proteobacteria preferred high salinity, whereas β-proteobacteria were dominant in the mid 

saline range. This is in congruence with a similar study on biofilm bacteria from coastal port 

environments (Hede and Khandeparker, 2018), and a similar pattern was observed in a study 

along a salinity gradient in Zuari estuary, India (Eswaran and Khandeparker, 2017). They 

were positively influenced by NO3 but negatively by PO4 concentrations (low in HSC) (Fig. 

5.3a). A study reported that many phosphate solubilizing bacteria (PSB) belong to β-

proteobacteria (Shuo et al., 2010), which were dominant in mid saline condition. It is 

possible that PSB were low in HSC due to which the PO4 concentrations were low in that 

condition. Additionally, most pathogenic groups belong to γ-proteobacteria, whose 

contribution to the bacterial diversity in LSC was minimal. Although they were present in 

the upstream location (SV), the addition of hypersaline port water could have led to 

additional stress on the prevailing bacterial diversity, which could not cope with the stress 

after translocation. The bacterial diversity was not only different in different saline 

conditions, but the response of certain phyla to salinity stress was also different. Hence, the 

response of the aged bacterial diversity from ballast tanks when exchanged in the open ocean 

during BWE will depend to a great extent on the source of the ballast water and its ability 

to tackle the salinity stress. In the present study, when the aged water from the hypersaline 

port was translocated into low saline water from estuary (LSC), the change in bacterial 

diversity was significant. This change was expected since the change in salinity is highest 

in LSC.  

 

5.4.2.  Saline port water experiment (Experiment II) 

As a result of aging in the dark, the TBC increased, and the bacterial diversity also 

showed a distinct change where the dominance shifted from α- proteobacteria to γ- 

proteobacteria. When the aged saline port water was translocated into the water from DP, 

CR, and SV, the resultant salinity changed, especially in LSC (aged saline port water 

translocated to water from upstream location), leading to a significant decrease in TBC 

(Table 5.5). However, both TVC-ZMA and TVC-NA persisted in the change in salinity after 

translocation. Similar to the trend observed in experiment I, the TVC-ZMA were high in 

HSC, whereas TVC-NA were high in LSC. They were negatively correlated with TOC and 
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PO4. However, interestingly in LSC, although TVC-NA were high, there was no significant 

decline in TVC-ZMA. The marine bacteria in the aged saline port water could cope with the 

stress caused by the change in salinity. Vibrio spp. were higher than other pathogenic strains 

in all three conditions. Additionally, γ-proteobacteria, which include Vibrio sp., were also 

prevalent in all the conditions. The versatility and adaptability of Vibrio sp. is well 

documented as they are euryhaline. In fact, toxicogenic Vibrio cholerae are known to 

survive a wide range of salinity (McCarthy, 1996). They could not only be free-living but 

also be associated with plankton and particulate matter. Pathogenic bacteria are known to be 

associated with plankton (Khandeparker et al., 2015), which protects the bacteria from 

predator feeding and harsh environmental changes. 

 

The bacterial diversity in HSC was initially dominated by α-proteobacteria and 

Bacteroidetes. However, with an increase in the incubation time after translocation, β-, γ-

proteobacteria, and Actinobacteria dominated the bacterial diversity. Similarly, the bacterial 

diversity in lower salinity ranges (MSC and LSC) were also dominated by β- and γ-

proteobacteria. This increase in β-proteobacteria was accompanied by a significant increase 

in the PO4 concentrations. The role of β-proteobacteria in phosphate solubilization is well 

documented (Shuo et al., 2010) and was evident in both these salinity conditions, where they 

could dominate the bacterial diversity. They were distinctly different from that of 

hypersaline water. Proteobacteria, in this experiment showed a weak negative correlation 

with NO3 and were positively influenced by NO2. Proteobacteria are known to play an 

important role in dissimilatory nitrate reduction (Bru et al., 2007). NO3 concentrations were 

comparatively less, which stresses the importance of nitrate reducers in determining the 

community structure in response to the environmental stress. Under favorable conditions, 

such mechanisms provide the bacteria additional leverage to establish and colonize a non-

indigenous environment disrupting the local ecosystem. 

 

5.4.3.  Freshwater port water experiment (Experiment III) 

The aging of the port water resulted in the shift of bacterial diversity from 

Actinobacteria to Bacteroidetes (known to degrade complex organic matter) and Firmicutes 

(known for spore-forming ability), in addition to an increase in the total bacterial count 

(TBC). The translocation of this aged freshwater port water showed significantly contrasting 

results compared to the marine port water experiments. TVC-NA from the aged freshwater 

port water, unlike those from the previous experiments (aged hypersaline and aged saline 
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port water), were high at higher salinities. Port ecosystems are different from other coastal 

ecosystems, given the high intensity of anthropogenic perturbations. The shipping activity, 

and in turn, the ballast water uptake and discharge are high in port areas. Moreover, Kolkata 

port is a freshwater port, unlike the hypersaline Kandla and saline Paradip ports. It receives 

continuous inputs from the Hooghly River (Sinha et al., 1996), and the bacterial diversity 

from the freshwater port ecosystem (Kolkata port) was able to resist the salinity stress better 

than that of the hypersaline and saline port. Hence, the freshwater bacteria from the Kolkata 

port seemed to withstand the translocation into high saline condition. Additionally, Vibrio 

spp. were not observed in the aged port water and the estuarine stations, except for VA in 

the upstream estuarine station. However, after translocation, they were observed in all three 

conditions, especially HSC. Adaptation of Vibrio spp. to high salt concentration has 

increased their chances of survival under environmental stresses (Kalburge et al., 2014). 

Vibrio spp. are euryhaline and were able to cope with the salinity shock during the 

translocation experiment. They are known to be stable for long periods of time in ballast 

water tanks, although their viability might decrease once introduced to new environments 

(McCarthy, 1996). The bacteria could have been in a dormant condition until translocation 

into a suitable environment and, under favorable conditions, they carry the potential to have 

a direct impact on human health.  

 

The bacterial diversity in the aged port water was dominated by Bacteroidetes (Fig. 

5.6b). Bacteroidetes can be found in diverse marine habitats, including coastal and offshore 

waters. They are one of the most abundant bacterial phyla in coastal ecosystems aided by 

their ability to degrade complex organic matter (González et al., 2008). But the translocation 

into estuarine water has revealed that Proteobacteria were more resilient to the salinity 

change and hence were dominant after translocation. HSC was dominated by β- and γ-

proteobacteria, whereas α - and γ-proteobacteria were dominant in mid saline range. 

Although a similar pattern in their distribution was observed in the hypersaline and saline 

water bacterial diversity, the influence of distinctly different environmental factors could be 

due to the presence of region-specific Proteobacterial clades. In lower salinity, however, 

Firmicutes and Bacteroidetes were dominant. Firmicutes are generally not considered 

marine organisms (Yilmaz et al., 2016); hence they flourished in LSC. Additionally, the 

contribution of Bacteroidetes to the bacterial diversity in upstream location (SV) was 

minimal, so the contribution of this phylum to the bacterial diversity in LSC could be 

majorly from the port water, and they showed a strong positive correlation with TOC. Since 



 

123 

 

they are known for their ability to degrade complex organic matter (González et al., 2008), 

high TOC may have aided in the proliferation of this phylum.  

 

Coliforms (TC and E. coli O157: H7) were observed in LSC and generally preferred 

lower salinity. Coliforms are allochthonous and are less tolerant to salinity change. They are 

known to proliferate in low saline conditions (Karbasdehi et al., 2017). Rapid salinity change 

could cause cell inactivation (Hughes, 2003). However, they were detected in higher salinity 

ranges in all three experiments. It seems that with the reduced culturability, they could reach 

a resting stage and proliferate under suitable conditions. Studies have also reported an 

increase in antibiotic resistance of pathogenic bacteria during incubation in ballast water 

tanks (Altug et al., 2012).  

 

5.4.4.  Bacterial community response to salinity stress 

The β- and γ-proteobacteria from aged hypersaline port water (Experiment I) 

preferred high to mid saline condition after translocation (HSC and MSC), whereas α-

proteobacteria preferred LSC (Fig. 5.4f, g, and h). However, in the aged saline port water 

experiment (Experiment II), β- and γ-proteobacteria preferred mid to low salinity conditions 

(MSC and LSC) after translocation. The β- and γ-proteobacteria in aged freshwater port 

water (Experiment III) preferred HSC, whereas α-proteobacteria preferred MSC. No 

confirmed relationship can be established for the abundance of β- and γ-proteobacteria in 

response to salinity stress. Each phylum proliferated in different salinity conditions in all 

three experiments. Additionally, the bacterial diversity in each experiment was influenced 

by different physicochemical factors. Despite their ubiquity, the species comprising these 

phyla could be different and occupy a highly specific niche in each geographical location, 

and the species composition could be region-specific, which could explain the different 

responses to salinity stress in each experiment. Additionally, CCA triplots showed a 

grouping of all the major phyla comprising the bacterial diversity (Fig. 5.3). This could mean 

that instead of each individual bacterial clade reacting to the environmental stress after 

translocation, they tackle the stress as a community. 

 

The environmental factors affecting the microbiota were also very different. Hence, 

the composition of the bacterial community was heavily driven by environmental settings. 

The dispersal and bioinvasive potential of these microbes is heavily controlled by 

environmental factors, which is in accordance with the Baas Becking hypothesis, which 
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states that “everything is everywhere, but the environment selects.” Since the introduction 

of bacteria into a new environment in comparison to higher organisms is tougher to observe, 

it is important to identify the key environmental factors that could aid in the establishment 

of non-indigenous bacteria. Although salinity is a critical parameter in determining the 

bacterial diversity at a given location, the cumulative effect of other factors, in particular, 

the nutrient dynamics, could play a major role in determining the bacterial diversity which, 

could be useful in devising ballast water treatment mechanisms that could prove better than 

BWE. 

 

5.5.  Conclusions 

The aging of port waters (hypersaline, saline, and freshwater) in the dark condition 

resulted in a shift in the bacterial diversity.  Although there was a change in the bacterial 

diversity in all three experiments after translocation, due to the initial salinity shock, the 

resultant bacterial diversity after prolonged incubation withstood the salinity stress over 

time. But the effect of the salinity stress was distinctly different among the bacterial phyla, 

which allowed the proliferation of a few bacterial clades well-equipped to withstand the 

stress. The bacteria from the freshwater port could withstand the salinity stress better than 

that from the hypersaline or saline ports. In freshwater port water, Bacteroidetes, which are 

known to degrade a wide range of organic matter, proliferated after the aging. Further, when 

this aged port water bacteria were translocated into estuarine water with different salinities, 

the initial osmotic stress resulted in a shift in the bacterial diversity with α- and γ- 

proteobacteria as the dominant species. However, after prolonged incubation, Bacteroidetes 

and Firmicutes (which includes bacteria with specific endospore forming capability) 

proliferated, in the lower salinities, whereas γ- Proteobacteria generally preferred higher 

salinity.  

 

Thus, the risk of bioinvasion and the extent of success or failure of the introduced 

bacteria does not solely depend on the source of the ballast water (hypersaline, saline and 

freshwater) but also on the environmental conditions, ecological health, and resident biota 

of the recipient coastal port. This also holds true in terms of BWE, where the efficacy does 

not depend only on the source of the ballast water but also on the environmental settings at 

the point of BWE. Further studies should focus on the functional diversity of the 

microbiome. Understanding the important metabolic functions could be key in identifying 

methods to reduce the risk of ballast water mediated bioinvasion.  
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Summary 

 

Bacteria are an integral component of the pelagic microbial planktonic community 

in the coastal waters and play crucial roles in biogeochemical cycling and trophic dynamics 

(Azam et al., 1983). They have been used for decades as indicators of various anthropogenic 

perturbations that influence the coastal and marine environments, since such an interference 

can have a profound, unprecedented effect especially on the marine microbial structure and 

function (Khandeparker et al., 2017b). One such impact of the anthropogenic influence on 

the aquatic environments and the biota which has taken precedence in recent years is ballast 

water mediated marine bioinvasion. Bacteria especially, are translocated in higher numbers 

when compared to other higher organisms through ballast water. Owing to their abundance, 

and life characteristics, they possess a great capacity to invade and cause detrimental effects 

in new environments (Drake et al., 2007) 

  

Coastal port waters are hotspots for marine bioinvasion and understanding the 

dynamics of the bacterial diversity in the ports is vital. This study comprehensively 

elucidated the unique bacterial community structure (BCS) in port environments (New 

Mangalore port [NMPT] and Haldia port [HDC]). IonTorrent PGMTM, a next generation 

sequencing approach was used, which includes the viable but not culturable (VBNC) 

segment of bacteria and has been pivotal in a comprehensive and holistic understanding of 

the bacterial diversity as compared to culture-based techniques, since more than 99% of the 

bacteria are unculturable. A distinct seasonal effect was observed in the BCS at both the 

ports. At NMPT, there was a significant increase in benthic bacteria during pre-monsoon, 

whereas the onset of south-west monsoon was characterized by an increase in pathogenic 

bacteria and PAH degraders. The BCS at HDC was more diverse and the richness was also 

higher than NMPT. During pre-monsoon, halophilic and halotolerant bacterial species, 

presumably non-native to the freshwater environment were observed. Whereas, during 

SWM there was distinct domination of hydrocarbon degrading organisms. Species such as 

Primorskyibacter sedentarius, Aesturiibacter halophilus, Tenacibaculum sp., Haliea sp., 

and Nocardioides sp., at NMPT and Oceanicola litoreus, Donghicola sp., and 

Hydrogenophaga intermedia, at HDC, have been observed in this study for the first time 

and have not previously been reported in Indian coastal waters. This study points out that 

the dynamics of the prevalent environmental conditions result in the emergence of 
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ecologically relevant bacterial taxa. Their presence could be used as indicators of the 

prevailing environmental conditions in the port ecosystems.  

 

In addition to the seasonal changes, anthropogenic perturbations also influence the 

native bacterial community in the port waters. In view of this, field observations during the 

ballast water discharge at New Mangalore port (west coast of India) were carried out. The 

assessment of the abundance of major bacterial phyla which was assessed using quantitative 

PCR technique revealed a distinct effect of the added inoculum from the ballast water on the 

native bacterial diversity. Before BWD, the dominant phyla at the port were Actinobacteria, 

β- and γ-proteobacteria. However, Bacteroidetes and γ-proteobacteria were abundant 

immediately after BWD, suggesting the importance of inoculation at the port. Bacteroidetes, 

a phylum which includes several pathogens, were present in the ballast water and increased 

in the port waters during the course of ballast discharge. Furthermore, an increase in certain 

bacterial phyla at the end of the deballasting process was observed and the shifts in the 

bacterial community was significant. This shift in the bacterial diversity can alter the 

functional characteristics of the port. If the species comprising these phyla include 

pathogenic strains, they could have adverse effects on the marine life and also on human 

health.  

 

 In order to reduce the risk of bioinvasion in coastal port environments through ships’ 

ballast water, the International Maritime Organization (IMO) has put forth certain 

guidelines. Mid-ocean exchange is one of the important practices followed by cargo ships 

worldwide, which requires them to exchange at least 95% of coastal water with open ocean 

water so as to release the organisms into an environment with non-ambient salinity to reduce 

the undesirable bacterial load. The change in salinity is expected to be detrimental to coastal 

species. An attempt to understand the influence of salinity stress on bacterial communities 

was made through the use of microcosm experiments. Surface water samples from coastal 

ports with varied salinity conditions (hypersaline, saline and freshwater) were collected, and 

aged in the dark for 30 days to simulate the ballast water tank conditions. These aged port 

waters were then translocated into waters collected from different areas (salinity gradient) 

of an estuary followed by incubation in laboratory conditions. Examination of the changes 

in the bacterial diversity revealed that culturable marine bacteria, and Vibrio spp. including 

γ- proteobacteria preferred higher salinity, whereas culturable freshwater bacteria including 

coliforms in conjunction with α-, β- proteobacteria, Bacteroidetes and Firmicutes preferred 
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lower salinity. The bacterial community from the freshwater port could withstand the 

salinity stress better than that from the hypersaline or saline ports. It seems that the risk of 

bioinvasion and the extent of success or failure of the introduced bacteria does not solely 

depend on the source of the ballast water but also on the environmental conditions, 

ecological health and resident biota of the recipient coastal port. This also holds true in terms 

of ballast water exchange (BWE), where the efficacy of BWE, does not depend only on the 

source of the ballast water but also the environmental settings at the point of ballast water 

exchange (Open Ocean). Hence the key factors influencing the bacterial communities could 

be region-specific. Recognising these factors would be valuable in developing strategies to 

reduce biological invasions.  

 

An important aspect that needs consideration in marine bioinvasion is understanding 

the changes in the bacterial diversity inside the ballast water tanks during a voyage. Such 

observations, provide an insight on the response of bacteria to the dark and harsh conditions 

in the ballast tanks. This further helps in understanding the fate of the native microbiome 

when the modified bacterial communities from the ballast water tanks are introduced into 

the port area through ballast water. In view of this, a trans-sea voyage from Visakhapatnam 

port, located along the east coast of India (Bay of Bengal) to Mumbai port, located along the 

west coast of India (Arabian Sea) was undertaken during which the bacterial diversity in the 

ballast water tanks was assessed. Petersen et al. (2019) indicated that the bacterial activity 

rather than the abundance provides a more meaningful insight regarding bacteria while 

examining the effects of ballast water treatment. Hence, an attempt to predict the functional 

diversity and the expression of core metabolic functions was also made using the same 

datasets. The bacterial community in the ballast water was significantly different when 

compared to the source or destination (natural sea water) of the ballast water. The BW tank 

conditions led to a decrease in photoautotrophs and non-spore forming bacteria. On the other 

hand, biofilm forming and antibiotic producing bacteria, nutrient limiting condition 

sustaining bacteria, and those capable of synthesizing enzymes prerequisite for active 

metabolism under stress, increased over time. The diversity and richness were also higher 

in the ballast water samples than the natural sea water sample. The shift in the bacterial 

community is governed by the ability of the bacteria to cope with the stress through 

mechanisms that could aid in their survival and allow them to compete with the other 

members of the microbiome. This was evident from the metabolic functional prediction of 

the bacterial community that revealed a significant increase in the core metabolic functions 
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which enabled the survival of such bacteria. Culturable pathogenic indicator bacteria like V. 

cholerae and E. coli O157: H7 were not observed in the BW, although sequencing of the 

environmental metagenome revealed the presence of other pathogenic species which were 

higher during the mid-voyage period than at the end of the voyage. This suggests that voyage 

time can influence pathogenic bacterial community. The bacterial diversity was significantly 

different at the source and destination of ballast water. Its discharge into a non-indigenous 

environment could lead to unprecedented outcomes. 

 

Overall, this study assessed the effects of seasonal changes on the port bacterial 

community and the influence of environmental factors, especially salinity, in driving the 

changes in the bacterial community. This study also elucidated the changes in the bacterial 

diversity in the ballast tanks during a voyage and the effects of ballast water discharge on 

the native microbiome, in the Indian port waters. The use of molecular, culture-independent 

tools has been instrumental in understanding the bacterial community dynamics in the 

marine ecosystems, both in the coastal ports and inside ballast water tanks and their response 

to changes in various biotic and abiotic factors. Future studies should focus on the functional 

aspect of the bacterial community through the use of metabolomics and metaproteomics. 

Understanding the crucial metabolic and genetic functions of the bacterial community in 

various aquatic ecosystems is crucial in reducing the risk of marine bioinvasion and is a way 

forward.  
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Appendix I. OTU abundance of (a) Family; (b) Genus and; (c) Species from NMPT. 

a. Family PrM SWM 

Inner port Outer port Inner port Outer port 

Acetobacteraceae 5 0 3 0 

Acholeplasmataceae 266 103 831 50 

Acidimicrobiaceae 576 631 1950 110 

Aerococcaceae 0 0 51 122 

Aeromonadaceae 10 81 0 0 

Alcaligenaceae 13 18 32.5 9 

Alcanivoracaceae 3142 1810 3514 1453 

Alkalimonas 9 0 0 8 

Alteromonadaceae 30818 29936 10779 5455 

Alteromonadales genera incertae sedis 225 580 16 7 

Anaplasmataceae 0 0 35 12 

Ardenticatenaceae 10 0 7 17 

Arenicellaceae 0 12 0 0 

Bacillaceae 19 12 513 20 

Bacillales incertae sedis 0 44 0 24 

Bacteriovoracaceae 38 6 14 0 

Bacteroidetes Order III. Incertae sedis 0 0 4 0 

Bartonellaceae 0 0 15 0 

Bradyrhizobiaceae 5 0 0 0 

Brevibacteriaceae 0 0 11 0 

Brucellaceae 78 45 300 28 

Campylobacteraceae 0 0 17 19 

Candidatus Brocadiaceae 340 607 40 15 

Cardiobacteriaceae 0 0 7 0 

Carnobacteriaceae 66 18 89 189 

Caulobacteraceae 0 13 0 0 

Chitinophagaceae 179 247 161 28 

Chromatiaceae 87 136 16 0 

Chromobacteriaceae 0 0 0 58 

Clostridiaceae 6 6 3 6 

Clostridiales Family XI. Incertae Sedis 5 6 12 0 

Colwelliaceae 443 847 144 279 

Conexibacteraceae 0 28 59 0 

Coriobacteriaceae 193 269 246 35 

Corynebacteriaceae 0 27 0 0 

Coxiellaceae 13 0 0 0 

Cryomorphaceae 1836 1480 2433 1840 

Cryptosporangiaceae 11 5 16 5 

Cytophagaceae 1216 1535 669 279 

Dehalococcoidaceae 0 0 4 0 

Deinococcaceae 0 0 12 0 

Demequinaceae 154 190 0 0 

Desulfohalobiaceae 0 9 0 0 

Desulfovibrionaceae 5 5 43 0 

Desulfurellaceae 7 15 0 0 
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Desulfuromonadaceae 0 0 23 9 

Ectothiorhodospiraceae 35 58 37 8 

Enterobacteriaceae 348 5 29 36 

Enterococcaceae 139 83 410 1510 

Erysipelotrichaceae 0 0 86 0 

Erythrobacteraceae 63 59 4 21 

Eubacteriaceae 0 0 40 0 

Euzebyaceae 6 11 16 0 

Ferrimonadaceae 171 214 55 40 

Flammeovirgaceae 36 70 29 13 

Flavobacteriaceae 16451 13193 13371 8671 

Francisellaceae 0 0 16 488 

Frankiaceae 5 0 147 0 

Gemmatimonadaceae 5 5 0 0 

Geobacteraceae 121 164 490 38 

Geodermatophilaceae 0 0 15 6 

Gloeobacteraceae 18 52 107 187 

Hahellaceae 135 99 500 187 

Halobacteroidaceae 0 0 6 0 

Halomonadaceae 94 51 22 0 

Haloplasmataceae 0 0 6 0 

Halothiobacillaceae 0 0 3 0 

Helicobacteraceae 0 0 4 0 

Hyphomicrobiaceae 171 124 184 101 

Hyphomonadaceae 680 670 197 107 

Iamiaceae 0 0 3 0 

Idiomarinaceae 54 48 43 13 

Jiangellaceae 0 5 0 0 

Kiloniellaceae 72 40 0 6 

Kineosporiaceae 25 30 108 25 

Kofleriaceae 0 0 9 8 

Kopriimonadaceae 8 13 3 0 

Kordiimonadaceae 25 85 0 0 

Lactobacillaceae 292 286 170 534 

Legionellaceae 1114 1031 222 79 

Lentisphaeraceae 62 122 346 57 

Leuconostocaceae 426 336 171 494 

Magnetococcaceae 5 0 23 0 

Marinilabiliaceae 0 0 17 10 

Mariprofundaceae 6 0 57 0 

Methylococcaceae 62 0 82 19 

Methylocystaceae 19 131 3 0 

Methylophilaceae 217 86 610 25 

Microbacteriaceae 0 0 3 15 

Micrococcaceae 17 0 0 0 

Microthrixaceae 14 60 10 0 

Moraxellaceae 226 189 83 160 

Moritellaceae 0 0 101 5 

Mycoplasmataceae 29 15 7 5 
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Natranaerobiaceae 0 12 0 0 

Neisseriaceae 0 0 53 484 

Nitriliruptoraceae 0 0 0 6 

Nocardioidaceae 10 13 1153 2034 

Nostocaceae 1813 4116 18283 22023 

Oceanospirillaceae 2649 3738 3156 753 

Oleiphilaceae 82 107 13 0 

OMG group 175 107 276 59 

Opitutaceae 80 103 111 25 

Oxalobacteraceae 51 0 0 0 

Paenibacillaceae 0 0 9 0 

Parachlamydiaceae 29 0 0 0 

Parvularculaceae 0 0 8 0 

Pasteurellaceae 5 239 3 0 

Pelobacteraceae 6 12 0 0 

Peptococcaceae 17 12 7 18 

Peptoniphilaceae 14 12 0 0 

Phormidiaceae 395 212 2965 3923 

Phycisphaeraceae 30 6 0 0 

Phyllobacteriaceae 6 0 17 0 

Piscirickettsiaceae 19 11 640 64 

Planctomycetaceae 194 215 79 38 

Planococcaceae 135 371 4686 4446 

Porticoccus 113 161 71 21 

Prochlorococcaceae 615 304 615 534 

Prochlorotrichaceae 0 0 3 0 

Prolixibacteraceae 11 0 14 8 

Promicromonosporaceae 0 0 0 6 

Propionibacteriaceae 5 6 0 0 

Pseudanabaenaceae 505 367 1521 2716 

Pseudoalteromonadaceae 1947 1970 2865 2134 

Pseudomonadaceae 789 457 241 173 

Psychromonadaceae 0 6 0 0 

Puniceicoccaceae 20 16 22 0 

Rhizobiaceae 5 0 15 0 

Rhodobacteraceae 40228 32139 22756 11419 

Rhodobiaceae 1220 1392 592 303 

Rhodocyclaceae 0 0 5 0 

Rhodospirillaceae 4603 4112 1455 823 

Rhodothermaceae 31 61 90 0 

Rickettsiaceae 0 0 0 37 

Ruminococcaceae 0 0 0 53 

Saccharospirillaceae 20 0 0 0 

Saprospiraceae 177 221 498 280 

Shewanellaceae 1985 1548 1053 577 

Simkaniaceae 0 0 6 7 

Sneathiellaceae 134 133 25 0 

Solibacteraceae 0 5 0 0 

Sphingobacteriaceae 5 0 401 0 
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Sphingomonadaceae 616 692 353 105 

Spirulinaceae 108 133 2733 2340 

Sporichthyaceae 0 6 6 0 

Staphylococcaceae 0 0 30 0 

Streptococcaceae 102 164 153 961 

Streptosporangiaceae 0 12 16 0 

Succinivibrionaceae 60 141 4 0 

Synergistaceae 5 7 16 0 

Syntrophaceae 6 5 0 0 

Syntrophomonadaceae 0 0 34 0 

Thermaceae 0 5 0 0 

Thermoactinomycetaceae 0 6 143 75 

Thioalkalispiraceae 23 36 248 62 

Thiotrichaceae 201 234 23 0 

unclassified Gammaproteobacteria 94 49 90 26 

unclassified Oscillatoriales 117 44 846 219 

unclassified Pseudomonadales 0 0 0 7 

unclassified Thiotrichales 0 0 66 66 

Verrucomicrobia subdivision 3 0 19 40 5 

Verrucomicrobiaceae 145 69 50 21 

Vibrionaceae 579 1236 689 1595 

Victivallaceae 0 0 8 0 

Waddliaceae 0 0 3 0 

Xanthobacteraceae 0 6 0 0 

Xanthomonadaceae 181 71 36 0 

b. Genus PrM SWM PrM SWM 

Inner port Outer port Inner port Outer port 

Acinetobacter 21 0 0 98 

Aestuariibacter 5213 4757 714 95 

Alcanivorax 1272 293 133 205 

Algicola 0 520 0 0 

Aliiglaciecola 0 44 0 0 

Altererythrobacter 5 0 0 0 

Alteromonas 13312 9996 3547 3822 

Anaerospora 0 0 3 0 

Bacillus 19 12 0 0 

Bizionia 39 46 16 0 

Blastomonas 28 45 47 10 

Brevibacterium 0 0 11 0 

Caedibacter 0 0 7 11 

Candidatus Marithrix 0 0 3 0 

Celeribacter 5 0 0 0 

Chromohalobacter 0 0 3 0 

Coccinimonas 0 0 6 5 

Congregibacter 20 22 15 0 

Corallibacter 0 0 10 0 

Corynebacterium 0 27 0 0 

Cycloclasticus 0 0 9 0 

Cytophaga 9 5 0 0 



163 

 

Donghicola 155 67 59 62 

Eionea 144 115 0 0 

Endozoicomonas 9 0 5 5 

Enterobacter 5 0 0 0 

Erythrobacter 58 59 4 15 

Exiguobacterium 0 44 0 24 

Fabibacter 11 23 0 0 

Ferrimonas 6 0 0 7 

Flavobacterium 8 0 3 0 

Flexibacter 28 6 0 0 

Fodinicola 5 5 16 5 

Formosa 2700 1471 1912 1024 

Francisella 0 0 16 473 

Fucophilus 16 15 3 0 

Gilvibacter 6 13 22 23 

Glaciecola 2539 3748 221 28 

Hahella 0 0 183 0 

Haliea 2329 1960 2767 892 

Halomonas 0 0 7 0 

Hellea 211 193 105 12 

Henriciella 28 53 0 0 

Hyphomonas 35 26 19 0 

Idiomarina 54 43 43 13 

Illumatobacter 87 88 0 0 

Ilumatobacter 157 167 841 57 

Jannaschia 0 0 5 0 

Kangiella 76 0 918 383 

Ketogulonicigenium 5 0 4 0 

Kordiimonas 0 47 0 0 

Leisingera 56 332 0 0 

Lentisphaera 0 0 0 5 

Loktanella 36 66 100 54 

Lutibacter 5 0 116 20 

Lutimaribacter 18 6 3 37 

Lutimonas 472 489 165 37 

Lysobacter 0 0 23 0 

Maricaulis 149 189 32 68 

Marinimicrobium 144 106 105 8 

Marinitalea 0 0 58 26 

Marinobacter 208 21 24 74 

Marinobacterium 168 141 78 5 

Marinomonas 0 13 1162 169 

Marinovum 0 69 0 0 

Mariprofundus 0 0 28 0 

Marivita 20 22 0 0 

Massilia 51 0 0 0 

Melitea 9 0 0 0 

Methylotenera 89 32 260 10 

Microbulbifer 78 225 138 15 
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Micrococcus 17 0 0 0 

Moritella 0 0 0 5 

Muricauda 927 1675 272 47 

Nautella 526 1743 140 21 

Neptuniibacter 12 0 3 0 

Neptunomonas 239 842 26 16 

Nereida 21 17 49 78 

Nisaea 133 133 515 64 

Nocardioides 0 0 1118 1964 

Oceanicaulis 5 6 0 0 

Oceanicola 0 0 39 14 

Oceaniserpentilla 0 5 0 0 

Oceanobacterium 0 7 0 0 

Oceanospirillum 25 126 9 0 

Octadecabacter 0 0 276 107 

Oleibacter 416 690 135 55 

Oleiphilus 48 37 10 0 

Paracoccus 0 18 0 0 

Pelagibaca 0 18 0 0 

Phaeobacter 19 132 0 0 

Photobacterium 207 189 188 85 

Polaribacter 188 225 505 769 

Ponticoccus 138 0 0 0 

Primorskyibacter 5943 4370 2964 766 

Prochlorococcus 558 271 479 175 

Pseudoalteromonas 1203 809 1601 1436 

Pseudomonas 135 44 17 0 

Pseudoruegeria 47 92 260 245 

Psychroserpens 0 0 3 0 

Psychrosphaera 49 29 61 54 

Rhodovulum 17 19 106 0 

Roseicyclus 0 0 191 25 

Roseisalinus 0 0 72 0 

Roseivivax 0 10 7 7 

Roseobacter 452 191 45 109 

Roseovarius 94 227 104 88 

Rubripirellula 0 0 32 9 

Ruegeria 43 139 26 0 

Salinihabitans 12 113 25 5 

Salinimonas 0 10 0 0 

Salinivibrio 0 187 0 0 

Sediminimonas 12 0 0 0 

Sediminitalea 5 0 0 0 

Shewanella 101 91 139 146 

Shimia 438 1011 519 215 

Silicibacter 0 0 3 0 

Simiduia 6 0 0 0 

Sphingobium 0 0 12 0 

Spongiibacter 64 0 5 5 



165 

 

Sulfitobacter 476 518 457 370 

Tamlana 50 0 14 0 

Tateyamaria 0 0 176 38 

Tenacibaculum 3343 1883 1404 908 

Terasakiella 0 75 0 0 

Teredinibacter 37 28 0 0 

Thalassobius 88 269 414 287 

Thalassococcus 79 40 13 0 

Thalassomonas 302 312 54 166 

Thalassotalea 29 12 0 6 

Thioprofundum 23 36 160 54 

Thiothrix 0 0 18 0 

Tropicibacter 0 5 0 0 

Vibrio 256 743 260 1263 

Vitellibacter 5 7 7 0 

Vogesella 0 0 0 476 

Wandonia 0 0 4 5 

Winogradskyella 0 12 11 23 

Yeosuana 20 0 0 23 

Zobellella 5 0 0 0 

Zooshikella 0 0 0 97 

c. Species PrM SWM PrM SWM 

Inner port Outer port Inner port Outer port 

Acinetobacter baumannii 5 0 0 0 

Acinetobacter baylyi 0 0 0 5 

Acinetobacter junii 5 0 0 0 

Acinetobacter schindleri 0 0 0 5 

Acinetobacter sp. 0 0 0 5 

Aestuariibacter aggregatus 0 1739 0 878 

Aestuariibacter halophilus 54 2332 665 3583 

Aestuariibacter salexigens 23 76 22 74 

Aestuariibacter sp. 0 154 0 0 

Alcanivorax hongdengensis 0 0 0 10 

Alcanivorax jadensis 17 132 18 80 

Alcanivorax pacificus 7 0 0 20 

Alcanivorax sp. 110 6 12 623 

Algicola bacteriolytica 0 284 0 0 

Altererythrobacter epoxidivorans 0 0 0 5 

Alteromonas addita 0 18 0 18 

Alteromonas alvinellae 153 288 105 307 

Alteromonas australica 23 6 22 6 

Alteromonas genovensis 0 50 7 69 

Alteromonas halophila 37 203 14 342 

Alteromonas hispanica 0 5 0 0 

Alteromonas litorea 5 23 7 41 

Alteromonas macleodii 30 211 31 237 

Alteromonas marina 0 16 5 25 

Alteromonas sp. 7 237 28 363 

Alteromonas tagae 5 51 3 67 



166 

 

Anaerospora hongkongensis 0 0 3 0 

Bacillus vietnamensis 0 0 0 19 

Blastomonas natatoria 0 14 27 0 

Celeribacter neptunius 0 0 0 5 

Corynebacterium efficiens 0 27 0 0 

Donghicola eburneus 0 5 0 0 

Donghicola sp. 0 0 8 0 

Endozoicomonas numazuensis 5 0 5 9 

Enterobacter asburiae 0 0 0 5 

Erythrobacter citreus 5 48 4 0 

Erythrobacter flavus 0 6 0 0 

Fabibacter halotolerans 0 23 0 11 

Ferrimonas marina 0 0 0 6 

Formosa agariphila 197 0 279 17 

Formosa algae 83 278 88 445 

Formosa sp. 0 27 3 49 

Francisella sp. 229 0 5 0 

Gilvibacter sediminis 0 13 0 6 

Glaciecola aquimarina 0 1413 109 954 

Glaciecola sp. 0 13 0 0 

Haliea mediterranea 0 0 68 0 

Haliea sp. 628 1042 1845 1379 

Idiomarina fontislapidosi 0 9 9 0 

Idiomarina taiwanensis 0 0 0 6 

Illumatobacter nonamiense 0 88 0 87 

Jannaschia aquimarina 0 0 3 0 

Jannaschia pohangensis 0 0 3 0 

Leisingera aquimarina 0 78 0 17 

Loktanella litorea 9 0 9 0 

Loktanella pyoseonensis 11 33 61 0 

Lutibacter sp. 15 0 46 0 

Maricaulis parjimensis 0 110 0 76 

Marinitalea sucinacia 13 0 15 0 

Marinobacter hydrocarbonoclasticus 12 0 8 55 

Marinobacter maritimus 5 0 0 0 

Marinobacterium marisflavi 0 0 14 0 

Marinobacterium sp. 0 12 0 38 

Marinomonas aquimarina 0 0 13 0 

Marinomonas balearica 5 0 25 0 

Marinomonas communis 7 0 134 0 

Mariprofundus sp. 0 0 19 0 

Methylotenera mobilis 0 0 3 0 

Micrococcus lylae 0 0 0 12 

Nautella italica 21 1715 16 513 

Neptunomonas concharum 0 0 13 0 

Neptunomonas sp. 5 133 5 119 

Nereida sp. 26 17 16 6 

Nocardioides ginsengagri 67 0 50 0 

Nocardioides hwasunensis 88 0 56 0 
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Nocardioides sp. 1328 0 699 0 

Oceanicola litoreus 14 0 39 0 

Oceanospirillum beijerinckii 0 5 0 0 

Oceanospirillum maris 0 15 0 0 

Oceanospirillum sp. 0 5 0 0 

Oleibacter marinus 55 683 135 416 

Oleiphilus messinensis 0 0 5 35 

Pelagibaca bermudensis 0 18 0 0 

Phaeobacter caeruleus 0 119 0 19 

Photobacterium profundum 85 189 188 202 

Polaribacter irgensii 6 0 13 0 

Ponticoccus sp. 0 0 0 117 

Primorskyibacter sedentarius 766 4370 2961 5943 

Prochlorococcus marinus 43 87 46 115 

Pseudoalteromonas arabiensis 29 0 94 0 

Pseudoalteromonas bacterium 0 0 0 13 

Pseudoalteromonas byunsanensis 17 0 10 5 

Pseudoalteromonas lipolytica 246 21 580 17 

Pseudoalteromonas luteoviolacea 55 174 22 279 

Pseudoalteromonas phenolica 0 0 0 9 

Pseudoalteromonas piscicida 0 0 4 0 

Pseudoalteromonas ruthenica 11 9 10 22 

Pseudoalteromonas sp. 21 41 12 73 

Pseudoalteromonas spongiae 479 222 93 412 

Pseudomonas pachastrellae 0 0 3 0 

Pseudomonas sp. 0 26 0 70 

Pseudoruegeria lutimaris 0 6 0 27 

Psychrosphaera aestuarii 18 7 36 12 

Psychrosphaera saromensis 9 5 0 7 

Rhodovulum sp. 0 19 0 12 

Roseivivax halotolerans 7 0 3 0 

Roseivivax isoporae 0 0 4 0 

Roseovarius halocynthiae 0 164 0 17 

Roseovarius indicus 0 0 6 0 

Roseovarius litoreus 32 0 26 0 

Roseovarius sp. 0 8 12 27 

Roseovarius tolerans 0 29 4 23 

Rubripirellula obstinata 0 0 3 0 

Ruegeria faecimaris 0 5 0 0 

Ruegeria intermedia 0 32 0 0 

Ruegeria marina 0 0 8 0 

Ruegeria pomeroyi 0 0 13 0 

Salinihabitans flavidus 5 96 25 12 

Salinivibrio costicola 0 154 0 0 

Sediminimonas qiaohouensis 0 0 0 12 

Shewanella chilikensis 0 0 0 5 

Shewanella sp. 6 27 3 6 

Shimia isoporae 60 836 240 279 

Shimia marina 7 44 4 9 
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Silicibacter lacuscaerulensis 0 0 3 0 

Simiduia areninigrae 0 0 0 6 

Sphingobium olei 0 0 12 0 

Spongiibacter marinus 5 0 5 64 

Sulfitobacter sp. 59 0 113 0 

Tamlana agarivorans 0 0 0 50 

Tateyamaria omphalii 38 0 176 0 

Tenacibaculum amylolyticum 0 0 0 6 

Tenacibaculum skagerrakense 58 159 85 1116 

Tenacibaculum sp. 690 1083 971 1037 

Tenacibaculum xiamenense 0 5 0 0 

Thalassobius aestuarii 0 99 10 41 

Thalassobius gelatinovorus 0 9 0 0 

Thalassobius mediterraneus 0 161 0 40 

Thalassococcus halodurans 0 40 0 79 

Thalassomonas agariperforans 44 33 13 67 

Thalassomonas agarivorans 34 182 10 127 

Thalassomonas ganghwensis 31 34 0 32 

Thalassomonas loyana 0 0 0 5 

Thalassomonas sp. 16 17 0 24 

Thalassotalea loyana 0 5 0 5 

Thioprofundum hispidum 54 31 130 23 

Tropicibacter multivorans 0 5 0 0 

Vibrio aerogenes 0 39 0 25 

Vibrio caribbeanicus 0 64 0 12 

Vibrio chagasii 112 0 0 0 

Vibrio coralliilyticus 0 0 0 7 

Vibrio cyclitrophicus 11 0 0 0 

Vibrio fluvialis 0 0 3 0 

Vibrio fortis 12 0 0 13 

Vibrio halioticoli 5 0 0 0 

Vibrio hangzhouensis 18 0 8 0 

Vibrio neptunius 0 10 0 0 

Vibrio parahaemolyticus 68 10 129 5 

Vibrio plantisponsor 108 0 0 0 

Vibrio vulnificus 0 0 8 0 

Vogesella perlucida 56 0 0 0 

Winogradskyella poriferorum 0 0 5 0 

Zobellella taiwanensis 0 0 0 5 

Zooshikella ganghwensis 97 0 0 0 
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Appendix II. OTU abundance of (a) Family; (b) Genus and; (c) Species from HDC. 

a. Family PrM SWM 

Arm Channel Arm Channel 

Acetobacteraceae 0 0 48 98 

Acidimicrobiaceae 925 501 55 60 

Acidithiobacillaceae 0 0 0 5 

Acidothermaceae 24 17 31 68 

Aeromonadaceae 0 0 36 16 

Alcaligenaceae 12 0 0 0 

Alcanivoracaceae 66 22 485 197 

Algiphilaceae 0 0 41 47 

Alkalimonas 0 0 0 0 

Alteromonadaceae 313 245 405 483 

Anaplasmataceae 0 6 22 0 

Ardenticatenaceae 0 0 0 0 

Aurantimonadaceae 0 6 0 0 

Bacillaceae 0 0 28 46 

Bacillales incertae sedis 168 0 0 0 

Bacteriovoracaceae 0 0 37 0 

Bartonellaceae 0 0 15 0 

Bdellovibrionaceae 0 0 5 0 

Beijerinckiaceae 19 0 0 0 

Bifidobacteriaceae 0 0 159 0 

Bradyrhizobiaceae 22 86 273 0 

Brucellaceae 102 44 0 15 

Burkholderiaceae 181 45 95 99 

Caldicellulosiruptoraceae 0 0 6 6 

Campylobacteraceae 7 31 0 0 

Candidatus Brocadiaceae 0 0 37 18 

Cardiobacteriaceae 0 0 219 65 

Carnobacteriaceae 6 0 0 0 

Caulobacteraceae 351 1383 1870 1278 

Cellulomonadaceae 0 16 0 0 

Chitinophagaceae 0 0 41 0 

Chromatiaceae 70 8 88 35 

Clostridiaceae 0 56 205 5 

Clostridiales Family XI. Incertae Sedis 0 0 11 0 

Cohaesibacteraceae 0 0 0 20 

Comamonadaceae 237 72 1636 3011 

Conexibacteraceae 46 37 0 0 

Coriobacteriaceae 0 6 0 0 

Coxiellaceae 6 5 0 0 

Cryomorphaceae 151 56 59 40 

Cyclobacteriaceae 8 0 117 88 

Cystobacteraceae 0 0 705 5 

Cytophagaceae 55 32 46 0 

Dehalococcoidaceae 0 0 6 0 

Demequinaceae 161 49 38 0 
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Desulfobacteraceae 0 0 7 0 

Desulfovibrionaceae 0 0 0 5 

Dietziaceae 5 0 0 0 

Ectothiorhodospiraceae 59 29 181 126 

Enterobacteriaceae 0 0 31 18 

Enterococcaceae 0 0 0 23 

Erysipelotrichaceae 0 0 11 0 

Erythrobacteraceae 417 157 905 711 

Euzebyaceae 0 22 0 0 

Ferrovaceae 29 41 12 27 

Flammeovirgaceae 0 0 31 5 

Flavobacteriaceae 958 1014 723 418 

Frankiaceae 53 21 72 137 

Gaiellaceae 58 30 48 74 

Geobacteraceae 122 72 0 0 

Geodermatophilaceae 6 11 0 0 

Gloeobacteraceae 255 193 6 5 

Gordoniaceae 0 0 226 112 

Hahellaceae 0 5 13 53 

Halomonadaceae 0 18 27 22 

Helicobacteraceae 5 0 124 13 

Herpetosiphonaceae 0 0 17 0 

Hydrogenophilaceae 0 10 5 17 

Hyphomicrobiaceae 106 103 292 133 

Hyphomonadaceae 0 0 288 412 

Iamiaceae 828 313 381 314 

Idiomarinaceae 0 0 5 0 

Intrasporangiaceae 24 14 26 60 

Kineosporiaceae 228 110 317 318 

Kofleriaceae 0 0 24 0 

Kopriimonadaceae 29 25 0 0 

Lactobacillaceae 15 8 0 0 

Leptospiraceae 0 0 96 0 

Methylobacteriaceae 8 0 0 0 

Methylococcaceae 30 9 56 238 

Methylocystaceae 0 0 41 0 

Methylohalomonas 0 0 8 0 

Methylophilaceae 15 26 11 0 

Microbacteriaceae 1710 745 1014 537 

Micrococcaceae 352 144 146 20 

Microthrixaceae 0 45 0 0 

Moraxellaceae 1130 280 616 558 

Mycobacteriaceae 0 26 168 81 

Mycoplasmataceae 9 0 0 0 

Myxococcaceae 0 0 25 5 

Nakamurellaceae 13 0 21 7 

Nannocystaceae 0 0 5 0 

Nautiliaceae 0 6 6 0 

Neisseriaceae 0 0 7 0 
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Nitrospinaceae 18 0 87 5 

Nitrospiraceae 0 0 5 10 

Nocardioidaceae 382 535 338 330 

Nostocaceae 73 46 39 10 

Oceanospirillaceae 196 474 290 226 

Oleiphilaceae 6 8 0 0 

OMG group 18 10 0 0 

Orbaceae 10 0 0 0 

Oxalobacteraceae 23 28 109 42 

Paenibacillaceae 5 0 0 0 

Pasteurellaceae 0 0 42 18 

Patulibacteraceae 0 0 0 0 

Pelobacteraceae 0 0 0 5 

Peptoniphilaceae 0 0 12 0 

Phycisphaeraceae 0 0 7 0 

Phyllobacteriaceae 16 100 541 99 

Piscirickettsiaceae 16 75 6 20 

Planctomycetaceae 42 14 252 174 

Planococcaceae 57 13 5 0 

Polyangiaceae 0 0 0 5 

Prochlorococcaceae 2273 2565 90 115 

Pseudanabaenaceae 5 0 0 0 

Pseudoalteromonadaceae 268 259 0 0 

Pseudomonadaceae 2012 2564 3796 5241 

Rhizobiaceae 5 89 940 765 

Rhodobacteraceae 10215 12852 2708 2762 

Rhodobiaceae 286 280 507 139 

Rhodocyclaceae 30 32 256 97 

Rhodospirillaceae 146 99 386 89 

Saccharospirillaceae 0 6 0 0 

Shewanellaceae 135 16 63 53 

Sinobacteraceae 196 135 729 589 

Solirubrobacteraceae 40 12 50 36 

Sphingobacteriaceae 5 8 0 0 

Sphingomonadaceae 936 689 3413 2669 

Spirillaceae 0 0 10 0 

Spirulinaceae 138 57 0 0 

Sporichthyaceae 31 34 36 84 

Streptomycetaceae 0 6 0 0 

Streptosporangiaceae 0 5 0 0 

Succinivibrionaceae 60 31 0 0 

Thermaceae 21 0 61 17 

Thermoanaerobacterales Family IV. Incertae Sedis 14 7 0 0 

Thermogemmatisporaceae 0 8 0 0 

Thioalkalispiraceae 21 27 62 54 

Thiotrichaceae 0 5 6 27 

unclassified Burkholderiales 1359 0 213 203 

unclassified Chroococcales 5 0 0 0 

unclassified Gammaproteobacteria 18 21 24 6 
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unclassified Oscillatoriales 0 5 0 0 

unclassified Rhizobiales 0 5 23 8 

Verrucomicrobiaceae 0 0 21 0 

Vibrionaceae 102 0 17 21 

Williamsiaceae 5 0 0 0 

Xanthobacteraceae 5 86 22 15 

Xanthomonadaceae 17 11 488 104 

b. Genus PrM SWM PrM SWM 

Arm Channel Arm Channel 

Aciditerrimonas 0 0 7 0 

Acidovorax 0 0 41 89 

Acinetobacter 968 265 273 216 

Aeromicrobium 329 26 45 0 

Aeromonas 0 0 29 0 

Aestuariibacter 40 37 0 0 

Afipia 12 12 0 0 

Agrococcus 0 10 11 0 

Alcanivorax 11 7 288 158 

Algoriphagus 8 0 117 88 

Alishewanella 0 0 0 0 

Alkalimonas 0 0 0 0 

Alkanibacter 0 23 48 77 

Altererythrobacter 30 13 92 241 

Alteromonas 0 0 0 0 

Amnibacterium 0 0 6 0 

Aquabacterium 0 0 122 86 

Aquimonas 0 0 8 0 

Arcobacter 7 31 0 0 

Arenibacter 0 5 0 0 

Arenimonas 0 0 26 0 

Arthrobacter 0 0 0 0 

Azomonas 0 0 5 0 

Azospirillum 0 0 38 0 

Bacillus 0 0 28 46 

Balneatrix 27 131 0 0 

Bdellovibrio 0 0 5 0 

Blastomonas 33 0 0 0 

Bosea 0 35 8 0 

Brachymonas 0 0 36 0 

Bradyrhizobium 0 0 13 0 

Brevundimonas 181 488 775 313 

Caldimonas 0 0 56 140 

Candidatus Aquiluna 807 303 287 157 

Candidatus Marithrix 0 5 0 0 

Caulobacter 0 300 61 103 

Cellvibrio 0 0 93 0 

Chryseoglobus 0 0 18 35 

Chryseomicrobium 0 0 0 0 

Citreicella 0 0 0 0 
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Comamonas 0 0 0 0 

Croceicoccus 0 0 0 6 

Curvibacter 0 0 16 6 

Defluviimonas 0 0 7 35 

Delftia 0 0 0 0 

Derxia 12 0 0 0 

Devosia 0 0 106 20 

Dietzia 5 0 0 0 

Donghicola 495 828 75 207 

Enhydrobacter 0 0 15 7 

Enterobacter 0 0 0 0 

Erythrobacter 155 77 443 171 

Erythromicrobium 56 10 34 42 

Euzebya 0 12 0 0 

Exiguobacterium 168 0 0 0 

Flavobacterium 86 0 390 0 

Fluviicola 0 0 8 0 

Gaetbulicola 0 23 0 0 

Gaiella 0 0 0 15 

Gemmobacter 38 0 22 19 

Geodermatophilus 0 11 0 0 

Gillisia 0 0 0 0 

Glaciecola 0 5 0 0 

Gordonia 0 0 181 103 

Haliea 112 33 0 5 

Halomonas 0 0 0 0 

Herbaspirillum 0 0 39 0 

Herpetosiphon 0 0 17 0 

Hydrocarboniphaga 178 20 78 6 

Hydrogenophaga 38 29 1162 2556 

Hyphomicrobium 0 0 31 10 

Hyphomonas 0 0 186 174 

Ilumatobacter 625 242 43 60 

Jannaschia 250 812 0 9 

Jeotgalibacillus 0 13 0 0 

Ketogulonicigenium 29 0 0 0 

Kosakonia 0 0 0 0 

Lautropia 7 14 15 13 

Leeuwenhoekiella 71 147 59 111 

Leisingera 41 50 0 0 

Leptospira 0 0 96 0 

Limnobacter 160 26 75 81 

Limnohabitans 6 0 0 0 

Loktanella 1355 836 326 602 

Luteimonas 0 0 7 0 

Lutimaribacter 14 10 0 0 

Lysinimonas 0 0 5 0 

Lysobacter 0 0 52 0 

Malikia 32 19 0 8 



174 

 

Marinimicrobium 15 0 14 39 

Marinobacter 0 0 57 15 

Marinobacterium 0 23 9 5 

Marinomonas 24 13 0 0 

Massilia 0 0 0 0 

Mesorhizobium 0 15 37 0 

Methylobacter 0 0 47 195 

Methylophilus 0 0 0 0 

Methylotenera 15 18 6 0 

Methyloversatilis 0 0 38 0 

Microbacterium 732 295 254 241 

Microbulbifer 0 0 39 71 

Muricauda 6 0 0 0 

Mycobacterium 0 26 163 76 

Neptuniibacter 0 23 0 0 

Neptunomonas 35 103 0 0 

Nevskia 0 0 354 26 

Nitrospira 0 0 0 5 

Nocardioides 53 487 201 188 

Novosphingobium 0 0 244 329 

Oceanicola 1013 1513 0 0 

Oceanimonas 0 0 0 5 

Oleiphilus 6 8 0 0 

Paracoccus 79 169 436 367 

Paracraurococcus 0 0 8 0 

Paraperlucidibaca 0 0 27 37 

Pasteurella 0 0 13 9 

Pedomicrobium 0 0 6 5 

Pelagibaca 0 0 0 0 

Perlucidibaca 0 0 159 199 

Phaeobacter 62 437 34 76 

Phaeospirillum 0 11 13 0 

Phaseolibacter 0 0 0 0 

Phenylobacterium 22 342 380 272 

Phyllobacterium 0 25 197 45 

Planococcus 5 0 0 0 

Planomicrobium 0 0 0 0 

Polaribacter 238 423 141 212 

Polycyclovorans 0 0 10 0 

Porphyrobacter 45 18 76 37 

Primorskyibacter 27 6 0 0 

Prochlorococcus 1821 2209 85 115 

Profundibacterium 0 0 0 0 

Prosthecomicrobium 0 0 9 19 

Pseudacidovorax 0 0 5 47 

Pseudoalteromonas 232 202 0 0 

Pseudomonas 1945 2480 2657 4162 

Pseudorhodobacter 0 0 0 5 

Pseudoxanthomonas 0 0 266 74 
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Psychrobacter 0 0 0 0 

Ramlibacter 31 5 0 7 

Rheinheimera 49 0 38 0 

Rhizobacter 0 0 8 0 

Rhizobium 5 67 755 472 

Rhodobacter 88 0 381 165 

Rhodovulum 120 14 73 5 

Rivibacter 0 0 0 5 

Robiginitalea 0 0 0 0 

Roseicyclus 0 5 0 0 

Roseivivax 0 17 0 0 

Roseobacter 0 0 0 0 

Roseovarius 23 0 0 0 

Rubrivivax 0 0 107 160 

Ruegeria 2059 1934 171 252 

Salinimicrobium 0 0 0 0 

Salipiger 0 0 0 0 

Schlegelella 0 0 6 0 

Seohaeicola 0 0 0 0 

Shewanella 63 0 33 0 

Silanimonas 0 0 5 0 

Silicibacter 84 169 0 0 

Simiduia 0 21 0 0 

Solimonas 8 43 97 121 

Sphaerotilus 0 0 20 9 

Sphingobium 82 98 423 166 

Sphingomonas 67 52 116 162 

Sphingopyxis 24 68 403 107 

Sphingosinicella 0 0 224 507 

Stella 0 0 7 7 

Sulfitobacter 16 0 0 0 

Sulfuricurvum 0 0 23 13 

Tabrizicola 0 0 0 12 

Tateyamaria 5 5 0 0 

Tenacibaculum 6 0 0 0 

Thalassobacter 0 0 0 0 

Thalassobius 66 33 6 15 

Thalassolituus 17 8 24 5 

Thermomonas 0 0 6 0 

Thiobacillus 0 0 5 5 

Thiocapsa 0 0 0 5 

Thioclava 66 5 62 33 

Tistrella 0 0 230 0 

Tropicibacter 29 32 0 0 

Vasilyevaea 0 5 23 8 

Vibrio 90 0 17 21 

Vogesella 0 0 7 0 

Williamsia 5 0 0 0 

Winogradskyella 61 93 0 0 
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Woodsholea 5 0 117 38 

Yangia 0 6 6 0 

Yonghaparkia 0 0 110 72 

Zavarzinia 0 0 27 24 

Zobellella 0 0 0 5 

Zoogloea 0 0 78 5 

c. Species PrM SWM PrM SWM 

Arm Channel Arm Channel 

Acidovorax sp. 0 0 30 44 

Acinetobacter baylyi 6 0 0 0 

Acinetobacter johnsonii 0 0 0 0 

Acinetobacter junii 44 136 46 72 

Acinetobacter lwoffii 5 0 0 0 

Acinetobacter towneri 5 0 0 0 

Acinetobacter venetianus 0 0 0 0 

Aeromicrobium erythreum 265 5 0 0 

Aeromonas schubertii 0 0 6 0 

Aestuariibacter halophilus 40 37 0 0 

Agrococcus sp. 0 0 6 0 

Agrococcus versicolor 0 10 5 0 

Alcanivorax indicus 6 0 216 96 

Alcanivorax sp. 0 0 0 10 

Alcanivorax venustensis 0 0 0 7 

Algoriphagus chungangensis 0 0 0 0 

Algoriphagus locisalis 0 0 0 0 

Algoriphagus mannitolivorans 0 0 0 0 

Algoriphagus sp. 8 0 117 88 

Alishewanella fetalis 0 0 0 0 

Alishewanella jeotgali 0 0 0 0 

Alishewanella sp. 0 0 0 0 

Alkalimonas delamerensis 0 0 0 0 

Altererythrobacter dongtanensis 15 7 0 8 

Altererythrobacter epoxidivorans 9 6 45 53 

Altererythrobacter marinus 6 0 23 0 

Altererythrobacter namhicola 0 0 0 162 

Altererythrobacter troitsensis 0 0 11 0 

Amnibacterium kyonggiense 0 0 6 0 

Aquabacterium fontiphilum 0 0 5 0 

Aquabacterium limnoticum 0 0 7 14 

Aquabacterium parvum 0 0 32 6 

Aquimonas voraii 0 0 8 0 

Arcobacter ellisii 0 0 0 0 

Arenimonas donghaensis 0 0 5 0 

Arenimonas metalli 0 0 0 0 

Azomonas agilis 0 0 5 0 

Bacillus sp. 0 0 28 46 

Balneatrix alpica 27 100 0 0 

Bdellovibrio bacteriovorus 0 0 5 0 

Brevundimonas aurantiaca 0 14 43 66 
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Brevundimonas aveniformis 21 34 0 8 

Brevundimonas bacteroides 26 0 0 0 

Brevundimonas faecalis 0 0 27 0 

Brevundimonas halotolerans 0 0 41 0 

Brevundimonas kwangchunensis 19 24 5 5 

Brevundimonas poindexterae 0 63 8 6 

Brevundimonas sp. 13 29 76 33 

Caldimonas sp. 0 0 17 26 

Candidatus Aquiluna rubra 592 204 207 116 

Caulobacter fusiformis 0 10 0 0 

Caulobacter ginsengisoli 0 45 0 11 

Caulobacter mirabilis 0 28 0 7 

Caulobacter sp. 0 64 45 14 

Cellvibrio fibrivorans 0 0 0 0 

Cellvibrio mixtus 0 0 17 0 

Cellvibrio ostraviensis 0 0 0 0 

Cellvibrio sp. 0 0 0 0 

Chryseoglobus frigidaquae 0 0 18 35 

Chryseomicrobium imtechense 0 0 0 0 

Citreicella thiooxidans 0 0 0 0 

Comamonas aquatica 0 0 0 0 

Croceicoccus marinus 0 0 0 6 

Defluviimonas denitrificans 0 0 7 35 

Delftia litopenaei 0 0 0 0 

Devosia insulae 0 0 10 0 

Devosia sp. 0 0 12 0 

Donghicola eburneus 49 38 37 118 

Donghicola sp. 359 659 0 0 

Enhydrobacter aerosaccus 0 0 10 7 

Enterobacter radicincitans 0 0 0 0 

Erythrobacter aquimaris 0 0 0 0 

Erythrobacter citreus 35 0 5 18 

Erythrobacter flavus 0 0 0 0 

Erythrobacter gaetbuli 20 9 100 39 

Erythrobacter jejuensis 0 0 0 0 

Erythrobacter pelagi 7 0 0 0 

Erythrobacter sp. 0 26 0 0 

Erythromicrobium ramosum 56 10 34 31 

Exiguobacterium marinum 18 0 0 0 

Exiguobacterium mexicanum 6 0 0 0 

Flavobacterium cheniae 0 0 0 0 

Flavobacterium cheonanense 0 0 0 0 

Flavobacterium cucumis 0 0 0 0 

Flavobacterium gelidilacus 0 0 8 0 

Flavobacterium haoranii 53 0 38 0 

Flavobacterium jumunjinense 0 0 0 0 

Flavobacterium nitratireducens 0 0 0 0 

Flavobacterium ponti 0 0 0 0 

Flavobacterium sasangense 0 0 0 0 
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Flavobacterium sp. 0 0 134 0 

Flavobacterium terrae 0 0 83 0 

Fluviicola taffensis 0 0 8 0 

Gaetbulicola byunsanensis 0 23 0 0 

Gemmobacter aquatilis 5 0 8 0 

Gemmobacter lanyuensis 26 0 14 19 

Gemmobacter sp. 0 0 0 0 

Gemmobacter tilapiae 0 0 0 0 

Geodermatophilus ruber 0 6 0 0 

Gordonia lacunae 0 0 9 6 

Gordonia terrae 0 0 13 5 

Haliea rubra 18 10 0 0 

Haliea sp. 84 23 0 0 

Halomonas alkaliphila 0 0 0 0 

Herbaspirillum rhizosphaerae 0 0 11 0 

Herpetosiphon aurantiacus 0 0 17 0 

Hydrocarboniphaga daqingensis 178 0 0 0 

Hydrocarboniphaga effusa 0 20 70 6 

Hydrogenophaga atypica 5 5 13 16 

Hydrogenophaga bisanensis 18 6 192 238 

Hydrogenophaga caeni 0 0 0 6 

Hydrogenophaga flava 0 0 19 38 

Hydrogenophaga intermedia 0 0 325 929 

Hydrogenophaga pseudoflava 0 0 0 16 

Hydrogenophaga sp. 0 0 112 172 

Hydrogenophaga taeniospiralis 0 0 10 13 

Hyphomonas jannaschiana 0 0 33 29 

Hyphomonas sp. 0 0 8 7 

Ilumatobacter fluminis 23 18 29 26 

Jannaschia pohangensis 0 6 0 0 

Jeotgalibacillus alimentarius 0 8 0 0 

Ketogulonicigenium robustum 29 0 0 0 

Leptospira licerasiae 0 0 42 0 

Leptospira sp. 0 0 19 0 

Leptospira wolbachii 0 0 8 0 

Limnobacter sp. 0 0 0 0 

Limnobacter thiooxidans 124 20 51 59 

Limnohabitans planktonicus 0 0 0 0 

Limnohabitans sp. 0 0 0 0 

Loktanella salsilacus 0 0 0 0 

Lysinimonas soli 0 0 5 0 

Lysobacter brunescens 0 0 29 0 

Lysobacter bugurensis 0 0 5 0 

Lysobacter sp. 0 0 5 0 

Malikia spinosa 0 0 0 8 

Marinobacter sp. 0 0 15 0 

Marinomonas arctica 0 0 0 0 

Marinomonas arenicola 0 0 0 0 

Marinomonas foliarum 0 0 0 0 
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Marinomonas hwangdonensis 0 0 0 0 

Marinomonas pontica 0 0 0 0 

Marinomonas sp. 0 0 0 0 

Mesorhizobium sp. 0 15 0 0 

Methylobacter whittenburyi 0 0 21 0 

Methylophilus methylotrophus 0 0 0 0 

Methylotenera mobilis 0 0 0 0 

Methyloversatilis universalis 0 0 21 0 

Microbacterium murale 732 283 199 226 

Microbacterium schleiferi 0 6 44 15 

Mycobacterium phlei 0 0 5 0 

Mycobacterium poriferae 0 0 7 0 

Neptuniibacter halophilus 0 8 0 0 

Nevskia ramosa 0 0 154 0 

Nevskia soli 0 0 122 26 

Nitrospira moscoviensis 0 0 0 5 

Nocardioides aestuarii 6 35 10 0 

Nocardioides aromaticivorans 0 0 0 26 

Nocardioides dokdonensis 0 9 0 5 

Nocardioides kongjuensis 0 0 0 16 

Nocardioides marinus 0 32 14 10 

Novosphingobium aquaticum 0 0 15 0 

Novosphingobium aromaticivorans 0 0 0 6 

Novosphingobium hassiacum 0 0 93 16 

Novosphingobium rosa 0 0 12 52 

Novosphingobium sp. 0 0 8 59 

Novosphingobium subterraneum 0 0 9 76 

Novosphingobium taihuense 0 0 33 5 

Novosphingobium tardaugens 0 0 6 0 

Oceanicola litoreus 1008 1496 0 0 

Oceanimonas sp. 0 0 0 5 

Oleiphilus messinensis 6 8 0 0 

Paracoccus aminovorans 9 0 11 36 

Paracoccus marcusii 0 0 0 0 

Paracoccus sp. 0 0 0 0 

Paracoccus yeei 0 0 27 0 

Paracraurococcus ruber 0 0 8 0 

Paraperlucidibaca wandonensis 0 0 0 0 

Pelagibaca bermudensis 0 0 0 0 

Perlucidibaca piscinae 0 0 159 194 

Phaeobacter daeponensis 29 419 0 0 

Phaeospirillum fulvum 0 6 13 0 

Phaseolibacter flectens 0 0 0 0 

Phenylobacterium falsum 14 225 202 115 

Phenylobacterium haematophilum 0 0 0 19 

Phenylobacterium immobile 0 0 14 0 

Phenylobacterium koreense 0 0 0 26 

Planococcus citreus 0 0 0 0 

Planococcus maitriensis 0 0 0 0 
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Planomicrobium chinense 0 0 0 0 

Planomicrobium okeanokoites 0 0 0 0 

Polaribacter butkevichii 0 0 0 5 

Polaribacter gangjinensis 0 0 0 0 

Polaribacter irgensii 114 376 0 93 

Polycyclovorans algicola 0 0 10 0 

Porphyrobacter dokdonensis 0 0 0 0 

Porphyrobacter donghaensis 0 0 14 22 

Porphyrobacter neustonensis 0 0 0 0 

Porphyrobacter sp. 0 0 0 0 

Primorskyibacter sedentarius 27 6 0 0 

Prochlorococcus marinus 89 107 0 5 

Profundibacterium mesophilum 0 0 0 0 

Prosthecomicrobium hirschii 0 0 9 19 

Pseudacidovorax intermedius 0 0 5 47 

Pseudoalteromonas sp. 149 122 0 0 

Pseudoalteromonas ulvae 24 23 0 0 

Pseudomonas aeruginosa 0 0 0 27 

Pseudomonas alcaligenes 0 0 282 360 

Pseudomonas anguilliseptica 0 5 0 0 

Pseudomonas azotifigens 0 0 0 0 

Pseudomonas balearica 0 0 18 116 

Pseudomonas bauzanensis 164 139 38 91 

Pseudomonas borbori 0 0 42 26 

Pseudomonas composti 0 0 0 0 

Pseudomonas cuatrocienegasensis 0 0 0 0 

Pseudomonas guineae 0 0 0 0 

Pseudomonas otitidis 0 0 14 32 

Pseudomonas pachastrellae 264 326 79 230 

Pseudomonas pertucinogena 0 0 0 0 

Pseudomonas plecoglossicida 0 0 0 0 

Pseudomonas pseudoalcaligenes 8 5 24 37 

Pseudomonas sp. 413 372 130 91 

Pseudomonas stutzeri 5 0 14 39 

Pseudomonas taeanensis 0 0 0 0 

Pseudomonas xanthomarina 0 0 6 66 

Pseudomonas xiamenensis 0 10 0 0 

Pseudorhodobacter sp. 0 0 0 5 

Pseudoxanthomonas japonensis 0 0 51 23 

Pseudoxanthomonas mexicana 0 0 122 22 

Psychrobacter alimentarius 0 0 0 0 

Psychrobacter piscatorii 0 0 0 0 

Rheinheimera aquimaris 11 0 6 0 

Rheinheimera baltica 0 0 0 0 

Rheinheimera chironomi 11 0 0 0 

Rheinheimera longhuensis 0 0 0 0 

Rheinheimera nanhaiensis 0 0 0 0 

Rheinheimera pacifica 12 0 0 0 

Rheinheimera perlucida 0 0 0 0 
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Rheinheimera sp. 0 0 0 0 

Rheinheimera tangshanensis 0 0 0 0 

Rhizobacter fulvus 0 0 8 0 

Rhizobium aggregatum 0 0 14 0 

Rhizobium halophytocola 0 0 0 0 

Rhizobium pusense 0 0 50 39 

Rhizobium rosettiformans 5 26 494 99 

Rhizobium selenitireducens 0 0 0 0 

Rhizobium tarimense 0 5 0 0 

Rhodobacter blasticus 0 0 42 33 

Rhodobacter maris 0 0 0 5 

Rhodobacter sp. 65 0 218 38 

Rhodovulum kholense 11 0 15 5 

Rhodovulum sp. 109 14 7 0 

Rhodovulum steppense 0 0 5 0 

Rivibacter subsaxonicus 0 0 0 5 

Robiginitalea sp. 0 0 0 0 

Roseicyclus mahoneyensis 0 5 0 0 

Roseivivax sp. 0 17 0 0 

Roseobacter sp. 0 0 0 0 

Roseovarius tolerans 18 0 0 0 

Rubrivivax gelatinosus 0 0 22 49 

Ruegeria pomeroyi 1403 1096 144 202 

Salinimicrobium gaetbulicola 0 0 0 0 

Salipiger mucosus 0 0 0 0 

Seohaeicola saemankumensis 0 0 0 0 

Shewanella basaltis 0 0 0 0 

Shewanella gaetbuli 0 0 0 0 

Shewanella indica 19 0 0 0 

Shewanella seohaensis 5 0 9 0 

Shewanella sp. 14 0 19 0 

Silicibacter lacuscaerulensis 84 169 0 0 

Simiduia areninigrae 0 21 0 0 

Sphaerotilus natans 0 0 20 9 

Sphingobium amiense 0 12 0 13 

Sphingobium chungbukense 29 0 0 0 

Sphingobium francense 0 0 0 7 

Sphingobium jiangsuense 11 0 0 0 

Sphingobium lactosutens 0 0 13 0 

Sphingobium olei 0 48 225 35 

Sphingobium rhizovicinum 0 19 6 11 

Sphingobium sp. 0 0 0 5 

Sphingobium ummariense 11 0 0 0 

Sphingobium xenophagum 0 0 0 37 

Sphingomonas astaxanthinifaciens 0 0 0 0 

Sphingomonas insulae 0 7 0 0 

Sphingomonas jaspsi 0 0 22 5 

Sphingomonas kaistensis 0 0 0 0 

Sphingomonas koreensis 0 6 33 57 
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Sphingomonas kwangyangensis 0 0 0 6 

Sphingomonas pseudosanguinis 0 8 5 21 

Sphingomonas rubra 0 0 0 0 

Sphingomonas sp. 61 21 5 14 

Sphingopyxis granuli 0 0 12 0 

Sphingopyxis italica 0 24 0 0 

Sphingopyxis soli 0 0 5 21 

Sphingosinicella vermicomposti 0 0 0 396 

Sulfitobacter mediterraneus 6 0 0 0 

Sulfuricurvum kujiense 0 0 23 13 

Tabrizicola aquatica 0 0 0 7 

Tateyamaria omphalii 5 5 0 0 

Thalassobacter stenotrophicus 0 0 0 0 

Thalassobius aestuarii 7 0 0 0 

Thalassobius gelatinovorus 0 0 6 15 

Thalassobius sp. 59 33 0 0 

Thalassolituus marinus 17 8 24 5 

Thermomonas fusca 0 0 6 0 

Thioclava sp. 66 5 57 33 

Tistrella mobilis 0 0 108 0 

Tropicibacter sp. 29 0 0 0 

Vasilyevaea enhydra 0 5 23 8 

Vibrio cincinnatiensis 12 0 0 0 

Vibrio lentus 0 0 0 0 

Vibrio pommerensis 0 0 0 0 

Williamsia serinedens 5 0 0 0 

Woodsholea maritima 5 0 105 27 

Yangia pacifica 0 6 6 0 

Yonghaparkia alkaliphila 0 0 110 72 

Zavarzinia compransoris 0 0 27 24 
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Response of the bacterial metagenome in port environments to changing 
environmental conditions 
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A B S T R A C T   

Port environments are highly dynamic and hotspots for marine bioinvasion. This study investigated the bacterial 
diversity at two geographically distant ports (Mangalore-marine port; and Haldia-riverine port) using next- 
generation sequencing during southwest monsoon and non-monsoon (Pre-monsoon) seasons. During south-
west monsoon, at both marine and riverine ports, operational taxonomic units (OTUs) affiliated to bacteria re-
ported to have hydrocarbon degrading ability were observed. Whereas during pre-monsoon, a significant 
increase in benthic bacterial OTUs was evident at the marine port, and the riverine port was characterized by 
oceanic species OTUs. Results suggest that the dynamics of prevalent environmental conditions, driven by 
seasons, led to emergence of ecologically relevant bacteria, many of which have been observed for the first time 
in Indian coastal waters. Their presence could be used as indicators of prevailing environmental conditions and 
nature of anthropogenic influence in port ecosystems. Unravelling functional roles of such ecologically relevant 
species is a way forward.   

1. Introduction 

Bacteria are an integral component of the pelagic microbial plank-
tonic community in the aquatic environments and play crucial roles in 
biogeochemical cycling and trophic dynamics (Azam et al., 1983). They 
have been used for decades as indicators of various anthropogenic 
perturbations that influence the aquatic environments, since such an 
interference can have a profound effect especially on the bacterial 
structure and function (Rajendran et al., 1993; Gardade and Khande-
parker, 2017; Khandeparker et al., 2017a; Lazarus, 2017). A new word 
“Anthrome”, has since been coined to recognize the change in the 
biogeography of an ecosystem shaped by human interactions (Ellis, 
2011). 

Until now it is known that bacteria in aquatic ecosystems could be 
both autochthonous (native to their location) or allochthonous (found in 
an environment other than their origin). During the monsoon season, 
terrestrial runoff introduces allochthonous bacterial load into the 
coastal environment. Ports are coastal areas where the bacterial com-
munity structure is influenced by both the terrestrial runoff and the 
shipping activities, which are marked as high impact areas in compari-
son to areas without human impacts (Halpern et al., 2008). Additionally, 

terrestrial activities influence the runoff of pollutants and nutrients 
including heavy metals, hydrocarbons, industrial waste, faecal waste 
and pathogens into the coastal waters which alters the natural habitat 
(Syvitski et al., 2005; Nogales et al., 2011; Khandeparker et al., 2015). 
Anthropogenic factors such as ballast water discharge, sediment 
dredging and aquaculture, (Nogales et al., 2011) along with natural 
phenomena like tides and riverine discharge (Khandeparker et al., 
2017b) exert pressure on the microorganisms which alters the commu-
nity structure as a response. Associated impacts include eutrophication, 
organic enrichment, toxicity and bioaccumulation of chemicals and 
heavy metals, harmful algal blooms, introduction of exotic species, 
pathogens, and habitat destruction (Nogales et al., 2011). 

A preliminary exploration of the sediment bacterial diversity at 
Paradip port, on the east coast of India, revealed the presence of thou-
sands of species and the distribution of several phyla which were 
reportedly influenced by the anthropogenic intervention (Pramanik 
et al., 2016). However, the shifts in the bacterial community in the water 
column are immediate, and are influenced at a higher degree than in the 
sediment by the port activities and seasonal variation. Previous studies 
have reported the euryhaline nature of estuarine bacteria which can 
adapt to a wide salinity range (Khandeparker et al., 2017b). 
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Nevertheless, bacteria from marine or riverine ecosystems are mostly 
stenohaline and studies focussing on the bacterial communities in these 
ecosystems, are sparse. 

Ports in the Indian subcontinent are monsoon influenced tropical 
environments situated in estuarine, marine and riverine systems. They 
harbor different bacterial communities which are also influenced by the 
localized interactions. Hence, we explored the seasonal changes in the 
bacterial community in port waters with diverse salinity ranges, using 
16S rRNA gene amplicon based tools. This is a comprehensive study of 
surface water bacterial communities at two port environments with 
distinct ecosystems viz., New Mangalore port, Karnataka (NMPT), an 
enclosed marine port on the west coast of India and Haldia port, West 
Bengal (HDC), an open channel riverine port on the east coast of India. 
These ports are distant and vary in physico-chemical characteristics, the 
degree and nature of coastal influence. Hence, significant changes in the 
bacterial diversity is expected. The study was conducted during a non- 
monsoon (Pre-monsoon) and monsoon (Southwest monsoon) season 
which allowed us to assess the seasonal changes in the bacterial com-
munities with an emphasis on the influence of monsoon. To the best of 
our knowledge, this is the first study of its kind in these port environ-
ments. NMPT experiences a decline in salinity during the monsoon 
season. On the other hand, HDC is located at the meeting of Haldi and 
Hooghly rivers and the nature of discharge it receives is very different 
from that of NMPT. Moreover, it is located in the channel and is a 

tributary of River Ganges and hence is expected to have higher sus-
pended sediments and riverine discharge, 20% of which is from sur-
rounding industries (Mitra, 1998), especially during monsoon. 

2. Materials and methods 

2.1. Study area 

Sampling was carried out at two locations. New Mangalore port 
(NMPT) is a deep-water, all weather marine port located at Panambur in 
Mangalore of Karnataka state on the west coast of India (12◦ 55′N; 78◦

48′E). It is marked by north and south breakwater at the entrance of the 
port. In this study, the port has been divided into two areas. The inner 
port, which is a low water circulation area, had 10 stations (stations 1-9, 
15) and consisted of a navigable arm (8 berths), an iron ore berth and a 
multipurpose berth. The outer port, which is a high water circulation 
area, had 9 stations (stations 10-14, 16-19) and consisted of a navigable 
arm (5 berths including an oil jetty and Mangalore refineries and pet-
rochemicals limited [MRPL] jetty), a turning circle, two breakwater 
stations, and a multipurpose berth (Fig. 1a). 

The Haldia port (HDC) is a riverine port located in Haldia of West 
Bengal on the east coast of India (22◦ 02′N; 87◦ 08′E) and came into 
existence in 1977. Since then, due to extensive port activities, rapid 
industrialization through an increase in the oil refineries and chemical 

Fig. 1. Study area. (a) New Mangalore Port (marine port) 
[Inner port is marked in blue and consists of stations 1-9, 
15. Outer port is marked in red and consists of stations 10- 
14, 16-19. The inner port and outer port are demarcated 
by a black dotted line]; (b) Haldia port (riverine port) 
[Arm area is marked in blue and consists of stations 1-13. 
Channel area is marked in red and consists of stations 14- 
22. The arm and channel are demarcated by a black 
dotted line]. The stations where samples for metagenomic 
analyses were collected have been marked with a “black 
star”. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of 
this article.)   
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plants, the ecosystem in and around the port underwent a significant 
imbalance in order to adapt to the changing environmental conditions. 
This port has been divided into two areas. The arm area had 13 stations 
(stations 1-13) which included 11 berths, an inner tug jetty, and a 
turning basin and was comparatively less influenced by riverine cur-
rents. The channel area had 9 stations (stations 14-22) and consisted of 3 
oil jetties, 2 barge jetties, 1 river tug jetty, a river mouth station and 2 
stations on the adjacent island of Nayachar. The channel area is open 
ended on both sides and heavily influenced by riverine currents 
(Fig. 1b). Both the ports are tropical environments and heavily influ-
enced by the monsoon season. 

2.2. Sampling strategy 

Sampling was carried out during two seasons. A non-monsoon sea-
son, which is the pre-monsoon season (PrM) and the southwest monsoon 
season (SWM). Sampling at NMPT was carried during May 2012 (PrM) 
and September 2012 (SWM). Whereas, sampling at HDC was carried out 
during September 2014 (SWM) and April 2015 (PrM). At HDC, since 
sampling began in 2014, samples were first collected during the SWM in 
2014 and then the subsequent PrM which was in April 2015. Surface 
water samples were collected near the dock (~1 m) from a trawler using 
a 5 L Niskin sampler from 19 stations in NMPT and 22 stations at HDC. 
Parameters analysed were suspended particulate matter (SPM), tem-
perature, salinity, biological oxygen demand (BOD), dissolved oxygen 
(DO), chlorophyll a (Chl a) and dissolved nutrients (n = 2). For total 
bacterial abundance, samples were collected in triplicate (n = 3 × 2) and 
total viable abundance samples were collected in triplicate (n = 3). For 
16S rRNA gene amplicon analyses of the bacterial community, water 
samples from one station from the inner and outer port in NMPT, were 
collected in triplicate (n = 3 × 2). In the case of HDC, samples were 
collected in triplicate from the arm and channel area (n = 3 × 2). The 
samples were collected from each location using separate Niskin sampler 
casts and stored in an icebox after collection until further analyses on the 
mobile laboratory. 

2.3. Physico-chemical parameters 

The temperature was recorded using a multiparameter Sonde (DS5X, 
Hydrolab). Salinity was measured using an autosal (Guildline Autosal 
8400B). For Chl a estimation, water samples were filtered through 
Whatman GF/F filter papers and preserved in MgCO3. They were then 
stored at -20 ◦C until analysis. Chl a was extracted using acetone and 
expressed as μg l-1 (Parsons et al., 1984). For SPM, water samples were 
filtered through pre-weighed, ashed Whatman GF/F filter papers and 
dried in an oven at 60 ◦C for 48 h. Final weights were recorded after 
drying and expressed as milligram per litre (mg l-1) (Kumar et al., 2004). 
Dissolved nutrient concentrations i.e., phosphate, ammonia, silicate, 
nitrite, and nitrate were analysed using autoanalyzer (Skalar SAN PLUS 
8505 Interface v3.331, Netherland) (Khandeparker et al., 2015). DO and 
BOD concentrations were analysed using standard methods (Parsons 
et al., 1984). 

2.4. Enumeration of total bacterial count (TBC) and total viable count 
(TVC) 

For the analysis of TBC, 5 ml of the samples were preserved in 
paraformaldehyde (1% final concentration) and stored at -20 ◦C until 
analysis. The samples (1 ml) were passed through BD cell strainer cap 
(BD Biosciences, USA; cat no.: 352235), to remove coarse particles. 
These samples were then stained with SYBR Green I (1:10,000 final 
concentration; Molecular Probes, USA) and incubated in dark at room 
temperature for 15 min. Stained samples were analysed in FACS Verse 
(BD Biosciences, USA) flow cytometer using a blue laser (488 nm). 
Fluorescent beads (1 μm, Polyscience) were used as an internal standard. 
The TBC is expressed as cells per milliliter (cells ml-1) (Khandeparker 

et al., 2017b). 
For TVC analysis, samples were stored on ice immediately after 

collection and processed within 2 h. A mobile laboratory stationed near 
the port area was equipped with a laminar air flow and an incubator 
which was used for sample processing. The water samples (1 ml) were 
serially diluted as required and spread plated (0.1 ml) on Zobell marine 
agar at NMPT, and nutrient agar at HDC (HiMedia). The samples were 
incubated at room temperature for 24 h before enumeration and 
expressed as colony forming units per milliliter (CFU ml-1). 

2.5. DNA extraction, PCR amplification, and sequencing 

For 16S rRNA gene amplicon analyses, samples were collected in 
triplicate using three different Niskin sampler deployments from inner 
and outer port stations of NMPT; arm and channel areas of HDC; during 
both PrM and SWM seasons. The samples were immediately kept on ice. 
In the mobile laboratory, 1 l of the water samples were filtered through 
47 mm diameter, 0.22 μm pore size filter papers (Millipore, USA) by 
suction under low vacuum using a vacuum pressure pump (220/50 Hz) 
connected to a PALL 47 mm filtration unit. The filter papers were stored 
at -20 ◦C until further metagenomic DNA extraction and molecular 
processing. In the laboratory, DNA extraction was performed on each 
filter paper using Power Water DNA Isolation Kit (MoBio lab. Gene-
works, Australia). DNA from the replicates were pooled and eluted in 50 
μl of nuclease-free water. One - two μl of the metagenomic DNA was 
used as a template and was subjected to PCR amplification using a 
proprietary primer pool (16S rRNA gene primer set V2-4-8; 16S rRNA 
gene primer set V3-6, 7-9) selectively amplifying a range of hypervari-
able regions on the 16S rRNA gene as per the manufacturer's guidelines 
(Ion 16S™ metagenomics kit, Thermo Fisher Scientific; Cat. No.: 
A26216). Amplicons from both primer sets were pooled together which 
allowed for the sequence based identification of the microbial compo-
sition across all the variable regions (Barb et al., 2016; Sperling et al., 
2017; Fuks et al., 2018; Khandeparker et al., 2020). Subsequently, the 
amplicons were purified (Agencourt AMPure XP beads, Beckman 
Coulter) and quantified (Qubit 2.0 Fluorometer) before library 
preparation. 

Amplicons were then subjected to end repair, adaptor/barcode 
ligation and adjusted to a final concentration of 25-30 picomoles (pM) 
before pooling in an equimolar concentration. ISPs (Ion Sphere Parti-
cles™) were attached to the libraries. The ISPs were then enriched using 
Ion PGM™ Hi-Q™ OT2 Kit (Cat. No.: A27739) (Khandeparker et al., 
2017a). Enriched ISPs were loaded on Ion 316™ Chip V2 (Cat. No.: 
4483188) and sequenced on Ion Torrent PGM™ (Supplementary 
Table 1). 

2.6. Read filtering and annotation using ion reporter™ software 

Signal processing, base calling, mapping, and quality control was 
performed with Torrent Suite v5.0.5. The files containing sequence 
alignment data (.bam) were then uploaded on the Ion Reporter™ cloud- 
based software (https://ionreporter.thermofisher.com/). Ion Re-
porter™ is a bioinformatics tool which analyses and annotates the Ion 
Torrent PGM™ sequencing data. A custom workflow was designed 
which utilized both Curated MicroSEQ® 16S Reference library v2013.1 
and Curated Greengenes v13.5 as reference libraries. Reads with Phred 
score of Q20, were processed with primer detection set at both the ends, 
read length filter at 150 bp and a minimum alignment coverage at 90%. 
With a read abundance filter set at 5, reads were grouped into 3 OTU 
clusters based on three hierarchical levels; family (90-97% similarity 
cut-off), genus (≥97-99% similarity cut-off) and species (≥99% simi-
larity cut-off) (Sperling et al., 2017; Khandeparker et al., 2020). These 
hits are referred to as the OTUs related to the bacterial family, genera or 
species henceforth (Rosselló-Móra and Amann, 2015; Fernández et al., 
2019). The analyses results were exported in the form of text documents 
and .biom files, which contained the OTU abundance hits for each 
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sample at family, genus and species hierarchical levels (Supplementary 
Tables 2 and 3). 

2.7. Graphical representation and statistical analyses 

The average values of TBC (cells ml-1) and TVC (CFU ml-1) from 
stations in the inner and outer port at NMPT and arm and channel areas 
at HDC are presented as histograms while the whiskers represent the 
standard deviation (Fig. 2) using Grapher (Golden Software, Inc. Gra-
pher™ v8.4.696 Graphing software). Correlation between total bacterial 
count and total viable count (after log transformation), and the physico- 
chemical parameters was analysed using STATISTICA (data analysis 
software system), version 8.0. www.statsoft.com. The correlation “r” 
values with p ≤ 0.05 were considered significant. Additionally, a para-
metric multivariate ANOVA was performed on the environmental vari-
ables and bacterial data (TBC and TVC) with seasons (PrM and SWM), 
zones (inner port and outer port at NMPT; arm and channel areas at 
HDC) and ports (NMPT and HDC) as the factors using IBM SPSS statistics 
(Version 22), prior to which the data were normalized (normal distri-
bution of the data was confirmed using Shapiro-Wilk test of normality 
using IBM SPSS statistics). The OTU abundance data from the stations 
from inner and outer port areas at NMPT and arm and channel areas at 
HDC were visualized in the form of relative abundance (percentage) 
cumulative bar charts using Grapher. The OTU diversity was assessed 
using Shannon's index and Simpson's index. Species richness was 
assessed using the total number of OTUs. This analysis was performed 
using Primer 6, v6.1.10. The significance in the variation of the diversity 
indices was assessed using one - way ANOVA (IBM SPSS statistics 
[Version 22]). Redundancy analysis (RDA) was performed using CAN-
OCO (v4.5 for Windows software package) to evaluate the statistical 
relationship between the physico-chemical parameters and the species 
OTUs observed at both NMPT and HDC ports. Monte-Carlo test under 
the reduced model was used to assess the significance of the method (p 
< 0.05; 999 unrestricted permutations). Prior to RDA, detrended cor-
respondence analysis was performed where the length of the first axes 
were < 2 SD units indicating linear characteristic of the data due to 
which RDA was selected (ter Braak and Šmilauer, 2002). The relation-
ship was visualized as scatter biplots using CanoDraw within the 

CANOCO package. To summarize the substantial data on phylogeneti-
cally related hits of bacterial OTUs, a similarity matrix was constructed 
using cluster analysis with similarity profile routine (SIMPROF) test 
(Primer 6, v6.1.10). The reads were initially normalized using log 
transformation (normal distribution was confirmed with Shapiro-Wilk 
test of normality using IBM SPSS statistics) and cluster dendograms 
were obtained based on Bray-Curtis similarity (Clarke and Warwick, 
1994). 

3. Results 

3.1. Physico-chemical parameters 

The detailed results of physico-chemical parameters are provided in 
Table 1a. In brief, the physico-chemical charactersitics at both the ports 
were significantly different (p < 0.0001). At New Mangalore port 
(NMPT), temperature and salinity were higher during the PrM season in 
the inner port (innermost area of the port and comparatively less 
influenced by tides and circulation) than in the outer port (opens into 
the sea, and is more influenced by tides and circulation). Salinity 
decreased from 35.6 ± 0.2 & 35.9 ± 0.3 during PrM to 33.9 ± 1.3 & 34.4 
± 0.3 during SWM. SPM was also high during PrM, and was significantly 
higher than Haldia port (HDC) (F = 293.49, p < 0.0001). Chlorophyll a 
(Chl a) was high during PrM, especially in the inner port and was also 
higher than HDC (F = 90.53, p < 0.0001). Silicate concentrations were 
also high in the inner port irrespective of the seasons. Phosphate (F =
44.17, p < 0.0001) and silicate (F = 75.33, p < 0.0001) concentrations, 
were significantly high during SWM season when compared to PrM 
season, whereas nitrite (F = 37.40, p < 0.0001) and nitrate (F = 31.66, p 
< 0.0001) concentrations were higher during PrM than during SWM 
season. 

At Haldia port (HDC), the temperature was high during SWM in both 
arm (an enclosed area comparatively less influenced by riverine cur-
rents) and channel (an open area highly influenced by currents and the 
incoming chemical and biological inputs). A reverse trend was observed 
in the case of salinity. SPM (F = 13.75, p < 0.001) and Chl a (F = 16.87, 
p < 0.0001) were significantly high in the channel area irrespective of 
the seasons. The concentration of silicate was high in the arm during 

Fig. 2. The average (± standard deviation) values of total bacterial count (TBC) at (a) New Mangalore port; and (b) Haldia port; Average values of total viable count 
(TVC) at (c) New Mangalore port; and (d) Haldia port during PrM and SWM seasons. 
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PrM and the channel during SWM, where it was possibly introduced 
through monsoon runoff. It was significantly higher than NMPT (F =
448.44, p < 0.0001). Conversely, concentrations of ammonia (F =
32.23, p < 0.0001), nitrite (F = 241.28, p < 0.0001), and nitrate (F =
27.46, p < 0.0001) were high during SWM and low during PrM. Almost 
all the nutrient concentrations were high in the channel area irrespective 
of the seasons. 

3.2. Total bacterial count and total viable count 

The total bacterial count at NMPT ranged from 1.8 ± 1.39 × 105 cells 
ml-1 (mean ± standard deviation) to 3.06 ± 4.48 × 105 cells ml-1 during 
PrM and 2.58 ± 5.43 × 105 cells ml-1 to 3.05 ± 3.53 × 106 cells ml-1 

during SWM season. Except for a positive correlation with DO during 
SWM (Table 1b), there was no significant influence of other environ-
mental parameters on total bacterial count. It was high in the outer port 
during PrM (characterized by high nitrite and nitrate concentrations) 
and the inner port during SWM (where higher phosphate concentrations 
were recorded) (Fig. 2a). The total viable count ranged from 2.73 ±
3.89 × 103 CFU ml-1 to 1.48 ± 3.92 × 105 CFU ml-1 during PrM and 4.2 
± 6.84 × 104 CFU ml-1 to 6.28 ± 12.4 × 104 CFU ml-1 during SWM. It 
was significantly higher in the outer port during both the seasons (F =
4.25, p < 0.005) (Fig. 2c). The total viable count showed negative cor-
relation with Chl a, which was high in the inner port during PrM 
(Table 1b). 

The total bacterial count at HDC ranged from 1.26 ± 0.38 × 106 cells 
ml-1 to 1.78 ± 0.53 × 106 cells ml-1 during PrM and 1.30 ± 0.55 × 106 

cells ml-1 to 3.13 ± 0.27 × 106 cells ml-1 during SWM. Unlike NMPT, 
total bacterial count at HDC showed a strong positive correlation with 
Chl a and SPM during SWM season (Table 1b). The total viable count 
ranged from 7.61 ± 21.4 × 103 CFU ml-1 to 9.15 ± 6.89 × 104 CFU ml-1 

during PrM and 1.63 ± 4.63 × 104 CFU ml-1 to 7.43 ± 10.5 × 104 CFU 
ml-1 during SWM. Total viable count (F = 17.24, p < 0.0001) was high in 
the channel region during both the seasons (Fig. 2d). Although, not 
significant, total bacterial count was also high in the channel region 
during both the seasons (F = 0.62, p = 0.81) (Fig. 2b). 

Overall, there was a significant variation in total bacterial count 

between both the ports (F = 265.7, p < 0.0001). At both ports, the total 
bacterial count was high during SWM (F = 9.74, p < 0.01) and total 
viable count was high during PrM (F = 1.74, p < 0.05). Overall, total 
bacterial count was high at HDC (F = 23.27, p < 0.0001) when 
compared to NMPT and vice versa was observed in the case of total 
viable count (Fig. 2). Details of correlation analysis of total bacterial 
count and total viable count with environmental variables have been 
provided in Table 1b. 

3.3. Community analyses 

Sequencing of samples from both the ports yielded more than 286 
million bases (mb) of data comprising of 1,409,364 reads from NMPT 
and more than 76 mb of data which comprised of 390,557 reads from 
HDC. The mean read length was ~200 bp for all the samples (Supple-
mentary Table 1). 

3.3.1. Bacterial diversity at New Mangalore port (NMPT) 
The abundant bacterial family OTUs at NMPT during PrM belonged 

to Alteromonadaceae and Rhodobacteraceae. They were equi-abundant 
in the inner and outer port areas (Supplementary Fig. 1). Among the 
various OTUs related to genera from the family Alteromonadaceae, OTU 
hits for genus Alteromonas dominated the bacterial community and were 
high during PrM season (28.37% of the OTUs in the inner port and 
23.23% of the OTUs in the outer port) than during SWM season (12.99% 
and 21.21% in the inner and outer ports respectively). During the PrM 
season, OTUs affiliated to genus Aestuariibacter were also higher (~11% 
of the OTUs) than during SWM season (Fig. 3a). Concurrently, the OTU 
hits for Aestuariibacter halophilus were also high during PrM (16.60% in 
the inner port and 11.47% in the outer port) when compared to SWM 
season (<3%) (Fig. 4a). They were positively influenced by SPM 
(Fig. 5a; Table 2a). Conversely, OTU hits for genus Haliea, belonging to 
family Alteromonadaceae, were more abundant during SWM (10.36% of 
the OTUs in the inner port and 4.95% of the OTUs in the outer port) than 
during PrM season (<4%). The OTUs affiliated to Haliea spp. were 
higher in the inner port, whereas, those affiliated to Tenacibaculum spp., 
belonging to family Flavobacteriaceae were high in the outer port. Both 

Table 1 
(a) Average values of physico-chemical parameters in the inner and outer areas of New Mangalore port and Arm and channel areas of Haldia port during monsoon 
(SWM) and non-monsoon (PrM) seasons; (b) Correlation analysis for viable and total bacteria with environmental variables at both the ports. Significant r values are 
denoted in bold.  

(a) Season Mangalore Haldia (b) Mangalore Haldia 

Parameter Inner Outer Arm Channel Season TBC TVC TBC TVC 

Temperature (◦C) PrM 29.4 ± 0.3 29.6 ± 0.2 27.3 ± 0.5 26.6 ± 0.5 PrM  0.11  0.22  -0.56**  -0.70** 
SWM 26.2 ± 0.5 26.0 ± 0.5 31.1 ± 0.6 30.6 ± 0.3 SWM  0.36  -0.10  -0.58**  -0.42 

Salinity PrM 35.9 ± 0.3 35.6 ± 0.2 7.7 ± 0.1 7.0 ± 0.5 PrM  0.42  -0.14  -0.38  -0.71** 
SWM 34.4 ± 0.3 33.9 ± 1.3 3.1 ± 0.02 2.0 ± 0.2 SWM  0.10  0.15  -0.84**  -0.66** 

SPM (mg l-1) PrM 3046 ± 473 3295 ± 624 213 ± 177 712 ± 601 PrM  -0.30  0.49  0.33  0.33 
SWM 2643 ± 1074 2232 ± 742 313 ± 113 560 ± 333 SWM  0.08  -0.26  0.52*  0.17 

DO (mg l-1) PrM 4.4 ± 1.3 6.3 ± 1.6 5.3 ± 1.1 6.3 ± 0.4 PrM  -0.05  0.33  0.04  0.33 
SWM 4.4 ± 1.6 3.8 ± 1.1 4.9 ± 0.2 5.7 ± 0.7 SWM  0.51*  -0.03  0.54*  0.43 

BOD (mg l-1) PrM 1.2 ± 1.0 0.8 ± 0.6 3.2 ± 1.3 4.4 ± 0.6 PrM  0.31  -0.21  0.03  0.39 
SWM 2.5 ± 1.3 0.9 ± 1.3 1.3 ± 0.5 1.8 ± 0.9 SWM  0.40  -0.15  0.16  -0.05 

Chlorophyll a (μg l-1) PrM 28.0 ± 12.3 7.6 ± 3.7 0.5 ± 0.4 0.7 ± 0.5 PrM  0.28  -0.67*  0.003  0.28 
SWM 17.2 ± 8.0 7.2 ± 2.6 0.4 ± 0.2 1.3 ± 0.6 SWM  0.42  -0.02  0.70**  0.53* 

Phosphate (μM) PrM 1.5 ± 0.7 2.1 ± 2.8 6.7 ± 1.0 5.0 ± 0.9 PrM  0.30  -0.16  -0.17  -0.40 
SWM 2.6 ± 0.6 2.9 ± 0.7 3.8 ± 0.5 3.0 ± 0.6 SWM  -0.32  -0.20  -0.55*  -0.22 

Silicate (μM) PrM 9.5 ± 4.3 2.3 ± 4.6 172 ± 34 100 ± 19 PrM  0.40  -0.53  -0.13  -0.57** 
SWM 23.5 ± 7.9 23.5 ± 9.5 150 ± 30 157 ± 29 SWM  -0.20  -0.40  0.05  0.31 

Ammonia (μM) PrM 29.9 ± 8.3 20.2 ± 4.8 3.9 ± 1.1 4.8 ± 1.7 PrM  0.37  -0.57  0.34  0.41 
SWM 29.6 ± 10.8 29.1 ± 7.6 7.9 ± 3.5 10.4 ± 3.8 SWM  0.26  -0.42  0.14  0.10 

Nitrite (μM) PrM 2.1 ± 0.8 1.4 ± 0.3 0.7 ± 0.4 0.9 ± 0.5 PrM  0.34  -0.21  -0.04  0.33 
SWM 0.5 ± 0.1 0.6 ± 0.2 2.8 ± 0.5 3.2 ± 0.4 SWM  -0.11  -0.29  0.49*  0.22 

Nitrate (μM) PrM 7.1 ± 2.7 3.2 ± 2.3 23.1 ± 11.2 25.9 ± 10.2 PrM  0.06  -0.21  -0.20  0.16 
SWM 0.8 ± 0.5 0.5 ± 0.4 38.0 ± 5.1 38.3 ± 5.0 SWM  0.43  -0.37  -0.01  -0.22  

* p ≤ 0.05. 
** p ≤ 0.01. 
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Haliea spp. and Tenacibaculum spp. OTUs were higher during SWM 
season than during PrM season (Fig. 4a). 

From family Rhodobacteraceae, OTUs related to genus Primorskyi-
bacter were high in the inner port than the outer port during both the 
seasons (Fig. 3a). The species community was dominated by OTUs 
affiliated to Primorskyibacter sedentarius which were marginally higher 
during PrM season (27.54% in the inner port and 21.49% in the outer 
port) and were high in the inner port during both seasons (Fig. 4a) and 
showed a positive relationship with SPM (Fig. 5a; Table 2a). 

OTUs affiliated to genus Nocardioides were observed only during 
SWM. At species level, OTU hits for Nocardioides spp. were high in the 

outer port (19.74%) when compared to the inner port (Fig. 4a) and 
showed a negative relationship with salinity (Fig. 5a; Table 2a). 

At NMPT, the OTU diversity was higher in the outer port (Shannon – 
3.032; Simpson – 0.911) than in the inner port (2.863 – Shannon; 0.879 
– Simpson) during PrM. Similar trend was observed during SWM 
(Table 3). The species richness was 94 OTUs and 86 OTUs in the inner 
port and outer port respectively during PrM. During SWM, it was 92 
OTUs in the inner port and 74 OTUs in the outer port (Table 3). 

3.3.2. Bacterial diversity at Haldia port (HDC) 
During SWM, OTUs affiliated to families Pseudomonadaceae, 

Fig. 3. Seasonal distribution of major genera at (a) New Mangalore port (Inner and Outer port) and (b) Haldia port (Arm and Channel).  

Fig. 4. Seasonal distribution of major species at (a) New Mangalore port (Inner and Outer port) and (b) Haldia port (Arm and Channel).  
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Sphingomonadaceae and Comamonadaceae were abundant. Whereas, 
Rhodobacteraceae OTUs were abundant during PrM (Supplementary 
Fig. 1). OTUs related to genus Ruegeria (family Rhodobacteraceae) were 
abundant during PrM season (13.01% and 11.77% in the arm and 
channel respectively) (Fig. 3b). At species level, OTUs affiliated to 
Oceanicola litoreus, also from family Rhodobacteraceae, were only 
observed during PrM season in both the channel (20.77%) and the arm 
(13.51%). Donghicola spp. OTUs were also observed only during PrM 
season and were high in the channel (9.15%) when compared to the arm 
(4.81%) (Fig. 4b). Both O. litoreus and Donghicola spp. OTUs were 
positively influenced by salinity (Fig. 5b; Table 2b). 

OTU hits for genus Pseudomonas, belonging to family Pseudomona-
daceae, were high during both SWM (17.01% of the OTUs in the arm and 
27.21% of the OTUs in the channel) and PrM seasons (12.29% of the 
OTUs in the arm and 15.09% of the OTUs in the channel) (Fig. 3b). The 
OTUs affiliated to P. pachastrellae (~2% of the OTUs), P. bauzanensis 
(~1% of the OTUs) and other Pseudomonas spp. (~1% of the OTUs) were 
low during SWM season (Fig. 4b). 

OTUs related to genus Hydrogenophaga, from the family Comamo-
nadaceae, were only observed during SWM, in both the channel 
(16.71%) and the arm region (7.44%) (Fig. 3b). At the species level, OTU 
hits for Hydrogenophaga intermedia which were observed only during 
SWM season, were high in the channel (14.60%) when compared to the 
arm (4.89%) (Fig. 4b) and showed a negative relationship with salinity 
(Fig. 5b; Table 2b). The OTUs affiliated to genus Alcanivorax were also 
observed only during SWM season (1% & 3% in the arm and channel 
respectively) (Supplementary Table 3b). 

Although family Rhodobacteriaceae OTUs were observed in both the 
ports (Supplementary Fig. 1), it comprised of OTUs affiliated to different 

genera and species. Overall, the community at HDC was more diverse 
when compared to NMPT. At HDC, the OTU diversity during SWM was 
4.222 (Shannon) and 0.977 (Simpson) in the arm and 3.924 (Shannon) 
and 0.959 (Simpson) in the channel. During PrM, it was 3.133 (Shan-
non) and 0.919 (Simpson) in the arm. Whereas, it was 3.019 (Shannon) 
and 0.909 (Simpson) in the channel (Table 3). The species richness was 
143 OTUs (arm) and 119 OTUs (channel) during SWM. It was 80 OTUs 
(arm) and 78 OTUs (channel) during PrM (Table 3). 

3.4. Cluster analyses 

Cluster analyses using SIMPROF test revealed 4 clusters when simi-
larity cut-off was set at 50%. The bacterial community at NMPT and 
HDC were grouped into two separate clusters each during PrM (Cluster I 
& III) and SWM (Cluster II & IV) respectively (Fig. 6). 

4. Discussion 

In the present study, a significant seasonal variation was observed in 
the bacterial diversity at both the marine (NMPT) and freshwater (HDC) 
ports (Fig. 6). These two ports are geographically distant which vary in 
the nature of inputs they receive during the monsoon season. NMPT is an 
enclosed marine port on the west coast of India, and is influenced by the 
coastal conditions, whereas, HDC is an open channel riverine port on the 
east coast of India which receives continuous inputs from riverine 
discharge. Hence, the kind of organic and inorganic matter they receive 
are different, which in turn may influence the bacterial community. 
Previous studies have reported distinct biogeographic patterns of bac-
terial communities at ports worldwide (Ghannam et al., 2020), but did 

Fig. 5. Biplot of redundancy analysis (RDA) showing the 
relationship between bacterial species and environmental 
parameters at (a) New Mangalore port (NMPT) and (b) 
Haldia port (HDC). Blue arrows indicate the various 
bacterial species and red arrows represent the environ-
mental variables. [Temp – Temperature; Sal – Salinity; DO 
– Dissolved Oxygen; SPM – Suspended particulate matter; 
BOD – Biological oxygen demand; Chl a – Chlorophyll a; 
PO4 – Phosphate; SiO4 – Silicate; NO3 – Nitrate; NO2 – 
Nitrite; NH4 – Ammonia]. (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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not address the influence of seasonal changes on the bacterial diversity. 
Moreover, port areas have a dynamic ecosystem which is influenced by 
not only the monsoon runoff but also the surrounding industries and in- 
port activities. They are the hotspots for marine bioinvasion (Drake 
et al., 2007). The present study elucidates the impact of seasonal 
changes on the bacterial diversity at both the port areas using a 16S 

rRNA gene sequencing approach. Onset of monsoon significantly influ-
enced the bacterial communities at both the marine and riverine ports. 

4.1. Bacterial diversity during southwest monsoon 

Although, for the past two decades the coastal waters of Mangalore 
underwent many physico-chemical and biological changes which can be 
attributed to the increasing harbor activities, industrialization, and 
increased human intrusion through colonization, the change in the 
bacterial diversity has not been evaluated. Evidence of the presence of 
enteric bacteria as a result of allochthonous inputs in and around the 
Mangalore coast have been reported as early as 1985 (Srikantaiah et al., 
1985). Due to an increase in the shipping activities, there is a rise in the 
exchange of ballast water with other water bodies, which is also influ-
encing the native ecosystem in the port area. Ardura et al. (2021) have 
reported that tougher species are present in older ballast water which 
could have the potential to proliferate in non-native environments. A 
novel bacterium Georgenia soli was isolated from the iron ore contami-
nated site within the Mangalore port (Kämpfer et al., 2010). The pres-
ence of such metal resistant bacteria (Woo et al., 2012) in the port 
environment can be attributed to the increasing anthropogenic influence 
(ballast water exchange, dredging and other shipping activities) in 
addition to natural factors (tides and currents). 

In the present study, SWM season which was characterized by high 
BOD and silicate concentration showed the presence of bacterial species 
OTUs belonging to the genus Haliea. Organisms from this genus are 
known to play a role in the degradation of organic matter through hy-
drolytic enzymes. They can also assimilate a wide range of alkenes and 
other hydrocarbons (Suzuki et al., 2012). Nocardioides spp., OTUs were 
also observed during SWM season. Nocardoides spp., are members of 
Corynebacteria-Mycobacteria-Nocardia-Rhodococcus (CMNR) group of 
bacteria and have varied applications in bioremediation because many 
species from this genus are known to degrade alkanes, phenols and 
phenanthrene (Iwabuchi and Harayama, 1997; Yoon and Park, 2006). 
They were more abundant in the outer port where there is a profound 
effect of the coastal conditions and higher influence of tides. Addition-
ally, a common phenomenon during SWM in the west coast of India is 
the deposition of tar balls from offshore oil rigs and ship tanker-wash 
(Dhargalkar et al., 1977; Suneel et al., 2015). Occurrence of these bac-
teria can be an indication of presence of polyaromatic hydrocarbons 
(PAHs) and can be used as biomarkers for PAHs detection. 

The SWM was also characterized by OTU hits for Tenacibaculum spp., 
which includes several fish pathogens (Habib et al., 2014) that are 
known etiological agents for tenacibaculosis and flexibacteriosis in 
marine fish. Hence, they have an important economic significance in 
aquaculture (Avendaño-Herrera et al., 2006) and could also pose a sig-
nificant threat to resident marine life. 

Haldia is an industrial port city where studies dating back to the late 
1990s have reported a significant increase in pollutant levels in the 
surrounding coastal waters (Mitra, 1998; Samanta et al., 2005). 
Concurrently, bioaccumulation of the various heavy metals has been 
reported in this area in various organisms of higher trophic levels such as 
Indian white shrimp (Bhattacharyya et al., 2013), macrobenthic 

Table 2 
Eigen values and interset correlation scores of redundancy analysis (RDA) axes 
for the biplot of RDA in Fig. 5 at (a) New Mangalore port and; (b) Haldia port.   

1 2 3 4 Total 
variance 

(a) Axes 
Eigenvalues 

Species- 
environment 
correlations 

0.705 
1 

0.253 
1 

0.037 
1 

0.004 
1 

1 

Cumulative percentage variance 
of species data 

of species- 
environment 
relation 

70.5 
70.5 

95.8 
95.8 

99.6 
99.6 

100 
100  

Interset correlation score 
Species score RDA 1 RDA 2 Environmental 

variable score 
RDA 1 RDA 2 

P. sedentarius 
A. halophilus 
Haliea spp. 
Tenacibaculum 
spp. Alcanivorax 
spp. 
Nocardioides spp. 

0.769 
0.836 
0.038 
0.38 
0.363 
-0.993 

0.414 
0.368 
0.629 
0.583 
-0.928 
-0.074 

Temperature 
Salinity 
SPM 
DO 
BOD 
Chl a 
PO4 

SiO4 

NH4 

NO2 

NO3 

0.982 
0.975 
0.742 
0.49 
-0.048 
0.474 
-0.784 
-0.866 
-0.904 
0.961 
0.818 

0.107 
0.025 
-0.079 
0.477 
0.05 
-0.47 
-0.462 
-0.355 
0.156 
-0.119 
-0.222  

(b) Axes 
Eigenvalues 

Species- 
environment 
correlations 

0.979 
1 

0.013 
1 

0.008 
1 

0 
0 

1 

Cumulative percentage variance 
of species data 

of species- 
environment 
relation 

97.9 
97.9 

99.2 
99.2 

100 
100 

0 
0  

Interset correlation score 
Species score RDA 1 RDA 2 Environmental 

variable score 
RDA 1 RDA 2 

P. pachastrellae 
O. litoreus 
R. pomeroyi 
H. intermedia 
P. bauzanensis 
Pseudomonas 
spp. 
A. junii 
Donghicola spp. 
M. murale 

0.697 
0.999 
0.983 
-0.995 
0.816 
0.983 
0.313 
0.999 
0.728 

-0.667 
-0.029 
-0.065 
-0.092 
-0.418 
0.185 
0.749 
-0.044 
0.259 

Temperature 
Salinity 
SPM 
DO 
BOD 
Chl a 
PO4 

SiO4 

NH4 

NO2 

NO3 

-0.977 
0.998 
-0.838 
0.923 
0.964 
0.023 
0.675 
-0.144 
-0.839 
-0.877 
-0.569 

0.213 
0.02 
0.545 
-0.095 
0.217 
-0.554 
-0.129 
0.006 
0.061 
0.305 
-0.458  

Table 3 
Variation in the bacterial species (OTU hits), richness, and diversity at New Mangalore port and Haldia port during pre-monsoon season (PrM) and the southwest 
monsoon season (SWM).   

Number of species OTUs (S) Number of sequences (N) Shannon's diversity index Simpson's diversity index 

Mangalore Inner_PrM 
Outer_PrM 
Inner_SWM 
Outer_SWM 

94 
86 
92 
74 

21,581 
20,337 
10,855 
6727 

2.863 
3.032 
2.796 
3.121 

0.879 
0.911 
0.875 
0.917 

Haldia Arm_PrM 
Channel_PrM 
Arm_SWM 
Channel_SWM 

80 
78 
143 
119 

7463 
7204 
6643 
6364 

3.133 
3.019 
4.222 
3.924 

0.919 
0.909 
0.977 
0.959  
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molluscs (Mitra and Choudhury, 1993), Tenualosa ilisha (Hilsa) fish 
(Chakraborty et al., 2016), and other commercially important fish 
(Mitra and Ghosh, 2014). Bacteria present in this area have shown 
extreme tolerance to the presence of heavy metals (Bhattacharya et al., 
2000). During SWM, at HDC, OTUs affiliated to Hydrogenophaga inter-
media, a β-proteobacteria were observed. This bacterium can grow in 
polychlorinated biphenyl (PCB) contaminated waters (Sul et al., 2009). 
It has the ability to reduce textile dyes (Contzen et al., 2000; Gan et al., 
2011), due to which it could be a potential bioremediating agent. Genus 
Alcanivorax OTUs were also observed only during SWM. They have been 
included in a group of obligate marine hydrocarbon-degrading bacteria 
(OHCB) which play a significant role in biological removal of petroleum 
hydrocarbon. They have been reported in port waters with high shipping 
activity and play a significant role in natural cleansing of oil-polluted 
marine sites (Yakimov et al., 2007; Gertler et al., 2012). If the 
discharge of ballast water in this port area leads to a change in bacterial 
diversity and flourishing of non-native organisms competing with such 
hydrocarbon-degrading bacteria, it could influence the assimilation and 
reduction of hydrocarbons in the port waters and is a cause of concern. 

SPM was high in the SWM season at HDC in surface water than in the 
bottom water of the channel area (Unpublished data) which indicates 
the introduction of SPM through riverine discharge rather than the 
resuspension of benthic sediments. The sediment texture was mostly 
clayey and hence, carried more nutrients (Riclea et al., 2012) compared 
to the SPM at NMPT and thus positively influenced the total bacterial 
count. HDC also had very low chlorophyll levels compared to NMPT 
owing to the turbidity resultant of riverine influx. Due to the influx of 
nutrients, pollutants and SPM-associated bacteria, through river runoff, 
the bacterial community at HDC during SWM was significantly different 
from PrM season. 

4.2. Bacterial diversity during pre-monsoon 

The bacterial diverisity at NMPT was significantly different during 
PrM when compared to SWM (Fig. 6). At NMPT, suspended particulate 
matter was higher than at HDC. However, the sediment texture at NMPT 
was mostly sandy (Unpublished data). Although these particles are 

heavy and account for more SPM, they carry less bioavailable nutrients 
(Renzi et al., 2007), owing to which, SPM did not have any significant 
influence on the bacterial abundance (total bacterial count and total 
viable count). However, OTU hits for bacteria that were previously re-
ported as benthic halophiles, Primorskyibacter sedentarius (Romanenko 
et al., 2011) and A. halophilus (Yi et al., 2004) showed a positive rela-
tionship with SPM, and were observed at NMPT. This indicates that they 
could have been associated with the sediment and resuspended into the 
water column through either anthropogenic or natural factors. 
P. sedentarius OTUs were predominant in both inner and outer port 
areas. This bacterium was first isolated from the shallow sediments of 
the Sea of Japan (Romanenko et al., 2011) and is being reported in the 
coastal water of the Indian subcontinent for the first time. The OTUs 
related to A. halophilus, a member of class Gammaproteobacteria which 
is capable of forming biofilms (Bae et al., 2011), were observed in both 
the seasons in the inner port, but was higher during the PrM season, 
characterized by higher SPM, DO and Chl a. Biofilms have widely been 
reported as prominent vectors that facilitate bioinvasion because of their 
resistance to chemical and mechanical treatments, provision of refuge 
from predatory protists and induction of interaction among pathogenic 
strains (Drake et al., 2005, 2007; Hede and Khandeparker, 2018). Bio-
films can also pose a significant threat to infrastructure such as ship hulls 
and underwater pipelines by promoting biocorrosion (Flemming, 2002) 
and biofouling (Beech et al., 2005; Khandeparker et al., 2014). The 
propagation and introduction of such bacteria could be inimical to the 
port environment. 

The OTUs affiliated to genus Alteromonas which also belongs to class 
Gammaproteobacteria, were observed at NMPT during both the seasons 
but were higher during PrM (Fig. 3a). They are obligate marine bacteria 
which are ubiquitous in marine environments such as coastal, Open 
Ocean, hydrothermal vents and marine sediments (Austin, 1988; 
Mikhailov et al., 2006). They have the ability to produce a wide range of 
enzymes like proteases, endoglucanases, glycosidases, chitinases, nu-
cleases (Romanenko and Mikhailov, 1992), hydrolases and phospha-
tases (Fedosov, 1991). Their chitonolytic properties (Tsujibo et al., 
1998) play an important role in the remineralization of nutrients from 
higher trophic levels. Given their biogeochemical importance and 

Fig. 6. Cluster analysis with similarity profile routine (SIMPROF) test (marked in red) based on Bray-Curtis similarity coefficient of the OTUs phylogenetically 
affiliated to the bacterial species at New Mangalore Port and Haldia port. Similarity cut-off was set at 50%. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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prevalence across seasons, they seem to be invaluable for the ecological 
sustenance. 

At HDC, however, OTU hits for Oceanicola litoreus, a halophilic or-
ganism from family Rhodobacteraceae (Alphaproteobacteria), were 
observed during PrM season. This bacterium was first discovered in sea 
shore sediment in South Korea (Park et al., 2013). Oceanicola spp. belong 
to the Roseobacter clade and play an important role in ocean nutrient 
(Manganese) cycling (Dick and Tebo, 2010). In addition to the loading 
and unloading activities at the port, coastal industries in the vicinity of 
the port, especially crude oil refineries (Mitra, 1998) have also 
contributed to the manganese concentrations in HDC. Hence, it seems 
that the change in environmental conditions has led to the emergence of 
ecologically relevant bacteria and the presence of such bacteria could be 
an indication of heavy metals in the environment. 

Additionally, HDC is heavily polluted by hydrocarbons and harbors a 
rich population of hydrocarbon-degrading microorganisms (Roy et al., 
2002; Panigrahy et al., 2014). Most hydrocarbon-degrading bacteria 
belong to phylum Proteobacteria (Floodgate, 1995; Head and Swannell, 
1999), such as Pseudomonas spp. which are known to readily degrade the 
crude oil when compared to other planktonic species (Dasgupta et al., 
2013). In our study, OTU hits for halotolerant Pseudomonas spp. iden-
tified as Pseudomonas bauzanensis, which was first isolated from a 
polluted industrial site in the Bohai Sea (Zhang et al., 2011) were 
observed. It has been widely reported in soil contaminated with hy-
drocarbons and is known for its ability to degrade PAHs especially 
phenanthrene and pyrene (Wang et al., 2014). Furthermore, OTUs 
affiliated to Donghicola spp., which were first named by Yoon et al. 
(2007), were observed during PrM season. Donghicola spp., are halo-
philic and have an ability to degrade oil (Tan et al., 2009) and can grow 
using crude oil as the sole carbon source. 

The shipping activities (loading and unloading of cargo, ballast 
water uptake and discharge) inside the port are one of the major 
anthropogenic perturbations that influence the prevailing bacterial 
community (Trozzi and Vaccaro, 2000). In our study, OTUs related to 
Ruegeria pomeroyi, a marine member of the α-proteobacterial group were 
dominant during PrM. This bacterium has the ability to survive in 
various phosphorus (P) environments and is involved in the cycling of 
“P” in the environment (Sebastian and Ammerman, 2011). The mate-
rials loaded and unloaded at HDC include rock phosphate and phos-
phoric acid which could have provided a conducive environment for 
R. pomeroyi to flourish. Additionally, R. pomeroyi is also known for its 
algicidal properties which drive their interaction with algal hosts, and 
suggested to play a role in fading algal blooms (Riclea et al., 2012; Todd 
et al., 2012). These interactions may influence the phytoplankton 
community structure which could have a cascading effect on higher 
trophic levels. 

This study reports the OTUs for halophilic bacteria viz., O. litoreus, 
Donghicola spp., and R. pomeroyi, in Indian coastal waters for the first 
time. In the redundancy analysis biplot, these organisms are grouped 
together and showed a strong positive relationship with salinity 
(Fig. 5b). The presence of these organisms demonstrates their ability to 
survive in semblance with the prevailing biome. All these organisms 
were abundant during the PrM season, and translocation through ballast 
water exchange could also be one of the reasons for their introduction 
into a non-native riverine environment. 

Acinetobacter junii, a halotolerant member of the γ-proteobacterial 
group is a known etiological agent of bacteraemia (Kappstein et al., 
2000), and is commonly introduced through sewage and wastewater 
treatment effluents (Hrenovic and Ivankovic, 2009). The OTUs affiliated 
to A. junii were observed at HDC during both the seasons. Higher 
chances of disease outbreaks during monsoon have been reported in 
riverine environments including the river Ganges (Mishra et al., 2012). 
The coastal areas of Bay of Bengal have been also marked as hotspots in 
disease outbreaks, specifically from Vibrio cholerae O139, also a member 
of the γ-proteobacterial group, which was first isolated from this region 
(Shimada, 1993). Previous studies have suggested that dynamics of 

organic nutrients, salinity and temperature, which could be attributed to 
seasonal changes, significantly influence the prevalence of Vibrio spp. 
(Kopprio et al., 2020). The water surrounding the port area is used for 
various domestic purposes by ever increasing human population and 
hence the presence of pathogens poses a direct health threat. 

Overall, the OTU diversity (F = 6.95, p < 0.05) and richness (F =
4.64, p < 0.05) at HDC was higher when compared to NMPT. At HDC, 
the bacterial community was more diverse during SWM as a result of 
monsoonal run-off than during PrM (Table 3). The species richness was 
also higher during SWM than during PrM (Table 3). The increase in 
riverine inputs during SWM could be the reason for higher species di-
versity and richness. At NMPT, however, the OTU diversity was higher 
in the outer port than the inner port during both the seasons (Table 3). 
Bacterial diversity can be used as a proxy for the presence of environ-
mental pollution. Lower bacterial diversity was recorded in coastal areas 
with higher degree of terrestrial- and anthropogenic- driven pollution 
(Tamburini et al., 2020; Zampieri et al., 2020). In the present study, the 
seasonal variability in the environmental parameters significantly 
influenced the bacterial diversity at both NMPT and HDC through 
emergence of ecologically significant bacterial OTUs. Previous studies 
supported the theory that variation in the quality and quantity of 
organic matter significantly influences bacterial communities (Eswaran 
and Khandeparker, 2019, 2021; Gardade and Khandeparker, 2020; 
Tamburini et al., 2020). For a deeper understanding of the influence of 
seasonal changes on the bacterial community, further investigation in 
similar coastal port environments along the coast of India is essential. 
Furthermore, determining the concentration of heavy metals and hy-
drocarbons in these environments could provide vital insights into the 
anthropogenic perturbations in port environments. Additionally, to 
emphasize the roles of the proliferated bacteria that are ecologically 
relevant in the coastal port environments, functional profiles of the 
metagenome need to be explored. This could be achieved through pre-
diction of functions using existing 16S rRNA gene datasets or whole 
metagenome analysis. 

5. Conclusions 

This study comprehensively elucidated the unique bacterial com-
munities at two ports; a marine port (NMPT), and a riverine port (HDC) 
using 16S rRNA gene sequencing. At the marine port, there was a sig-
nificant increase in OTUs affiliated to benthic bacteria (P. sedentarius 
and A. halophilus) during PrM, whereas, the onset of SWM was charac-
terized by an increase in OTUs related to pathogenic bacteria (Tenaci-
baculum spp.) and bacteria capable of degrading PAHs (Haliea spp. and 
Nocardioides spp.). At the riverine port, PrM was characterized by OTUs 
affiliated to halophilic and halotolerant bacterial species, presumably 
non-native to the riverine environment. These species have the ability to 
metabolize diverse substrates and play a significant role in nutrient- 
cycling. On the other hand, during SWM, there was distinct increase 
in the OTUs affiliated to bacteria reported to have the ability to degrade 
hydrocarbons (H. intermedia, Genus Alcanivorax). Hence, seasonal vari-
ation of the bacterial community was significant in both marine and 
freshwater ports. The variation in the environmental variables driven by 
monsoon runoff seems to have influenced the bacterial diversity. Many 
species have been observed in this study for the first time in the Indian 
coastal waters. Proliferation of ecologically relevant bacterial OTUs may 
have played an integral role in determining the structure of the bacterial 
community. Understanding the factors leading to their emergence and 
unravelling the functional roles of such species in coastal ecosystems is a 
way forward. 
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Changes in the ballast water tank bacterial community during a trans-sea 
voyage: Elucidation through next generation DNA sequencing 
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A B S T R A C T   

Ballast water (BW) mediated bioinvasion is one of the greatest threats to the health of aquatic ecosystems. 
Bacteria, unlike higher organisms, are transferred in large numbers through BW. Owing to their abundance and 
potential pathogenicity, they pose a direct threat to the prevailing microbiome in the recipient waters and also to 
human health. This study investigated the changes in the BW tank bacterial community during a trans-sea voyage 
from Visakhapatnam port, located along the east coast of India (Bay of Bengal) to Mumbai port, located along the 
west coast of India (Arabian Sea). Next generation sequencing was used to explore the unculturable segment of 
bacteria. The BW tank conditions led to a decrease in photoautotrophs and non-spore forming bacteria. On the 
other hand, biofilm forming and antibiotic producing bacteria, nutrient limiting condition sustaining bacteria, 
and those capable of synthesizing enzymes prerequisite for active metabolism under stress, increased over time. 
The shifts in the bacterial community were dependent on mechanisms adopted by the clades to cope with the BW 
tank conditions. Functional prediction of the bacterial community revealed a significant increase in the core 
metabolic functions, which enabled the survival of such bacteria. As the voyage progressed, an increase in the 
total viable bacteria in BW tanks could be attributed to the decrease in the abundance of phytoplankton and 
zooplankton. At the end of the voyage, the bacterial community in the BW tanks was significantly different, and 
the species diversity and richness were higher than that of the natural seawater (source water). Pathogenic 
species were more abundant during mid-voyage than at the end of the voyage, suggesting that voyage duration 
influences the pathogenic bacterial community. Investigating the fate of the discharged bacterial population at 
the deballasting point is a way forward in the assessment of marine bioinvasion.   

1. Introduction 

When aquatic organisms are dispersed beyond their native ecosys-
tems, it may lead to the invasion of non-native environments. This 
phenomenon, termed as ‘Marine bioinvasion’ may negatively impact 
aquaculture industries in addition to posing a risk to the environment 
and human health (Anil et al., 2002; Simberloff, 2011; Galil et al., 2014). 
Although BW is essential for ships to maintain their stability during a 
voyage, it has been identified as a significant vector for bioinvasion. Due 
to increase in maritime trade over the past few decades, cargo ships have 
been responsible for translocating more than 10 billion tonnes of BW 
annually (Elçiçek et al., 2013) along with the resident biota (Hulme, 
2009; Seebens et al., 2013) into other aquatic environments. In addition 
to BW, the sediment (Mimura et al., 2005) and biofilms (Drake et al., 
2007) in the BW tanks have also been identified as potential vectors for 
bioinvasion. Such translocations have resulted in the invasion of a 

plethora of species into ecosystems beyond their natural range, which is 
estimated to be over 7000 species (Carlton, 1985). In the past three 
decades, many organisms have invaded non-native marine environ-
ments around the world such as Mnemiopsis leidyi [Opaque comb jelly-
fish] (Vinogradov et al., 1989), Dreissena polymorpha [Zebra mussel] 
(Ludyanskiy et al., 1993), Mytilopsis sallei [Black-striped mussel] (Field, 
1999), Asterias amurensis [North Pacific Seastar] (Buttermore et al., 
1994), and Vibrio cholerae O1 and O139 (Ruiz et al., 2000). As many as 
450 invasive species are catalogued in the United States of America 
alone (Ruiz et al., 2015). 

Studies have been carried out on the diversity of ballast tank water 
concerning marine invertebrates (Gray et al., 2007), zooplankton 
abundance (Gollasch, 2000; Olenin et al., 2000; DiBacco et al., 2012), 
harmful algae (Smayda, 2007), phytoplankton (Mccarthy and Crowder, 
2000; Choi, 2009), and invertebrate-associated bacteria (Khandeparker 
and Anil, 2013). Bacteria are much smaller organisms and are present in 
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higher numbers in the BW tanks (Dobbs and Rogerson, 2005). Approx-
imately 1019 bacteria are being translocated globally through ships’ BW 
daily (Brinkmeyer, 2016). Given their potential pathogenicity, dispersal 
of marine bacteria is of great concern when compared to higher or-
ganisms (Drake et al., 2007). Thus, marine pathogenic bacteria and their 
transport through BW have been studied extensively (Joachimsthal 
et al., 2003; Drake et al., 2007; Seiden et al., 2011; Altug et al., 2012; 
Emami et al., 2012; Desai et al., 2018; Ng et al., 2018). However, most of 
these studies concentrated only on the culturable segment of bacteria. 
Modern molecular methods have allowed the inclusion of unculturable 
bacteria, thereby providing a more holistic bacterial diversity in BW 
tanks (Khandeparker and Anil, 2017). 

Metagenomic exploration of the seawater from the BW tanks has 
revealed new information on the changes in the bacterial community 
during a voyage. A study by Brinkmeyer (2016), revealed that the 
bacterial community in the BW tanks is unlike that of typical marine 
environments. The novel pathogenic forms of bacteria were also detec-
ted (Ng et al., 2015). Few studies have also assessed the efficacy of 
mid-ocean exchange, a technique used to reduce the risk of bioinvasion 
(Tomaru et al., 2014; Lymperopoulou and Dobbs, 2017) and identified 
biomarkers to assess the origin of BW (Gerhard and Gunsch, 2019). 
Studies have also evaluated the effectiveness of other BW treatment 
technologies (De Lafontaine and Despatie, 2014; Moreno-Andr�es et al., 
2016, 2018; Romero-Martínez et al., 2017; Cullen, 2018; Petersen et al., 
2019). Environmental DNA metabarcoding is being used to assess the 
efficacy of BW management systems (Rey et al., 2019). However, there 
are lacunae in the understanding of the modification in the structure and 
function of bacterial communities during a voyage, since marine bio-
invasion continues to be a considerable threat to the health of aquatic 
ecosystems. 

The objective of the current study was to acquire a holistic under-
standing of the changes in the bacterial community inside the BW tanks 
during a voyage in the seas surrounding the Indian peninsula. The 
voyage was undertaken from Visakhapatnam port, India (Bay of Ben-
gal), to Mumbai port, India (Arabian Sea). The bacterial community 
inside the BW tanks was assessed using Ion Torrent PGM™, a next 
generation sequencing technique. The sequences were acquired from a 
range of hypervariable regions on the 16S rRNA gene to improve the 
efficacy of the data. The functional diversity and the expression of core 
metabolic functions have been predicted using the same datasets. It was 
hypothesized that photoautotrophs and non-spore formers would 
decrease over time since the conditions in the BW tanks are not 
conducive for their growth. On the other hand, bacterial groups with 
strategies to overcome this stress and compete with the existing organ-
isms are expected to survive or proliferate during the voyage. In such a 
case, an increase in the expression of core metabolic functions that could 
support their survival was expected. 

2. Materials and methods 

2.1. Voyage route 

Sampling was carried out on a bulk carrier motor vessel, which had 
no BW treatment system on board. The voyage was undertaken from 
Visakhapatnam port, Andhra Pradesh (East coast of India) (17.6885� N, 
83.2974� E) to Mumbai port, Maharashtra (West coast of India) 
(18.9477� N, 72.8525� E) during June 2014. The BW was taken ~20 
nautical miles from the Visakhapatnam port in two ballast tanks. The 
complete duration of the voyage was approximately five days, after 
which the BW was discharged ~45 nautical miles from the Mumbai port. 

2.2. Sample collection 

Two ballast tanks (top side tank port side -TSTP and top side tank 
starboard side- TSTS) were sampled. Each ballast tank had a capacity of 
581.64 m3 and a depth of 5.05 m. The water samples from ballast tanks 

were collected through the manhole from both surface and bottom of the 
ballast tanks using a 5 L Niskin sampler daily at 09:00 a.m. until the end 
of the voyage. In TSTS, BW was partially discharged after 36 h of the 
voyage, after which the water depth reduced to 2 m. Subsequently, only 
surface water samples were collected from this tank. Additionally, nat-
ural seawater samples were also collected from the area of BW uptake 
(SW) (~20 nautical miles from the Visakhapatnam port) and the area of 
BW discharge (DW) (~45 nautical miles from the Mumbai port). Sample 
codes, age of the water, and sample description are provided in Table 1. 

2.3. Physico-chemical parameters and dissolved nutrients 

Temperature, pH, and total dissolved solids (TDS) were measured 
using a multi-parameter probe (Oakton PCD 650, Cole-Palmer, USA). 
Samples for salinity were collected and stored in 50 mL airtight glass 
bottles and analysed on Guildline Autosal 8400B (within 10 days of 
collection). Dissolved oxygen was analysed on board (within 1 h of 
collection) using Winkler’s method, as described by Parsons et al. 
(1984). For chlorophyll a (Chl a) estimation, 500 mL of water sample 
was filtered through GF/F (0.7 μM) filter paper and stored at � 20 �C 
until analysis. Subsequently, filter papers were extracted with 90% 
acetone and raw fluorescence units (RFU) were measured using a 
Fluorometer. For suspended particulate matter (SPM), water samples 
(500 mL) were filtered through pre-ashed, pre-weighed GF/F filter 
paper. The filter papers were weighed after drying for 48 h in a hot air 
oven at 60 �C. Final readings were expressed as milligrams per litre (mg 
L� 1). Samples for dissolved nutrients were collected in cryovials and 
preserved in liquid nitrogen. They were analysed using SKALAR SANplus 

ANALYZER within 10 days of collection. 

2.4. Total bacterial count, total viable count, and culturable pathogenic 
bacteria 

Water samples for total bacterial count were preserved in para-
formaldehyde (1% final concentration) and stored at � 20 �C until 
analysis. In the laboratory, they were thawed and stained with SYBR 
Green I (1:10,000 final concentration) prior to incubation in the dark for 
15 min. The stained samples were analysed on the BD FACSVerse flow 
cytometer using a blue laser (488 nm) (Khandeparker et al., 2017a). 
Cells with low nucleic acid content (LNA) and high nucleic acid content 
(HNA) were differentiated by gating against green fluorescence (FITC) 
versus the right angle light scatter (RALS). BD FACS Diva software (BD 
Biosciences, USA) was used to process the data, which were expressed as 
cells per millilitre (cells mL� 1). 

Table 1 
Details of the samples (sample ID), age of ballast water and voyage duration 
(days).  

S. no. Sample ID Age of water sample (hours) Voyage duration (Days) 

1 SW – – 
2 TSTP1 0 0 
3 TSTP2 24 1 
4 TSTP3 48 2 
5 TSTP4 72 3 
6 TSTP5 96 4 
7 TSTP6 120 5 
8 TSTS1 0 0 
9 TSTS2 24 1 
10 TSTS3 48 2 
11 TSTS4 72 3 
12 TSTS5 96 4 
13 TSTS6 120 5 
14 DW – – 

SW – source water: natural sea water collected from the source (off-Visakha-
patnam, India); TSTP – Top side tank port side; TSTS – Top side tank starboard 
side; DW – destination water: natural sea water collected from the destination 
point/ area of deballasting (off-Mumbai, India). 
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For the enumeration of total viable bacteria, water samples were 
spread plated after appropriate dilution on Zobell marine agar (HiMe-
dia), and incubated at room temperature for 24 h before enumeration. 
Vibrio spp., Escherichia coli O157: H7 and total coliforms were quantified 
using spread plate technique on Thiosulfate citrate bile salts (TCBS) agar 
(Cat no. M189, HiMedia), HiCrome EC O157: H7 Agar (Cat no. M1574, 
HiMedia) and MacConkey agar (Cat no. M081B, HiMedia) respectively. 
The identification and enumeration of the specific bacteria were carried 
out after 24 h of incubation at 37 �C, as provided in the technical data 
sheet from the manufacturer. This identification has been previously 
confirmed using protein profiling through MALDI-TOF MS and 
biochemical tests on randomly picked isolates from the respective se-
lective media plates (Khandeparker et al., 2015). The estimation of total 
viable bacteria and pathogenic count was carried out on board in a 
temporary laboratory set up inside the cabin. 

2.5. DNA extraction, PCR amplification, and sequencing 

Water samples for metagenomic amplicon analyses were collected on 
alternate days in triplicates. Two liters of the samples were filtered 
through sterile 47 mm diameter, 0.22 μM pore size filter papers (Milli-
pore, USA) using low suction from a vacuum pressure pump (220/50Hz) 
and stored at � 20 �C until DNA extraction was performed using the 
protocol given in Khandeparker et al., 2017. The amplicons were pre-
pared using the Ion 16S™ metagenomics kit (Thermo Fischer Scientific; 
Cat. No.: A26216) following the manufacturer’s guidelines. The pro-
prietary primer pool uses 6 variable regions on the 16S rRNA gene (V2, 
V3, V4, V6-7, V8, and V9). Two amplification reactions were performed 
(one pool amplifying V2, V4, and V8, and second pool amplifying V3, 
V6-7, and V9). Amplicons from both the primer sets were pooled and 
purified using magnetic beads (Agencourt AMPure XP beads, Beckman 
Coulter) before quantification (Qubit 2.0 Fluorometer). The pooling 
allowed the sequence-based identification of the microbial composition 
across all the variable regions (Sperling et al., 2017). 

Libraries were prepared using Ion Plus Fragment Library Kit (Thermo 
Fischer Scientific, Cat. No.: 4471252) according to the manufacturer’s 
instructions. The prepared libraries were pooled in equimolar concen-
tration (25–30 pmol) and loaded on Ion 316™ Chip V2 (Cat. No.: 
4483188). Sequencing was performed on Ion Torrent PGM™ sequencer 
(Khandeparker et al., 2017). 

2.6. Filtering of reads and analysis on Ion Reporter™ software 

Following the sequencing run, the acquired reads were subjected to 
signal processing, base calling, mapping, and quality control (Phred 
score) using Torrent Suite v5.0.5, which also categorized the reads based 
on barcodes. The sequence alignment data (.bam) files comprising the 
final reads were subjected to phylogenetic analysis by uploading on Ion 
Reporter™ software v5.2 (ionreporter.thermofisher.com/). A custom 
workflow that utilized both Curated MicroSEQ® 16S v2013.1 and 
Curated Greengenes v13.5 as reference libraries was created. For the 
taxonomic assignment, the parameters were set, as described by Sperl-
ing et al. (2017). The results were exported as tab-delimited text files (. 
txt) containing the abundance hits of operational taxonomic units 
(OTUs) at family, genus, and species levels for each sample. 

2.7. Inferring the functions of the microbiome 

The functional diversity of the metagenome was predicted from the 
existing 16S amplicon metagenomic data sets using iVikodak, a web- 
based platform (Nagpal et al., 2019). The platform is standardized to 
analyse data up to genus level; hence the genus OTU abundance data 
and metadata were uploaded as “.txt” files. The data were normalized 
and subjected to functional prediction based on existing algorithms 
using the Kyoto encyclopedia of genes and genomes (KEGG) database 
(Kanehisa and Goto, 2000). Simultaneous functional prediction was 

done to compare the functional diversity in the ballast tanks with that of 
the natural seawater (SW) and also to determine the functional diversity 
in the ballast tanks based on duration of incubation/voyage. Heat maps 
and box whisker plots depicting the abundance of core metabolic 
functions were obtained. 

2.8. Zooplankton and phytoplankton abundance 

For zooplankton sample collection, two casts using Heron-Tranter 
net (mesh size 100 μm and mouth area of 0.5m) were made inside 
both the tanks. Using the initial and final flow meter readings the vol-
ume of water filtered was calculated as V ¼ αNRA (where, V – volume of 
water filtered in m3; α – Flow meter calibration factor; NR – Number of 
revolutions (read from the flowmeter); A – area of the mouth of the net). 
Aliquots of the sample were obtained by splitting the sample into two 
halves using a Folsom plankton splitter and taken on petri plates with 
grids. Live and dead zooplankton were counted using a stereo micro-
scope (Olympus SZX16) under 4X and 10X magnification at the tem-
porary laboratory setup inside the cabin on board and expressed as live 
and dead individuals m-3. For the analyses of phytoplankton abundance, 
1 L of the water sample was preserved in Lugol’s iodine and stored until 
analysis. In the laboratory, samples were allowed to settle for 48 h, and 
the supernatants were siphoned out (Hasle and Sournia, 1978) until only 
100 mL was remaining. Aliquots were taken in petri dishes and analysed 
using an inverted microscope (Olympus IX71) under 20X magnification 
and expressed as cells L-1. 

2.9. Graphical representation and statistical analyses 

The relative abundance of OTUs was visualized in the form of cu-
mulative bar charts (Golden Software, Inc. GrapherTM v8.4.696 Graph-
ing software). Multidimensional scaling (MDS) was performed to 
summarize the substantial OTU abundance data. The reads were log 
transformed (normal distribution was confirmed using Shapiro-Wilk test 
of normality [SPSS Statistics, Version 22]) and clustered based on Bray- 
Curtis similarity (Primer 6, v6.1.10). MDS plots were obtained with 
clustering at 70% similarity at family and genus levels and 55% simi-
larity at species level. The species diversity was assessed using Shan-
non’s index [H’ ¼ -SUM (Pi* Loge (Pi)), where “p” is the proportion (n/ 
N) of individuals of one particular species found (n) divided by the total 
number of individuals found (N). “i” is the limits to the summation 
ranging from 1 to “s”, where “s” stands for total number of species] and 
Simpson’s index [1-λ0 ¼ 1-SUM (Ni*(Ni-1)/(N*(N-1)), where N stands 
for the total number of individuals found and “i” is the limits to the 
summation from 1 to total number of species (s)]. Species richness has 
been assessed using the total number of OTUs. This analysis has been 
performed using Primer 6, v6.1.10. The correlation analyses between 
biotic and abiotic parameters were performed using StatSoft, Inc. (2007) 
STATISTICA (data analysis software system), version 8.0. www.statsoft. 
com. Regression with p-value � 0.05, were considered significant. 

3. Results 

3.1. Physico-chemical parameters and dissolved nutrients 

Results of the physico-chemical parameters and dissolved nutrients 
are provided in Table 2. In brief, the temperature at SW was 32.1 �C, 
whereas it ranged from 29.8 to 31.5 �C inside the ballast tanks and did 
not vary significantly as the voyage progressed. Salinity was 33.85 in 
SW. After BW uptake, it ranged from 33.9 to 34.1 in both TSTP and TSTS 
and did not vary significantly during the voyage. The total dissolved 
solids (TDS) were 26.5 mg L� 1 in SW, while average TDS were 26.5 �
0.09 mg L� 1 and 26.6 � 0.04 mg L � 1 in TSTP and TSTS respectively 
during the voyage. The concentration of Chl a which was 0.65 μg L� 1 at 
SW, showed a decreasing trend in TSTP during the voyage (average 
concentration 0.24 � 0.1 μg L� 1 and 0.42 � 0.3 μg L� 1 in the surface and 
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bottom). In TSTS the average Chl a was 0.36 � 0.1 μg L� 1. The phos-
phate (PO4) concentration in SW was 1.65 μM. After BW uptake, it was 
1.39 � 0.18 μM and 1.63 � 0.32 μM in the surface and bottom waters of 
TSTP and 1.58 � 0.32 μM in TSTS. Nitrite (NO2) concentration was 0.68 
μM in SW. The average NO2 concentration was 0.71 � 0.05 μM in the 
surface water and 0.79 � 0.09 μM in the bottom water of TSTP, and 0.8 
� 0.1 μM in TSTS. Nitrate (NO3) concentration was 4.18 μM in SW. After 
the uptake the average concentration was 5.87 � 2.1 μM and 4.53 �
0.57 μM in surface and bottom of TSTP respectively and 4.63 � 0.4 μM 
in TSTS. All the dissolved nutrients except NO3 showed an increasing 
trend over time. 

3.2. Total bacterial count, total viable bacteria and pathogenic count 

The total bacterial count was 44.1 � 18.7 � 106 cells mL� 1 in SW. 
However, after the BW uptake, the average total bacterial count 
decreased in both TSTP (1.40 � 0.94 � 106 cells mL� 1 and 1.66 � 0.87 
� 106 cells mL� 1 in surface and bottom respectively) and TSTS (0.67 �
0.39 � 106 cells mL� 1) (Table 3). The cells with low nucleic acid content 
(LNA) were 28.1 � 6.8 � 106 cells mL� 1 in SW. However, with voyage 
duration the average abundance of the LNA decreased to 0.92 � 0.63 �
106 cells mL� 1 and 1.15 � 0.65 � 106 cells mL� 1 in the surface and 
bottom of TSTP respectively (Table 3). In TSTS they were 0.49 � 0.34 �
106 cells mL� 1. Similar trend was observed in cells with high nucleic 
acid content (HNA) which were 161 � 119 � 105 cells mL� 1 in SW. The 
average abundance during the voyage decreased in the surface (4.73 �
3.11 � 105 cells mL� 1) and bottom (5.12 � 2.48 � 105 cells mL� 1) of 
TSTP and TSTS (1.87 � 0.53 � 105 cells mL� 1) (Table 3). Conversely, the 
total viable bacteria which were 290 � 99 CFU mL� 1 in SW, increased 
after the BW uptake and the average abundances were 7.7 � 12.3 � 103 

CFU mL� 1 and 4.4 � 2.5 � 103 CFU mL� 1 respectively in the surface and 
bottom waters of TSTP and 3.3 � 2.9 � 103 CFU mL� 1 in TSTS (Table 3). 
No pathogens were detected in SW except for Vibrio parahaemolyticus 
(10 CFU mL� 1). However, both V. parahaemolyticus and Vibrio alginoly-
ticus were present in the ballast tanks during the voyage. The average 
abundance of V. alginolyticus was 33 � 30 CFU mL� 1 and 79 � 94 CFU 

mL� 1 in surface and bottom water of TSTP respectively. It was 37 � 68 
CFU mL� 1 in TSTS. Total coliforms were also detected in both the tanks 
(<13 CFU mL� 1), whereas, Vibrio cholerae and E. coli O157: H7 were not 
detected (Table 3). 

3.3. Metagenomic exploration of the bacterial community 

Multiplex sequencing using barcodes yielded ~312 million bases 
(mb) of data corresponding to ~1.8 million reads. Fig. 1 visualizes the 
major bacterial families at SW and in the ballast tanks during the 
voyage. SW was dominated by family Caulobacteraceae (16.11%), 
belonging to α-Proteobacteria (Fig. 1). The bacterial community in both 
the ballast tanks was different from the natural seawater and varied 
significantly during the period of voyage. Family Rhodobacteraceae 
increased in both surface (8.77%–34.36%) and bottom (10.56%– 
31.35%) of TSTP and in TSTS (5.57%–23.61%) with respect to time 
(voyage duration) and dominated the bacterial community by the end of 
the voyage (Fig. 1). Additionally, Alteromonadaceae and Flavobacter-
iaceae also increased by the end of the voyage. Inversely, family Pro-
chlorococcaceae decreased from 15.37% to 0.33% in the surface, 
5.05%–0.23% in the bottom of TSTP and from 12.36% to 0.26% in TSTS 
(Fig. 1). Similarly, a decreasing trend was observed in Sphingomona-
daceae family (9.96%–6.3% in the surface and 19.64 to 7.19% in the 
bottom) and Pseudoalteromonadaceae family (1.98%–0.42% in the 
surface and 11.43%–0.39% in the bottom). Family Mycobacteriaceae, 
which was very less in TSTP, showed a decreasing trend in TSTS 
(10.45%–1.54%) (Fig. 1). Families Microbacteriaceae and Caulo-
bacteraceae which were present in SW contributed minimally to the 
bacterial diversity inside the ballast tanks. 

The major genera contributing to the bacterial community are pre-
sented in Fig. 2. The results were concurrent with the observations at 
family level. At SW, the bacterial community was dominated by Phe-
nylobacterium (22.12%), from family Caulobacteraceae followed by 
Prochlorococcus (12.12%), a marine cyanobacterium (Fig. 2). Other 
genera such as Gordonia (8.84%), Alteromonas (7.98%), Nocardioides 
(7.71%) and Mycobacterium (4.63%) contributed to the bacterial 

Table 2 
Physicochemical characteristics of source water (SW), (a) port side tank (TSTP) and (b) starboard side tank (TSTS) and destination water (DW). Temp – Temperature; 
TDS – Total dissolved solids; DO – Dissolved oxygen; SPM – Suspended particulate matter; NH4 – Ammonia; PO4 – Phosphate; SiO4 – Silicate; NO2 – Nitrite; NO3 – 
Nitrate.   

Sample 
ID 

Temp 
(�C) 

Salinity pH TDS (mg 
L� 1) 

DO (mg 
L� 1) 

Chl a (μg 
L� 1) 

SPM (mg 
L� 1) 

NH4 

(μM) 
PO4 

(μM) 
SiO4 

(μM) 
NO2 

(μM) 
NO3 

(μM) 

(a)  

SW 32.1 33.85 8.3 26.5 2.5 0.65 25.5 10.47 1.65 6.37 0.68 4.18 

Surface TSTP1 31 34.1 8.6 26.7 1.9 0.36 18.5 15.27 1.28 10.22 0.71 10.07 
TSTP2 31.3 33.99 8.4 26.6 2 0.31 40.5 14.46 1.24 3.95 0.69 5.26 
TSTP3 30.9 33.96 8.6 26.6 2.2 0.26 19 12.83 1.38 8.8 0.7 4.24 
TSTP4 30 34 8.6 26.6 2.7 0.20 31 15.73 1.25 5.35 0.64 5.93 
TSTP5 30.3 33.97 8.6 26.4 2.3 0.12 11 14.23 1.71 13.65 0.77 5.04 
TSTP6 30.9 33.98 8.5 26.4 2.2 0.17 56 13.86 1.49 6.25 0.75 4.69 

Bottom TSTP1 31.2 34.12 8.5 26.6 1.9 0.76 80 13.52 1.98 4.36 0.71 4.27 
TSTP2 31.3 34.01 8.5 26.6 2.1 0.35 34.5 10.46 1.52 4.81 0.71 5.56 
TSTP3 30.9 33.95 8.6 26.5 2.4 0.45 29 13.75 1.35 4.81 0.69 4.44 
TSTP4 30.6 34 8.7 26.5 2.6 0.76 37 15 1.41 5.56 0.83 3.88 
TSTP5 30.4 33.97 8.6 26.5 2.4 0.12 42.5 12.1 2.08 5.86 0.92 4.71 
TSTP6 31.2 33.98 8.5 26.5 2.2 0.10 11.5 13.87 1.42 7.21 0.85 4.34 

(b)  

SW 32.1 33.85 8.3 26.5 2.5 0.65 25.5 10.47 1.65 6.37 0.68 4.18 

Surface TSTS1 31.2 33.9 8.5 26.6 1.9 0.51 47.5 14.25 1.42 6.17 0.79 4.18 
TSTS2 31.5 33.98 8.4 26.6 2.3 0.27 46.5 12.25 1.2 3.47 0.63 5.3 
TSTS3 31 33.92 8.5 26.5 2.2 0.44 36.5 13.34 1.3 5.89 0.8 4.57 
TSTS4 30.5 33.97 8.7 26.6 2.6 0.35 33 14.9 1.73 7.07 0.76 4.84 
TSTS5 29.8 34.04 8.7 26.6 2.5 0.14 32 14 1.76 12.48 0.94 4.29 
TSTS6 30.1 33.98 8.6 26.6 2.2 0.42 85 12.29 2.04 8.11 0.85 4.58  

DW 31.2 35.35 8.4 27.6 2.5 0.27 24.5 11.92 0.9 3.23 0.61 4.74  
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community (Fig. 2). In the ballast tanks during the voyage, Genus 
Alteromonas, a γ –Proteobacteria belonging to family Alteromonadaceae 
showed an increasing trend and dominated the community by the end of 
the voyage. It contributed 27.49% and 13.62% to the bacterial com-
munity in surface and bottom of TSTP, respectively, and 10.64% to the 
bacterial community in TSTS (Fig. 2). Genus Shimia increased in the 
surface of TSTP (0.54%–12.51%) and TSTS (0.19%–4.59%). Further-
more, genus Sulfitobacter which contributed minimally to the bacterial 
community in SW increased in the bottom water of TSTP (16.71%) 
(Fig. 2). Genus Tenacibaculum was higher during the mid-voyage period 
in both the tanks. Inversely, genus Prochlorococcus decreased in both 
ballast tanks, and its contribution to the bacterial community was 
negligible by the end of the voyage (<1%). Additionally, genus Eryth-
robacter (α-Proteobacteria) decreased over time in TSTP (11.13%–7.45% 
in the surface and 41.87%–13.62% in the bottom). Genus Mycobacterium 
(Actinobacteria), which was less in TSTP, showed a decreasing trend in 
TSTS during the voyage (19.05%–2.48%). Genus Norcardioides (Acti-
nobacteria), which was present in both the tanks, also decreased during 
the voyage (Fig. 2). 

Fig. 3 depicts the major bacterial species at SW and in the ballast 
tanks during the voyage. At SW, Phenylobacterium falsum was the most 
abundant species (30.04%). Whereas, Actinobacterial species, 

Rhodococcus corynebacterioides (Nocardiaceae) and Microbacterium 
schleiferi (Microbacteriaceae), were equi-abundant (~8%) (Fig. 3). In 
the ballast tanks, Shimia isoporae and Nautella indica, both α-Proteo-
bacteria belonging to Rhodobacteraceae, showed an increasing trend 
and dominated the bacterial community, especially in the surface water 
of TSTP (30.43% and 12.52% respectively) by the end of the voyage. 
Sulfitobacter mediterraneus increased in the bottom water of TSTP 
(3.15%–18.69%). On the other hand, Erythrobacter citreus showed a 
significant decrease during the voyage in TSTP (18.03%–9.73% in the 
surface and 42.52%–11.29% in the bottom water). In contrast, a mar-
ginal decrease was observed in TSTS (5.11%–4.98%). A similar trend 
was observed with Phenylobacterium falsum belonging to Caulobacter-
aceae (α-Proteobacteria). However, even after the decrease, P. falsum 
and Tenacibaculum sp. were still the dominant species at the end of the 
voyage (Fig. 3). 

The bacterial community in DW was dominated by family Gordo-
niaceae (Actinobacteria) (20.83%) (Supplementary Fig. 1b). Families 
Caulobacteraceae (6.3%), Rhodobacteraceae (4.13%) were also 
observed, while Altermonadaceae, Mycobacteriaceae, and Sphingomo-
nadaceae were equi-abundant (~3%) (Supplementary Fig. 1). Concur-
rently, Gordonia was the dominant genera (20.01%), followed by 
Prochlorococcus (19.07%) (Supplementary Fig. 1d). At the species level, 

Table 3 
Total bacterial count, total viable bacteria and pathogenic abundance in source water (SW), (a) port side tank (TSTP) and (b) starboard side tank (TSTS) and destination 
water (DW).   

Sample 
ID 

TBC (x106 cells 
mL� 1) 

LNA (x106 cells 
mL� 1) 

HNA (x105 cells 
mL� 1) 

TVC (CFU 
mL� 1) 

VA (CFU 
mL� 1) 

VP (CFU 
mL� 1) 

VC (CFU 
mL� 1) 

TC (CFU 
mL� 1) 

EC (CFU 
mL� 1) 

(a)  

SW 44.1 � 18.7 28.1 � 6.8 161 � 119 290 � 99 ND 10 ND ND ND 

Surface TSTP1 2.46 � 0.08 1.57 � 0.04 8.92 � 0.35 683 � 32 55 � 7 ND ND 15 � 7 ND 
TSTP2 2.67 � 0.27 1.86 � 0.19 8.15 � 0.80 1.7 � 0.1 �

103 
55 � 21 10 � 14 ND 15 � 21 ND 

TSTP3 1.11 � 0.04 0.69 � 0.02 4.24 � 0.21 2.2 � 1.3 �
103 

70 � 21 15 � 7 ND ND ND 

TSTP4 1.0 � 0.14 0.65 � 0.11 3.45 � 0.26 1.4 � 0.04 �
103 

10 ND ND 5 � 7 ND 

TSTP5 0.52 � 0.05 0.35 � 0.03 1.64 � 0.2 7.8 � 0.3 �
103 

5 � 7 5 � 7 ND 5 � 7 ND 

TSTP6 0.62 � 0.07 0.42 � 0.05 1.97 � 0.21 32.2 � 0.02 
� 103 

5 � 7 ND ND 15 � 7 ND 

Bottom TSTP1 2.53 � 0.03 1.78 � 0.02 7.48 � 0.01 1.1 � 0.02 �
103 

38 � 2 10 � 14 ND ND ND 

TSTP2 2.23 � 2.14 1.74 � 1.51 4.96 � 0.63 2.4 � 0.4 �
103 

80 � 14 45 � 21 ND 12 � 12 ND 

TSTP3 2.04 � 0.18 1.33 � 0.10 7.09 � 0.08 4.7 � 0.01 �
103 

90 � 0 10 ND ND ND 

TSTP4 2.02 � 0.33 1.34 � 0.16 6.80 � 1.72 4.4 � 0.01 �
103 

255 � 14 10 � 14 ND 5 � 7 ND 

TSTP5 0.38 � 0.04 0.24 � 0.02 1.45 � 0.19 8.3 � 0.3 �
103 

10 � 14 5 � 7 ND 10 � 0 ND 

TSTP6 0.78 � 0.07 0.48 � 0.04 2.91 � 0.29 5.5 � 0.1 �
103 

ND ND ND ND ND 

(b)  

SW 44.1 � 18.7 28.1 � 6.8 161 � 119 290 � 99 ND 10 ND ND ND 

Surface TSTS1 0.53 � 0.01 0.39 � 0.005 1.46 � 0.07 80 � 14 20 � 14 5 � 7 ND 5 � 7 ND 
TSTS2 0.45 � 0.07 0.31 � 0.04 1.36 � 0.37 3.6 � 0.1 �

103 
175 � 141 20 � 14 ND 60 ND 

TSTS3 0.50 � 0.05 0.31 � 0.02 1.92 � 0.26 6.6 � 0.4 �
103 

20 5 � 7 ND 5 � 7 ND 

TSTS4 0.47 � 0.05 0.31 � 0.03 1.57 � 0.20 915 � 92 ND ND ND 5 � 7 ND 
TSTS5 0.63 � 0.01 0.42 � 0.07 2.13 � 0.06 6.7 � 0.3 �

103 
5 � 7 ND ND ND ND 

TSTS6 1.45 � 0.001 1.18 � 0.0001 2.78 � 0.009 1.8 � 0.01 �
103 

ND 5 � 7 ND ND ND  

DW 26.2 � 1.12 16.1 � 0.04 102 � 10.9 2.5 � 0.2 �
103 

ND ND ND ND ND 

TBC – Total bacterial count; LNA – Low nucleic acid cells; HNA – High nucleic acid cells; TVC – Total viable count; VA – Vibrio alginolyticus; VP – V. parahaemolyticus; VC 
– Vibrio cholerae; TC – Total coliforms; EC – Escherichia coli O157: H7; ND – Not detected; CFU mL-1 – Colony forming units per millilitre. 
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however, the bacterial community was dominated by P. falsum 
(18.71%), followed by R. corynebacterioides (14.42%) (Supplementary 
Fig. 1f). 

3.3.1. Species richness, diversity and multidimensional scaling (MDS) 
The species diversity at SW (Shannon – 3.005; Simpson – 0.884) was 

much lower than the ballast tanks. In TSTP, the diversity increased mid- 
voyage in both the surface (Shannon – 3.875; Simpson – 0.959) and 
bottom (Shannon – 3.403; Simpson – 0.928) waters. In TSTS, the di-
versity increased over time and was high at the end of the voyage 
(Shannon – 3.558; Simpson – 0.945). The species richness was also 
considerably higher in the ballast tanks. 147-153 OTUs were detected in 
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Fig. 1. Relative abundance of major bacterial families of source ballast water (SW) and in ballast tanks on (a) port side (TSTP); (b) starboard side (TSTS).  

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

)STST(edisdraobratSknaTediSpoT)PTST(edistroPknaTediSpoT

Surface Bottom 

SW TSTP2 TSTP6TSTP4 TSTP2 TSTP6TSTP4 SW TSTS2 TSTS6TSTS4

(a) (b)

0

20

40

60

80

100

Prochlorococcus

Ertythrobacterium

Gordonia

Phenylobacterium

Nocardioides

Sulfitobacter

Shimia

Alteromonas

Tenacibaculum

Pseudoaltermonas

Mycobacterium

Other minor genera

Fig. 2. Relative abundance of major genera of bacteria of source ballast water (SW) and in ballast tanks on (a) port side (TSTP); (b) starboard side (TSTS).  

L. Khandeparker et al.                                                                                                                                                                                                                         



Journal of Environmental Management 273 (2020) 111018

7

the surface water of TSTP, while 88-102 OTUs were observed in the 
bottom water. In TSTS, 91-113 OTUs were found, whereas, only 76 
OTUs were found in SW (Table 4). 

MDS analysis revealed two distinct clusters belonging to the bacterial 
community of the surface and bottom waters of TSTP, respectively, 
while the bacterial community in the natural seawater (SW) was an 
outlier (Fig. 4a, c, and e). The bacterial OTUs in TSTS, revealed one 
cluster belonging to TSTS, while that of SW was distinctly different at 
family and species hierarchical levels (Fig. 4b and f). At the genus level, 
TSTS2 and TSTS4 formed one cluster, while TSTS6 was significantly 
different (Fig. 4d). 

3.3.2. Inference of functional potential of the bacterial community 
Predictive inference of functions of the bacterial community 

revealed that with an increase in the voyage time, there was an increase 
in the expression of genes corresponding to core functions in both the 
tanks which included biosynthesis of various essential amino acids, 

biosynthesis and resistance to antibiotic compounds and active nucleic 
acid synthesis and repair (Fig. 5a and b). In TSTP, the core functions 
were expressed more in the surface than in the bottom (Fig. 5a). In both 
the tanks, key functions such as metabolism of nucleic acid, essential and 
non-essential amino acid, carbohydrate, lipid and energy were 
expressed to a greater extent by the end of the voyage (Fig. 5a and b). 
Their expression was also distinctly higher in the tanks when compared 
to natural seawater (Supplementary Fig. 2). 

3.4. Phytoplankton and zooplankton abundance 

The phytoplankton abundance was 5600 cells L� 1 in SW. After BW 
uptake, there was an initial increase in their abundance in TSTP (12700 
cells L� 1). However, in both the tanks, the abundance showed a 
decreasing trend over time (Fig. 6c). 

The mortality of zooplankton after the uptake of BW was 7.14% and 
13.59% in TSTP and TSTS respectively. During the voyage, the mortality 
continued to increase over time and was 74.27% in TSTP and 91.44% in 
TSTS at the end of the voyage (Fig. 6c). 

4. Discussion 

4.1. Variation in the total bacterial count, total viable count, and 
culturable pathogens 

The total bacterial count, which was 44.1 � 18.7 � 106 cells mL� 1 in 
SW reduced after the uptake in both TSTP and TSTS. The bacterial load 
is influenced by various factors such as the physico-chemical parameters 
within the ballast tanks and their mortality due to viral load and grazing 
pressure (Drake et al., 2007). It is also possible that the uncoupling of the 
microbial loop resulted in the failure to utilize the dissolved organic 
matter (DOM) released by zooplankton and phytoplankton mortality 
(Drake et al., 2002). Additionally, decrease in the bacterial count has 
been attributed to an increase in algal extracellular products such as 
toxins (Bell and Mitchell, 1972), which might have been released as a 
result of phytoplankton mortality. In the present study, a positive 
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Fig. 3. Relative abundance of major species of bacteria of source ballast water (SW) and in ballast tanks on (a) port side (TSTP); (b) starboard side (TSTS).  

Table 4 
Variation in the bacterial species (OTUs) richness and diversity in the source 
water (SW), ballast tank water (TSTP and TSTS) and destination water (DW).  

Sample ID Number of 
species OTUs 

Number of 
sequences 

Shannon 
Diversity (H’) 

Simpson 
Index (1-λ) 

SW 76 8419 3.005 0.884 

TSTP2_Surface 153 11343 3.829 0.947 
TSTP4_Surface 151 13305 3.875 0.959 
TSTP6_Surface 147 29516 3.062 0.875  

TSTP2_Bottom 88 7232 2.774 0.804 
TSTP4_Bottom 102 7224 3.403 0.928 
TSTP6_Bottom 100 9785 3.384 0.932  

TSTS2_Surface 91 4656 3.397 0.926 
TSTS4_Surface 91 4607 3.454 0.929 
TSTS6_Surface 113 10857 3.558 0.945 

DW 65 6414 3.14 0.923  
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correlation was observed between total dissolved solids (TDS) and total 
bacterial count (r ¼ 0.58, p � 0.05); thus, a decrease in the total bac-
terial count was observed with decreasing TDS. On the other hand, total 
viable bacteria showed an increasing trend in both the tanks. This is in 
congruence with a study by Tomaru et al. (2014), wherein viable bac-
terial numbers increased during the voyage. Zooplankton and phyto-
plankton are known to harbour many bacteria (Khandeparker and Anil, 
2013). The release of organic matter due to the death of zooplankton and 
phytoplankton, in addition to the associated bacteria, could result in an 
increase in the total viable bacteria. An increase in the viable bacteria 
was attributed to the higher suspended particulate matter as a result of 
sediment resuspension inside the BW tanks (Desai et al., 2018). 
Although, no such correlation was observed in this study, both TDS (r ¼
� 0.68, p � 0.05) and Chl a concentration (r ¼ � 0.68, p � 0.05) showed 
a strong negative correlation with total viable bacteria, indicating the 
utilization of plankton derived organic matter by the viable fraction of 
bacteria. 

Vibrio cholerae and E. coli O157:H7 were not detected in the BW 
samples. However, V. alginolyticus (up to 175 � 141 CFU mL� 1) and 

V. parahaemolyticus (<10 CFU mL� 1) were observed in the BW tanks, but 
decreased over time. Vibrio sp., are non-spore forming bacteria, and 
under stressed conditions, they can thrive on association with phyto-
plankton (Rehnstam-Holm et al., 2010) and zooplankton (Tang, 2005). 
Due to the decrease in these higher planktonic forms, such an association 
may not have been possible. Although toxigenic V. cholerae is euryhaline 
(Mccarthy, 1996), other Vibrio spp. are also known to prefer lower 
salinity, and are usually found in the coastal areas (Baker-Austin et al., 
2013). The source of the BW was from the off-shore region, where the 
abundance of Vibrio spp. was low. 

The unculturable bacterial community obtained through meta-
genomic amplicon sequencing in the ballast tanks changed over time 
and was significantly different from that of the natural seawater (Fig. 4). 
A study by Tomaru et al. (2014) also observed a continuous change in 
the bacterial community inside the ballast tanks. The richness and di-
versity in the tanks was also higher than the natural seawater. Similar 
results were observed by Gerhard and Gunsch (2019), where the di-
versity in the BW samples were higher than the diversity in the harbour. 
One of the reasons for the higher diversity could be the residual 
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b) Family; (c, d) Genus and; (e, f) Species operational taxonomic units (OTUs). 
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sediments and unpumpable water present in the tanks as a result of 
previous ballasting operations. The resuspension of this sediment and 
mixing of the unpumpable water during BW uptake could have 
contributed to the bacterial community in the water column inside the 
ballast tanks, leading to the higher diversity and richness. It is also 
possible that phytoplankton and zooplankton mortality could have 
released the bacteria associated with them, which could have influenced 
the bacterial diversity. 

4.2. Variation in photoautotrophs and non-spore forming bacteria 

In addition to the total phytoplankton abundance, which showed a 
decreasing trend inside the ballast tanks (Fig. 6c), phylogenetic analysis 
of the bacterial community revealed that few bacterial clades also 
decreased over time due to the conditions inside the tanks. The bacteria 
that decreased during the voyage were phototrophs, a group of organ-
isms unable to cope with the dark conditions inside the ballast tanks 
(Tomaru et al., 2014; Ng et al., 2015), and non-spore forming bacteria. 
In this study, E. citreus, a photoautotroph, was observed in both the tanks 
and dominated the bacterial community during uptake but decreased 
rapidly during the voyage. Erythrobacter sp., are aerobic phototrophs 
containing bacteriochlorophyll a and carotenoids which help them in 
harvesting light and also protect against radiation (Setiyono et al., 

2019). Additionally, a decrease in Prochlorococcus, a photosynthetic 
cyanobacterium over time was also observed. Among the non-spore 
forming bacteria, Family Caulobacteraceae, incapable of forming 
resting stages during stress conditions (Lingens et al., 1985) decreased. 
Bacteria in the BW tanks usually transform to form resting stages 
(spores) during a voyage to battle the unfavourable (nutrient depleted, 
sub-oxic) conditions (Ruiz et al., 2000). Organisms incapable of under-
going such transformations showed a decreasing trend. Phenylobacterium 
sp., belonging to the family Caulobacteraceae, in addition to being a 
non-spore former, has an extremely restricted nutritional range (Lingens 
et al., 1985). Due to high competition within the prevailing microbiome 
caused by the nutrient limiting conditions in the BW tanks (Seiden et al., 
2011), there was a decrease in the abundance of P. falsum over time and 
its contribution to the bacterial community was lesser at the end of the 
voyage than at the time of uptake in both the BW tanks. Phenyl-
obacterium sp., has been reported to cause skin infections in humans 
(Zhu et al., 2010). Although their abundance was low, the possibility of 
their proliferation under favourable circumstances could be inimical to 
human health. Additionally, under favourable conditions, it is possible 
that the genetic interactions between the invading pathogens and their 
non-native counterparts could lead to an increase in virulence gene 
expression resulting in disease outbreaks (Gennari et al., 2012). 

3yaD5yaD1yaD 5yaD1yaD3yaD

6PTST4PTST2PTST6PTST4PTST2PTSTWS

19. Monobactam biosynth.

12.Phleomycin, kanamycin and gentamicin biosynth.

18. Nitrogen metabolism
17. Non homologous end joining

16. DNA excision repair and replication

27. Fatty acid degrad. and biosynth.

37. Aminoacyl tRNA biosynth.
36. Aminobenzoate degrad.

35. Arginine biosynth.
34. Butanoate met.

33. Carbon fixation path.
32. Carotenoid biosynth.

31. CAMP resist.
30. Central carbon metabolism

29. Cyanoamino acid met.
28. Cysteine and methionine met.

38. Acarbose and validamycin biosynth.

6STST4STST2STSTWS

Fig. 5. Heat map representing the expression of core metabolic functions by the bacterial community over time in [a] TSTP and [b] TSTS. Numbers 1-38 denote the 
various metabolic functions (1. Betalactam resistance; 2. Beta alanine metabolism; 3. Vancomycin resistance; 4. Valine, leucine and isoleucine degradation; 5. Valine, 
leucine and isoleucine metabolism; 6. Tyrosine and tryptophan metabolism; 7. Tetracycline biosynthesis; 8. Sulfur metabolism; 9. Starch and sucrose metabolism; 10. 
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Glutathione metabolism; 25. Fructose, galactose and mannose metabolism; 26. Folate biosynthesis; 27. Fatty acid degradation and biosynthesis; 28. Cysteine and 
methionine metabolism; 29. Cyanoamino acid metabolsim; 30. Central carbon metabolism; 31. Cationic antimicrobial peptide resistance; 32. Carotenoid biosyn-
thesis; 33. Carbon fixation pathway; 34. Butanoate metabolism; 35. Arginine biosynthesis; 36. Aminobenzoate degradation; 37. Aminoacyl tRNA biosynthesis; 38. 
Acarbose and validamycin biosynthesis). 
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4.3. Variation in bacteria with strategies to cope with stress 

Bacteria that can adopt mechanisms to cope with the conditions in-
side the BW tanks survived and proliferated during the voyage. Bacterial 
clades that are antibiotic-producing, biofilm-forming, or which can grow 
under nutrient limiting conditions increased over time during the 
voyage. α-proteobacteria, especially family Rhodobacteraceae, one of 
the most dominant bacterial groups, especially in coastal ecosystems 
(Gonz�alez and Moran, 1997) play a significant role in biogeochemical 
processes (Pujalte et al., 2014). Members of the family Rhodobacter-
aceae are also known to grow under phosphate limiting conditions by 
employing multiple strategies to overcome the stress (Smith et al., 
2019). They can also actively perform denitrification and nitrate respi-
ration (Kraft et al., 2014). During a voyage, due to lack of fresh nutrients 
over time, the competition for available nutrients results in conditions 
that would only be favourable to certain bacterial species over others 
(Neyland, 2010). Family Rhodobacteraceae, due to its innate ability to 

grow under low nutrient conditions, flourished and dominated the 
bacterial community at the end of the voyage. Members of this family 
are known to be the most common primary surface colonizers in coastal 
ecosystems and can establish themselves in non-native environments 
(Dang et al., 2008). They play a major role in biocorrosion and 
biofouling (Beech et al., 2005). Naturally, they could have a major 
economic impact if translocated into a new environment. 

Among the species belonging to Rhodobacteraceae, N. italica showed 
an increase over time during the voyage. It was first isolated from a 
marine biofilm (Vandecandelaere et al., 2009) with an ability to produce 
antibiotics and other secondary metabolites to compete with other mi-
croorganisms (Martens et al., 2007). These strategies are not only useful 
in the BW tank environment where competition for nutrients is high, but 
they also aid in the proliferation of such bacteria in a non-native envi-
ronment after BW discharge. Shimia isoporae, from the same family, 
increased over time, eventually dominating the bacterial community by 
the end of the voyage. It was first isolated from reef-building corals on 

Fig. 6. Trend of (a) total bacterial count, photoau-
totrophs, pathogenic species and bacteria with stra-
tegies to cope with stress; (b) total viable bacteria and 
culturable pathogenic bacteria and; (c) phyto-
plankton abundance and zooplankton mortality with 
respect to voyage duration. (R2 – Correlation coeffi-
cient; m – slope. The R2 values are obtained by 
drawing a line of best fit using the linear model taking 
into consideration all the experimental data points. 
The slope was obtained from the equation of the line 
y ¼ mx þ c; where “m” is the slope).   
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the coast of southern Taiwan (Chen et al., 2011). Another species 
belonging to the family Rhodobacteraceae, Sulfitobacter mediterraneus, 
was observed in the bottom water of TSTP, which dominated the bac-
terial community by the end of the voyage. It is a sulfate-oxidizing 
bacterium that was first isolated from eutrophic waters on the Medi-
terranean coast. It is a non-spore forming, strictly aerobic organism 
which can activate enzymes such as arginine hydrolase (amino acid 
hydrolysis), β-glucosidase (carbohydrate degradation), and gelatine 
hydrolase (proteolysis) after a prolonged incubation (>3 days) (Pukall 
et al., 1999). The delayed emergence of this bacterium in the bacterial 
community could be due to such a prolonged incubation, which is an 
essential condition for the activation of these enzymes. Thus, the capa-
bility to produce important enzymes required for active metabolism, 
may have influenced their growth in the ballast tanks. Emergence of 
such bacteria and their introduction through BW in non-native envi-
ronments can influence and modulate the prevailing microbiome. 

An increase in specific bacterial clades could be attributed to the core 
metabolic functions expressed by bacteria inside the BW tanks. Meta-
bolic functional prediction of the bacterial community was carried out 
using iVikodak, a workflow designed to analyse and visualize the 
functional potential of bacterial assemblages (Nagpal et al., 2019). The 
core functions of the bacterial community in the ballast tanks were 
expressed to a higher extent when compared to that of the source of BW. 
These functions include antibiotic resistance (platinum drugs, cationic 
antimicrobial peptides, betalactam, and vancomycin), and biosynthesis 
of antimicrobials (Tetracycline, monobactam, acarbose and vali-
damycin, phleomycin, kanamycin, and gentamycin). Functional path-
ways for central carbohydrate metabolism, including the TCA cycle, 
starch, and sucrose metabolism, propanoate metabolism, fatty acid 
metabolism, were also expressed. Additionally, metabolic functions 
such as essential and non-essential amino acid metabolism, energy 
metabolism (oxidative phosphorylation, methane, sulfur, and nitrogen 
metabolism), genetic functions (DNA excision, repair, and replication, 
mismatch repair, RNA degradation) and quorum sensing were also 
expressed. Moreover, the expression of most of the core functions in the 
BW tanks increased with voyage duration (Fig. 5). These mechanisms 
are rudimentary in the survival of the bacteria and subsequent propa-
gation in new environments after discharge. Lv et al. (2018) have re-
ported a high prevalence of antibiotic resistance genes (ARGs) in the 
ballast tank sediments, and they attributed this to the high anthropo-
genic perturbations in the coastal waters. Activities such as sewage 
discharge and aquaculture that have intensified lately are reported to 
have significant copies of ARGs (Li et al., 2015) and some of the anti-
biotics are extensively used in mariculture (Muziasari et al., 2016). The 
ability of a bacterial community to invade a new environment should 
take into account not only the density of the inoculum but also the 
ability of the microorganisms to express mechanisms that might aid in 
their survival (Hess-Erga et al., 2019). From the marine bioinvasion 
perspective, introduction of bacterial communities which express 
mechanisms to cope with the competition, into non-native port envi-
ronments, would be of concern not only to the prevailing microbiome, 
but can also cause economic loss to the aquaculture industry. 

4.4. Variation in pathogenic bacteria 

One of the critical reasons for understanding the invasive potential of 
bacteria is their pathogenicity. Translocation of pathogenic bacteria 
through BW could pose a threat to marine life and also to human health. 
In the present study, it was observed that Pseudoalteromonas ruthenica, 
belonging to family Altermonadaceae increased briefly mid-voyage. 
They are pale orange pigment forming bacteria, first isolated from ma-
rine invertebrates (Ivanova et al., 2002). This family was first reported 
by Colwell et al. (1986) and includes a wide range of enteric organisms 
that are pathogenic to both humans and marine mammals (Esteve, 1995; 
Pereira et al., 2008). They carry substantial epidemiological importance, 
and the introduction of bacteria of this family into a non-native 

environment could have undesirable effects. 
A species belonging to the family Flavobacteriaceae (Phylum Bac-

teroidetes), Tenacibaculum sp. showed a significant increase during the 
voyage. This family hosts several fish pathogens and is a known etio-
logical agent for tenacibaculosis and flexibacteriosis in marine fish 
(Småge et al., 2016, 2018). It primarily holds an important economic 
significance in aquaculture (Avenda~no-Herrera et al., 2006), which 
could pose a significant threat to marine life if introduced into new 
environments. M. schleiferi (Microbacteriaceae) and R. corynebacterioides 
(Nocardiodaceae), which belong to Actinobacteria, were observed in 
SW, however, their contribution to the bacterial community in the 
ballast tanks during the voyage was minimal. In general, coryneform 
bacteria, are pigment-producing and have been found in clinical speci-
mens as opportunistic pathogens (Gneiding et al., 2008). Despite their 
low abundance in the BW tanks, there is a considerable risk to human 
health, in a scenario where the environmental conditions at the point of 
discharge are conducive for their growth and proliferation. 

An overall increase in most of the pathogens was evident, their 
abundance was high during the mid-voyage when compared to the end 
of the voyage. Hence, voyage duration seems to be an important factor 
that influences pathogenic bacterial species. Storage time of BW has 
been reported as a critical factor in determining the bacterial diversity 
inside the tanks (Wennberg et al., 2013) and a reduction in bacterial 
load was observed over a longer BW retention time (Seiden et al., 2010; 
Tomaru et al., 2014; Ng et al., 2015). Moreno-Andr�es et al. (2018) re-
ported that even after treatment of the ballast water, regrowth of bac-
teria is time-dependant and the modified bacterial community may pose 
a higher risk of invasion due to their capability to overcome the stress of 
the treatment technique. In addition to storage time, salinity is a critical 
factor in determining the bacterial diversity and richness (Lymper-
opoulou and Dobbs, 2017). However, this could be highly specific to the 
biogeography of the source of the BW. In the present study, there was a 
distinct shift in the bacterial community over time, although the salinity 
did not vary significantly in the ballast tanks during the voyage 
(33.9–34.1). Hence the key factors influencing the bacterial community 
could be region-specific. Recognising these factors would be valuable in 
developing strategies to reduce the risk of biological invasions. 

Overall, the average total bacterial count in the BW tanks decreased 
at the end of the voyage (Fig. 6a). The composition of the bacterial 
community showed a differential response during the voyage. A sharp 
decline in photoautotrophic bacteria after BW uptake was observed, and 
their contribution to the bacterial diversity decreased over time. On the 
other hand, the bacteria which exhibit strategies to cope with the con-
ditions inside the BW tanks increased during the voyage (Fig. 6a). The 
contribution of pathogenic bacterial species increased during mid- 
voyage. At the end of the voyage, however, their contribution to the 
bacterial community was low (Fig. 6a). In the culturable segment of 
bacteria, the total viable bacteria in the BW tanks did not increase 
significantly till day 3; however, after day 3, the total viable bacteria 
increased by two orders of magnitude at the end of the voyage (Fig. 6b). 
V. cholerae and E. coli O157:H7 were not observed during the voyage, 
however, V. alginolyticus, V. parahaemolyticus and total coliforms were 
observed. There was a decrease in the abundance of phytoplankton after 
the uptake of BW (Fig. 6c). The mortality of zooplankton also increased 
over time (Fig. 6c). However, V. parahaemolyticus and total coliforms 
showed a minimal increase during day one and continued to decrease till 
the end of the voyage (Fig. 6b). 

The bacterial community in the source water (SW) was different from 
that of the location of BW discharge (DW). Although, genus Pro-
chlorococcus was abundant in both the environments, the species level 
bacterial community did not reflect the same. Instead, P. falsum was the 
most abundant species in both the environments (source and destina-
tion). P. falsum, which belongs to α-proteobacteria was first isolated in 
non-saline groundwater (Tiago et al., 2005) and has an extremely 
limited nutritional spectrum (Lingens et al., 1985). M. schleiferi, 
belonging to Actinobacteria was more at the source than at the 
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destination and this bacterium was isolated from human clinical speci-
mens and reported as an opportunistic pathogen (Gneiding et al., 2008). 
Conversely, R. corynebacterioides, belonging to Actinobacteria was 
higher at the discharge location than at the source. It is a red pigment 
forming bacteria reported to be an opportunistic pathogen in immuno-
compromised individuals (Yassin and Schaal, 2005; Kitamura et al., 
2012). The Bay of Bengal (source) and the Arabian Sea (destination) are 
different in their hydrographic and biogeochemical characteristics (Anil 
et al., 2002). Since the bacterial community is distinctly different at the 
source and the destination of BW, its discharge into a non-native envi-
ronment should be carefully considered. The fate of the bacterial com-
munity from the ballast tanks in the new environment would depend on 
the geographical features, environmental conditions, ecological health, 
and the resident biota of the recipient waters. Further studies should 
focus on identifying the key factors that influence the outcome of such 
introductions. 

5. Conclusions 

The diversity and richness of the bacterial community in the BW 
were higher than the natural seawater. Prolonged dark conditions in the 
BW tanks lead to a decrease in photoautotrophs (E. citreus, Pro-
chlorococcus) and non-spore forming bacteria, P. falsum. Alternatively, 
biofilm forming and antibiotic producing N. indica and S. isoporae 
(belonging to Rhodobacteraceae known for their ability to grow under 
nutrient limiting conditions) increased during the voyage. 
S. mediterraneus can synthesize and express essential enzymes required 
to maintain a metabolically active state, which aided in their prolifer-
ation over time. The shift in the bacterial community is governed by the 
ability of the bacteria to cope with the stress through mechanisms that 
could aid in their survival and allow them to compete with the other 
members of the microbiome. There was a substantial increase in the 
expression of core functions by the bacterial community in the ballast 
tanks with an increase in voyage duration, which could provide insights 
on the ability of the bacterial community to compete with the indige-
nous biota at the point of discharge. Pathogenic species, P. ruthenica and 
Tenacibaculum sp. were higher during the mid-voyage period than at the 
end of the voyage, suggesting voyage duration to influence their com-
munity. Understanding the fate of the altered bacterial community after 
discharge into a new environment is crucial. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

CRediT authorship contribution statement 

Lidita Khandeparker: Conceptualization, Methodology, Validation, 
Formal analysis, Writing - original draft, Writing - review & editing. 
Nishanth Kuchi: Methodology, Formal analysis, Writing - original 
draft. Dattesh V. Desai: Conceptualization, Investigation, Methodol-
ogy, Validation, Formal analysis, Writing - review & editing. Arga 
Chandrashekar Anil: Supervision, Writing - review & editing, Project 
administration, Funding acquisition, Resources. 

Acknowledgments 

The authors thank the Director, CSIR-National Institute of Ocean-
ography, for his support and encouragement. We gratefully acknowl-
edge the anonymous owners of the ship for giving the necessary 
permission. We are also thankful to the captain and crew of the ship for 
their help in smooth sample collection. We gratefully acknowledge Mr. 
Laxman Gardade, for his help in the voyage preparation and Mr. Pan-
diasudhan for his help in sample collection on board. The second author 

would like to acknowledge Council of Scientific and Industrial Research, 
India (CSIR) for the award of Senior Research Fellowship (SRF) and is a 
registered PhD student at the School of Earth, Atmospheric and Ocean 
Sciences, Goa University, Goa, India. This work was funded by the 
Ballast Water Management Program, India (Ministry of Shipping and DG 
shipping) (GAP 2429) and CSIR funded Ocean Finder Program (PSC 
0105). This is an NIO contribution no. 6559. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jenvman.2020.111018. 

References 

Altug, G., Gurun, S., Cardak, M., Ciftci, P.S., Kalkan, S., 2012. The occurrence of 
pathogenic bacteria in some ships’ ballast water incoming from various marine 
regions to the Sea of Marmara. Turkey. Mar. Environ. Res. 81, 35–42. https://doi. 
org/10.1016/j.marenvres.2012.08.005. 

Anil, A.C., Venkat, K., Sawant, S.S., Dileepkumar, M., Dhargalkar, V.K., Ramaiah, N., 
Harkantra, S.N., Ansari, Z.A., 2002. Marine bioinvasion: concern for ecology and 
shipping. Curr. Sci. 83, 214–218. 

Avenda~no-Herrera, R., Toranzo, A.E., Magari~nos, B., 2006. Tenacibaculosis infection in 
marine fish caused by Tenacibaculum maritimum: a review. Dis. Aquat. Org. https:// 
doi.org/10.3354/dao071255. 

Baker-Austin, C., Trinanes, J.A., Taylor, N.G.H., Hartnell, R., Siitonen, A., Martinez- 
Urtaza, J., 2013. Emerging Vibrio risk at high latitudes in response to ocean 
warming. Nat. Clim. Change 3, 73–77. https://doi.org/10.1038/nclimate1628. 

Beech, I.B., Sunner, J.A., Hiraoka, K., 2005. Microbe-surface interactions in biofouling 
and biocorrosion processes. Int. Microbiol. https://doi.org/10.2436/IM.V8I3.9522. 

Bell, W., Mitchell, R., 1972. Chemotactic and growth responses of marine bacteria to 
algal extracellular products. Biol. Bull. 143, 265–277. https://doi.org/10.2307/ 
1540052. 

Brinkmeyer, R., 2016. Diversity of bacteria in ships ballast water as revealed by next 
generation DNA sequencing. Mar. Pollut. Bull. 107, 277–285. https://doi.org/ 
10.1016/j.marpolbul.2016.03.058. 

Buttermore, R.E., Turner, E., Morrice, M.G., 1994. The introduced northern Pacific 
seastar Asterias amurensis in Tasmania. Mem. QId. Mus. 36, 21–25. 

Carlton, T.J., 1985. Transoceanic and interoceanic dispersal of coastal marine organisms 
: the biology of ballast. Oceanogr. Mar. Biol. Annu. Rev. 23, 313–371. 

Chen, M.H., Sheu, S.Y., Chen, C.A., Wang, J.T., Chen, W.M., 2011. Shimia isoporae sp. 
nov., isolated from the reefbuilding coral Isopora palifera. Int. J. Syst. Evol. 
Microbiol. 61, 823–827. https://doi.org/10.1099/ijs.0.022848-0. 

Choi, K.H., 2009. Risk assessment of ballast water-mediated invasions of phytoplankton: 
a modeling study. Ocean Sci. J. 44, 221–226. https://doi.org/10.1007/s12601-009- 
0021-4. 

Colwell, R.R., MacDonell, M.T., De Ley, J., 1986. Proposal to recognize the family 
Aeromonadaceae fam. nov. Int. J. Syst. Bacteriol. 36, 473–477. https://doi.org/ 
10.1099/00207713-36-3-473. 

Cullen, J.J., 2018. Quantitative framework for validating two methodologies that are 
used to enumerate viable organisms for type approval of ballast water management 
systems. Sci. Total Environ. 627, 1602–1626. https://doi.org/10.1016/j. 
scitotenv.2018.01.302. 

Dang, H., Li, T., Chen, M., Huang, G., 2008. Cross-ocean distribution of Rhodobacterales 
bacteria as primary surface colonizers in temperate coastal marine waters. Appl. 
Environ. Microbiol. 74, 52–60. https://doi.org/10.1128/AEM.01400-07. 

De Lafontaine, Y., Despatie, S.P., 2014. Performance of a biological deoxygenation 
process for ships’ ballast water treatment under very cold water conditions. Sci. 
Total Environ. 472, 1036–1043. https://doi.org/10.1016/j.scitotenv.2013.11.116. 

Desai, D.V., Narale, D., Khandeparker, L., Anil, A.C., 2018. Potential ballast water 
transfer of organisms from the west to the east coast of India: insights through on 
board sampling. J. Sea Res. 133, 88–99. https://doi.org/10.1016/j. 
seares.2017.03.010. 

DiBacco, C., Humphrey, D.B., Nasmith, L.E., Levings, C.D., 2012. Ballast water transport 
of non-indigenous zooplankton to Canadian ports. ICES J. Mar. Sci. 69, 483–491. 
https://doi.org/10.1093/icesjms/fsr133. 

Dobbs, F.C., Rogerson, A., 2005. Ridding ships’ Ballast water of microorganisms. 
Environ. Sci. Technol. https://doi.org/10.1021/es053300v. 

Drake, L.A., Ruiz, G.M., Galil, B.S., Mullady, T.L., Friedmann, D.O., Dobbs, F.C., 2002. 
Microbial ecology of ballast water during a transoceanic voyage and the effects of 
open-ocean exchange. Mar. Ecol. Prog. Ser. 233, 13–20. https://doi.org/10.3354/ 
meps233013. 

Drake, L.A., Doblin, M.A., Dobbs, F.C., 2007. Potential microbial bioinvasions via ships’ 
ballast water, sediment, and biofilm. Mar. Pollut. Bull. 55, 333–341. https://doi.org/ 
10.1016/j.marpolbul.2006.11.007. 

Elçiçek, H., Parlak, A., Çakmakçı, M., 2013. Effect of ballast water on marine and coastal 
ecology. J Selcuk Univ. Nat. Appl. Sci. 1, 454–463. 

Emami, K., Askari, V., Ullrich, M., Mohinudeen, K., Anil, A.C., Khandeparker, L., 
Burgess, J.G., Mesbahi, E., 2012. Characterization of bacteria in Ballast water using 
MALDI-TOF mass spectrometry. PloS One 7. https://doi.org/10.1371/journal. 
pone.0038515. 

L. Khandeparker et al.                                                                                                                                                                                                                         

https://doi.org/10.1016/j.jenvman.2020.111018
https://doi.org/10.1016/j.jenvman.2020.111018
https://doi.org/10.1016/j.marenvres.2012.08.005
https://doi.org/10.1016/j.marenvres.2012.08.005
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref2
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref2
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref2
https://doi.org/10.3354/dao071255
https://doi.org/10.3354/dao071255
https://doi.org/10.1038/nclimate1628
https://doi.org/10.2436/IM.V8I3.9522
https://doi.org/10.2307/1540052
https://doi.org/10.2307/1540052
https://doi.org/10.1016/j.marpolbul.2016.03.058
https://doi.org/10.1016/j.marpolbul.2016.03.058
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref8
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref8
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref9
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref9
https://doi.org/10.1099/ijs.0.022848-0
https://doi.org/10.1007/s12601-009-0021-4
https://doi.org/10.1007/s12601-009-0021-4
https://doi.org/10.1099/00207713-36-3-473
https://doi.org/10.1099/00207713-36-3-473
https://doi.org/10.1016/j.scitotenv.2018.01.302
https://doi.org/10.1016/j.scitotenv.2018.01.302
https://doi.org/10.1128/AEM.01400-07
https://doi.org/10.1016/j.scitotenv.2013.11.116
https://doi.org/10.1016/j.seares.2017.03.010
https://doi.org/10.1016/j.seares.2017.03.010
https://doi.org/10.1093/icesjms/fsr133
https://doi.org/10.1021/es053300v
https://doi.org/10.3354/meps233013
https://doi.org/10.3354/meps233013
https://doi.org/10.1016/j.marpolbul.2006.11.007
https://doi.org/10.1016/j.marpolbul.2006.11.007
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref22
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref22
https://doi.org/10.1371/journal.pone.0038515
https://doi.org/10.1371/journal.pone.0038515


Journal of Environmental Management 273 (2020) 111018

13

Esteve, C., 1995. Numerical taxonomy of aeromonadaceae and vibrionaceae associated 
with reared fish and surrounding fresh and brackish water. Syst. Appl. Microbiol. 18, 
391–402. https://doi.org/10.1016/S0723-2020 (11)80432-7. 

Field, D., 1999. Disaster averted? Black striped mussel outbreak in northern Australia. 
Fish. Farming Int. 26, 30–31. 

Galil, B.S., Marchini, A., Occhipinti-Ambrogi, A., Minchin, D., Nar�s�cius, A., Ojaveer, H., 
Olenin, S., 2014. International arrivals: widespread bioinvasions in European seas. 
Ethol. Ecol. Evol. 26, 152–171. https://doi.org/10.1080/03949370.2014.897651. 

Gennari, M., Ghidini, V., Caburlotto, G., Lleo, M.M., 2012. Virulence genes and 
pathogenicity islands in environmental Vibrio strains nonpathogenic to humans. 
FEMS Microbiol. Ecol. 82, 563–573. https://doi.org/10.1111/j.1574- 
6941.2012.01427.x. 

Gerhard, W.A., Gunsch, C.K., 2019. Metabarcoding and machine learning analysis of 
environmental DNA in ballast water arriving to hub ports. Environ. Int. 124, 
312–319. https://doi.org/10.1016/j.envint.2018.12.038. 

Gneiding, K., Frodl, R., Funke, G., 2008. Identities of Microbacterium spp. encountered in 
human clinical specimens. J. Clin. Microbiol. 46, 3646–3652. https://doi.org/ 
10.1128/JCM.01202-08. 

Gollasch, S., 2000. Survival of tropical ballast water organisms during a cruise from the 
Indian Ocean to the North Sea. J. Plankton Res. 22, 923–937. https://doi.org/ 
10.1093/plankt/22.5.923. 

Gonz�alez, J.M., Moran, M.A., 1997. Numerical dominance of a group of marine bacteria 
in the α-subclass of the class Proteobacteria in coastal seawater. Appl. Environ. 
Microbiol. 63, 4237–4242. https://doi.org/10.1099/00221287-137-5-1009. 

Gray, D.K., Johengen, T.H., Reid, D.F., MacIsaac, H.J., 2007. Efficacy of open-ocean 
ballast water exchange as a means of preventing invertebrate invasions between 
freshwater ports. Limnol. Oceanogr. 52, 2386–2397. https://doi.org/10.4319/ 
lo.2007.52.6.2386. 

Hasle, G R, Sournia, A, 1978. Phytoplankton manual. Monogr. Oceanogr. Method. 6, 
5–358. 

Hess-Erga, O.K., Moreno-Andr�es, J., Enger, Ø., Vadstein, O., 2019. Microorganisms in 
ballast water: disinfection, community dynamics, and implications for management. 
Sci. Total Environ. 657, 704–716. https://doi.org/10.1016/j.scitotenv.2018.12.004. 

Hulme, P.E., 2009. Trade, transport and trouble: managing invasive species pathways in 
an era of globalization. J. Appl. Ecol. https://doi.org/10.1111/j.1365- 
2664.2008.01600.x. 

Ivanova, E.P., Sawabe, T., Lysenko, A.M., Gorshkova, N.M., Svetashev, V.I., Nicolau, D. 
V., Yumoto, N., Taguchi, T., Yoshikawa, S., Christen, R., Mikhailov, V.V., 2002. 
Pseudoalteromonas ruthenica sp. nov., isolated from marine invertebrates. Int. J. Syst. 
Evol. Microbiol. 52, 235–240. https://doi.org/10.1099/00207713-52-1-235. 

Joachimsthal, E.L., Ivanov, V., Tay, J.H., Tay, S.T.L., 2003. Flow cytometry and 
conventional enumeration of microorganisms in ships’ ballast water and marine 
samples. Mar. Pollut. Bull. 46, 308–313. https://doi.org/10.1016/S0025-326X(02) 
00401-0. 

Kanehisa, M., Goto, S., 2000. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic 
Acids Res. 28 (1), 27–30. https://doi.org/10.1093/nar/28.1.27. 

Khandeparker, L., Anil, A.C., 2013. Association of bacteria with marine invertebrates: 
implications for ballast water management. EcoHealth 10, 268–276. https://doi.org/ 
10.1007/s10393-013-0857-z. 

Khandeparker, L., Anil, A.C., 2017. Global concerns of ship’s ballast water mediated 
translocation of bacteria. In: Marine Pollution and Microbial Remediation. Springer, 
Singapore, pp. 255–262. 

Khandeparker, L., Anil, A.C., Naik, S.D., Gaonkar, C.C., 2015. Daily variations in 
pathogenic bacterial populations in a monsoon influenced tropical environment. 
Mar. Pollut. Bull. 96, 337–343. https://doi.org/10.1016/j.marpolbul.2015.04.051. 

Khandeparker, L., Eswaran, R., Gardade, L., Kuchi, N., Mapari, K., Naik, S.D., Anil, A.C., 
2017a. Elucidation of the tidal influence on bacterial populations in a monsoon 
influenced estuary through simultaneous observations. Environ. Monit. Assess. 189 
https://doi.org/10.1007/s10661-016-5687-3. 

Khandeparker, L., Kuchi, N., Kale, D., Anil, A.C., 2017b. Microbial community structure 
of surface sediments from a tropical estuarine environment using next generation 
sequencing. Ecol. Indicat. 74, 172–181. https://doi.org/10.1016/j. 
ecolind.2016.11.023. 

Kitamura, Y., Sawabe, E., Ohkusu, K., Tojo, N., Tohda, S., 2012. First report of sepsis 
caused by Rhodococcus corynebacterioides in a patient with myelodysplastic 
syndrome. J. Clin. Microbiol. 50, 1089–1091. https://doi.org/10.1128/JCM.06279- 
11. 

Kraft, B., Tegetmeyer, H.E., Sharma, R., Klotz, M.G., Ferdelman, T.G., Hettich, R.L., 
Geelhoed, J.S., Strous, M., 2014. The environmental controls that govern the end 
product of bacterial nitrate respiration. Science 345, 676–679. https://doi.org/ 
10.1126/science.1254070. 

Li, B., Yang, Y., Ma, L., Ju, F., Guo, F., Tiedje, J.M., Zhang, T., 2015. Metagenomic and 
network analysis reveal wide distribution and co-occurrence of environmental 
antibiotic resistance genes. ISME J. 9, 2490–2502. https://doi.org/10.1038/ 
ismej.2015.59. 

Lingens, F., Blecher, R., Blecher, H., 1985. Phenylobacterium immobile gen. nov., sp. nov., 
a gram-negative bacterium that degrades the herbicide chloridazon. Int. J. Syst. 
Bacteriol. 35, 26–39. https://doi.org/10.1099/00207713-35-1-26. 

Ludyanskiy, M.L., McDonald, D., MacNeill, D., 1993. Impact of the zebra mussel, a 
bivalve invader. Bioscience 43, 533–544. https://doi.org/10.2307/1311948. 

Lv, B., Cui, Y., Tian, W., Li, J., Xie, B., Yin, F., 2018. Abundances and profiles of antibiotic 
resistance genes as well as co-occurrences with human bacterial pathogens in ship 
ballast tank sediments from a shipyard in Jiangsu Province, China. Ecotoxicol. 
Environ. Saf. 157, 169–175. https://doi.org/10.1016/j.ecoenv.2018.03.053. 

Lymperopoulou, D.S., Dobbs, F.C., 2017. Bacterial diversity in ships’ ballast water, 
ballast-water exchange, and implications for ship-mediated dispersal of 

microorganisms. Environ. Sci. Technol. 51, 1962–1972. https://doi.org/10.1021/ 
acs.est.6b03108. 

Martens, T., Gram, L., Grossart, H.P., Kessler, D., Müller, R., Simon, M., Wenzel, S.C., 
Brinkhoff, T., 2007. Bacteria of the Roseobacter clade show potential for secondary 
metabolite production. Microb. Ecol. 54, 31–42. https://doi.org/10.1007/s00248- 
006-9165-2. 

Mccarthy, H.P., Crowder, L.B., 2000. An overlooked scale of global transport: 
phytoplankton species richness in ships’ ballast water. Biol. Invasions. https://doi. 
org/10.1023/A:1011418432256. 

Mccarthy, S.A., 1996. Effects of temperature and salinity on survival of toxigenie Vibrio 
cholerae O1 in seawater. Microb. Ecol. 31, 161–175. 

Mimura, H., Katakura, R., Ishida, H., 2005. Changes of microbial populations in a ship’s 
ballast water and sediments on a voyage from Japan to Qatar. Mar. Pollut. Bull. 50, 
751–757. https://doi.org/10.1016/j.marpolbul.2005.02.006. 

Moreno-Andr�es, J., Romero-Martínez, L., Acevedo-Merino, A., Nebot, E., 2016. UV-based 
technologies for marine water disinfection and the application to ballast water: does 
salinity interfere with disinfection processes? Sci. Total Environ. 581–582, 144–152. 
https://doi.org/10.1016/j.scitotenv.2016.12.077. 

Moreno-Andr�es, J., Ambauen, N., Vadstein, O., Hall�e, C., Acevedo-Merino, A., Nebot, E., 
Meyn, T., 2018. Inactivation of marine heterotrophic bacteria in ballast water by an 
Electrochemical Advanced Oxidation Process. Water Res. 140, 377–386. https://doi. 
org/10.1016/j.watres.2018.04.061. 

Muziasari, W.I., P€arn€anen, K., Johnson, T.A., Lyra, C., Karkman, A., Stedtfeld, R.D., 
Tamminen, M., Tiedje, J.M., Virta, M., 2016. Aquaculture changes the profile of 
antibiotic resistance and mobile genetic element associated genes in Baltic Sea 
sediments. FEMS Microbiol. Ecol. 92, fiw052. https://doi.org/10.1093/femsec/ 
fiw052. 

Nagpal, S., Haque, M.M., Singh, R., Mande, S.S., 2019. iVikodak - a platform and 
standard workflow for inferring, analyzing, comparing, and visualizing the 
functional potential of microbial communities. Front. Microbiol. 10 https://doi.org/ 
10.3389/fmicb.2018.03336. 

Neyland, E.B., 2010. Bacteria in Ballast Water: the Shipping Industry’s Contributions to 
the Transport and Distribution of Microbial Species in Texas. Doctoral dissertation, 
Texas A & M University. 

Ng, C., Goh, S.G., Saeidi, N., Gerhard, W.A., Gunsch, C.K., Gin, K.Y.H., 2018. Occurrence 
of Vibrio species, beta-lactam resistant Vibrio species, and indicator bacteria in 
ballast and port waters of a tropical harbor. Sci. Total Environ. 610–611, 651–656. 
https://doi.org/10.1016/j.scitotenv.2017.08.099. 

Ng, C., Le, T.H., Goh, S.G., Liang, L., Kim, Y., Rose, J.B., Yew-Hoong, K.G., 2015. 
A comparison of microbial water quality and diversity for ballast and tropical harbor 
waters. PloS One 10. https://doi.org/10.1371/journal.pone.0143123. 

Olenin, S., Gollasch, S., Jonu�sas, S., Rimkut�e, I., 2000. En-route investigations of 
plankton in ballast water on a ship’s voyage from the Baltic Sea to the open Atlantic 
coast of Europe. In: International Review of Hydrobiology, pp. 577–596. https://doi. 
org/10.1002/1522-2632 (200011)85:5/6<577::AID-IROH577>3.0.CO;2-C. 

Parsons, T.R., Maita, Y., Lalli, C.M., 1984. A Manual of Chemical and Biological Methods 
for Seawater Analysis, p. 173. 

Pereira, C.S., Amorim, S.D., Santos, A.F.D.M., Siciliano, S., Moreno, I.B., Ott, P.H., 
Rodrigues, D.D.P., 2008. Plesiomonas shigelloides and Aeromonadaceae family 
pathogens isolated from marine mammals of southern and southeastern Brazilian 
coast. Braz. J. Microbiol. 39, 749–755. https://doi.org/10.1590/S1517- 
83822008000400029. 

Petersen, N.B., Madsen, T., Glaring, M.A., Dobbs, F.C., Jørgensen, N.O.G., 2019. Ballast 
water treatment and bacteria: analysis of bacterial activity and diversity after 
treatment of simulated ballast water by electrochlorination and UV exposure. Sci. 
Total Environ. 648, 408–421. https://doi.org/10.1016/j.scitotenv.2018.08.080. 

Pujalte, M.J., Lucena, T., Ruvira, M.A., Arahal, D.R., Maci�an, M.C., 2014. The family 
Rhodobacteraceae. In: The Prokaryotes: Alphaproteobacteria and 
Betaproteobacteria. Springer-Verlag Berlin Heidelberg, pp. 439–512. https://doi. 
org/10.1007/978-3-642-30197-1_377. 

Pukall, R., Buntefuß, D., Frühling, A., Ronde, M., Kroppenstedt, R.M., Burghardt, J., 
Lebaron, P., Bernard, L., Stackebrandt, E., 1999. Sulfitobacter mediterraneus sp. nov., 
a new sulfite-oxidizing member of the α-Proteobacteria. Int. J. Syst. Bacteriol. 49, 
513–519. https://doi.org/10.1099/00207713-49-2-513. 

Rehnstam-Holm, A.S., Godhe, A., H€arnstr€om, K., Raghunath, P., Saravanan, V., Collin, B., 
Karunasagar, Indrani, Karunasagar, Iddya, 2010. Association between 
phytoplankton and Vibrio spp. along the southwest coast of India: a mesocosm 
experiment. Aquat. Microb. Ecol. 58, 127–139. https://doi.org/10.3354/ame01360. 

Rey, A., Carney, K.J., Quinones, L.E., Pagenkopp Lohan, K.M., Ruiz, G.M., Basurko, O.C., 
Rodríguez-Ezpeleta, N., 2019. Environmental DNA metabarcoding: a promising tool 
for ballast water monitoring. Environ. Sci. Technol. 53 (20), 11849–11859. 

Romero-Martínez, L., van Slooten, C., Nebot, E., Acevedo-Merino, A., Peperzak, L., 2017. 
Assessment of imaging-in-flow system (FlowCAM) for systematic ballast water 
management. Sci. Total Environ. 603–604, 550–561. https://doi.org/10.1016/j. 
scitotenv.2017.06.070. 

Ruiz, G.M., Rawlings, T.K., Dobbs, F.C., et al., 2000. Global spread of microorganisms by 
ships. Nature 408, 49–50. 

Ruiz, G.M., Fofonoff, P.W., Steves, B.P., Carlton, J.T., 2015. Invasion history and vector 
dynamics in coastal marine ecosystems: a North American perspective. Aquat. 
Ecosys. Health Manag. 18, 299–311. https://doi.org/10.1080/ 
14634988.2015.1027534. 

Seebens, H., Gastner, M.T., Blasius, B., 2013. The risk of marine bioinvasion caused by 
global shipping. Ecol. Lett. 16, 782–790. https://doi.org/10.1111/ele.12111. 

Seiden, J.M., Way, C., Rivkin, R.B., 2010. Microbial hitchhikers: dynamics of bacterial 
populations in ballast water during a trans-Pacific voyage of a bulk carrier. Aquat. 
Invasions 5, 13–22. https://doi.org/10.3391/ai.2010.5.1.3. 

L. Khandeparker et al.                                                                                                                                                                                                                         

https://doi.org/10.1016/S0723-2020 (11)80432-7
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref25
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref25
https://doi.org/10.1080/03949370.2014.897651
https://doi.org/10.1111/j.1574-6941.2012.01427.x
https://doi.org/10.1111/j.1574-6941.2012.01427.x
https://doi.org/10.1016/j.envint.2018.12.038
https://doi.org/10.1128/JCM.01202-08
https://doi.org/10.1128/JCM.01202-08
https://doi.org/10.1093/plankt/22.5.923
https://doi.org/10.1093/plankt/22.5.923
https://doi.org/10.1099/00221287-137-5-1009
https://doi.org/10.4319/lo.2007.52.6.2386
https://doi.org/10.4319/lo.2007.52.6.2386
http://refhub.elsevier.com/S0301-4797(20)30946-4/opt8bgKrA894r
http://refhub.elsevier.com/S0301-4797(20)30946-4/opt8bgKrA894r
https://doi.org/10.1016/j.scitotenv.2018.12.004
https://doi.org/10.1111/j.1365-2664.2008.01600.x
https://doi.org/10.1111/j.1365-2664.2008.01600.x
https://doi.org/10.1099/00207713-52-1-235
https://doi.org/10.1016/S0025-326X(02)00401-0
https://doi.org/10.1016/S0025-326X(02)00401-0
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1007/s10393-013-0857-z
https://doi.org/10.1007/s10393-013-0857-z
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref39
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref39
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref39
https://doi.org/10.1016/j.marpolbul.2015.04.051
https://doi.org/10.1007/s10661-016-5687-3
https://doi.org/10.1016/j.ecolind.2016.11.023
https://doi.org/10.1016/j.ecolind.2016.11.023
https://doi.org/10.1128/JCM.06279-11
https://doi.org/10.1128/JCM.06279-11
https://doi.org/10.1126/science.1254070
https://doi.org/10.1126/science.1254070
https://doi.org/10.1038/ismej.2015.59
https://doi.org/10.1038/ismej.2015.59
https://doi.org/10.1099/00207713-35-1-26
https://doi.org/10.2307/1311948
https://doi.org/10.1016/j.ecoenv.2018.03.053
https://doi.org/10.1021/acs.est.6b03108
https://doi.org/10.1021/acs.est.6b03108
https://doi.org/10.1007/s00248-006-9165-2
https://doi.org/10.1007/s00248-006-9165-2
https://doi.org/10.1023/A:1011418432256
https://doi.org/10.1023/A:1011418432256
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref52
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref52
https://doi.org/10.1016/j.marpolbul.2005.02.006
https://doi.org/10.1016/j.scitotenv.2016.12.077
https://doi.org/10.1016/j.watres.2018.04.061
https://doi.org/10.1016/j.watres.2018.04.061
https://doi.org/10.1093/femsec/fiw052
https://doi.org/10.1093/femsec/fiw052
https://doi.org/10.3389/fmicb.2018.03336
https://doi.org/10.3389/fmicb.2018.03336
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref58
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref58
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref58
https://doi.org/10.1016/j.scitotenv.2017.08.099
https://doi.org/10.1371/journal.pone.0143123
https://doi.org/10.1002/1522-2632 (200011)85:5/6<577::AID-IROH577>3.0.CO;2-C
https://doi.org/10.1002/1522-2632 (200011)85:5/6<577::AID-IROH577>3.0.CO;2-C
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref62
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref62
https://doi.org/10.1590/S1517-83822008000400029
https://doi.org/10.1590/S1517-83822008000400029
https://doi.org/10.1016/j.scitotenv.2018.08.080
https://doi.org/10.1007/978-3-642-30197-1_377
https://doi.org/10.1007/978-3-642-30197-1_377
https://doi.org/10.1099/00207713-49-2-513
https://doi.org/10.3354/ame01360
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref68
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref68
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref68
https://doi.org/10.1016/j.scitotenv.2017.06.070
https://doi.org/10.1016/j.scitotenv.2017.06.070
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref70
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref70
https://doi.org/10.1080/14634988.2015.1027534
https://doi.org/10.1080/14634988.2015.1027534
https://doi.org/10.1111/ele.12111
https://doi.org/10.3391/ai.2010.5.1.3


Journal of Environmental Management 273 (2020) 111018

14

Seiden, J.M., Way, C.J., Rivkin, R.B., 2011. Bacterial dynamics in ballast water during 
trans-oceanic voyages of bulk carriers: environmental controls. Mar. Ecol. Prog. Ser. 
436, 145–159. https://doi.org/10.3354/meps09231. 

Setiyono, E., Heriyanto, Pringgenies, D., Shioi, Y., Kanesaki, Y., Awai, K., 
Brotosudarmo, T.H.P., 2019. Sulfur-containing carotenoids from A marine coral 
symbiont Erythrobacter flavus strain KJ5. Mar. Drugs 17. https://doi.org/10.3390/ 
md17060349. 

Simberloff, D., 2011. How common are invasion-induced ecosystem impacts? Biol. 
Invasions 13, 1255–1268. https://doi.org/10.1007/s10530-011-9956-3. 

Småge, S.B., Frisch, K., Brevik, Ø.J., Watanabe, K., Nylund, A., 2016. First isolation, 
identification and characterisation of Tenacibaculum maritimum in Norway, isolated 
from diseased farmed sea lice cleaner fish Cyclopterus lumpus L. Aquaculture 464, 
178–184. https://doi.org/10.1016/j.aquaculture.2016.06.030. 

Småge, S.B., Frisch, K., Vold, V., Duesund, H., Brevik, Ø.J., Olsen, R.H., Sjaatil, S.T., 
Klevan, A., Brudeseth, B., Watanabe, K., Nylund, A., 2018. Induction of 
tenacibaculosis in Atlantic salmon smolts using Tenacibaculum finnmarkense and the 
evaluation of a whole cell inactivated vaccine. Aquaculture 495, 858–864. https:// 
doi.org/10.1016/j.aquaculture.2018.06.063. 

Smayda, T.J., 2007. Reflections on the ballast water dispersal-harmful algal bloom 
paradigm. Harmful Algae 6, 601–622. https://doi.org/10.1016/j.hal.2007.02.003. 

Smith, A.F., Rihtman, B., Stirrup, R., Silvano, E., Mausz, M.A., Scanlan, D.J., Chen, Y., 
2019. Elucidation of glutamine lipid biosynthesis in marine bacteria reveals its 
importance under phosphorus deplete growth in Rhodobacteraceae. ISME J. 13, 
39–49. https://doi.org/10.1038/s41396-018-0249-z. 

Sperling, J.L., Silva-Brand~ao, K.L., Brand~ao, M.M., Lloyd, V.K., Dang, S., Davis, C.S., 
Sperling, F.A.H., Magor, K.E., 2017. Comparison of bacterial 16S rRNA variable 
regions for microbiome surveys of ticks. Ticks Tick. Borne. Dis. 8, 453–461. https:// 
doi.org/10.1016/j.ttbdis.2017.02.002. 

Tang, K.W., 2005. Copepods as microbial hotspots in the ocean: effects of host feeding 
activities on attached bacteria. Aquat. Microb. Ecol. 38, 31–40. https://doi.org/ 
10.3354/ame038031. 

Tiago, I., Mendes, V., Pires, C., Morais, P.V., Veríssimo, A., 2005. Phenylobacterium falsum 
sp. nov., an Alphaproteobacterium isolated from a nonsaline alkaline groundwater, 
and emended description of the genus Phenylobacterium. Syst. Appl. Microbiol. 28, 
295–302. https://doi.org/10.1016/j.syapm.2005.02.005. 

Tomaru, A., Kawachi, M., Demura, M., Fukuyo, Y., 2014. Changes in microbial 
communities, including both uncultured and culturable bacteria, with mid-ocean 
ballast-water exchange during a voyage from Japan to Australia. PloS One 9. https:// 
doi.org/10.1371/journal.pone.0096274. 

Vandecandelaere, I., Nercessian, O., Segaert, E., Achouak, W., Mollica, A., Faimali, M., 
Vandamme, P., 2009. Nautella italica gen. nov., sp. nov., isolated from a marine 
electroactive biofilm. Int. J. Syst. Evol. Microbiol. 59, 811–817. https://doi.org/ 
10.1099/ijs.0.002683-0. 

Vinogradov, M.E., Shushkina, E.A., Musaeva, E.I., Sorokin, P. Yu, 1989. Ctenophore 
Mnemiopsis leidyi (A. Agassiz) (ctenophora: lobata) – new settlers in the black sea. 
Oceanology 29, 293–298. 

Wennberg, A.C., Tryland, I., Østensvik, Ø., Secic, I., Monshaugen, M., Liltved, H., 2013. 
Effect of water treatment on the growth potential of Vibrio cholerae and Vibrio 
parahaemolyticus in seawater. Mar. Environ. Res. 83, 10–15. https://doi.org/ 
10.1016/j.marenvres.2012.10.002. 

Yassin, A.F., Schaal, K.P., 2005. Reclassification of Nocardia corynebacterioides Serrano 
et al. 1972 (approved lists 1980) as Rhodococcus corynebacterioides comb. nov. Int. J. 
Syst. Evol. Microbiol. 55, 1345–1348. https://doi.org/10.1099/ijs.0.63529-0. 

Zhu, X.H., Li, F., Xu, J.H., Xiang, L.H., Kang, K.F., 2010. Cutaneous infectious granuloma 
caused by Phenylobacterium in an adult with myelodysplastic syndrome: a first case 
report. Am. J. Clin. Dermatol. 11, 363–366. https://doi.org/10.2165/11533200- 
000000000-00000. 

L. Khandeparker et al.                                                                                                                                                                                                                         

https://doi.org/10.3354/meps09231
https://doi.org/10.3390/md17060349
https://doi.org/10.3390/md17060349
https://doi.org/10.1007/s10530-011-9956-3
https://doi.org/10.1016/j.aquaculture.2016.06.030
https://doi.org/10.1016/j.aquaculture.2018.06.063
https://doi.org/10.1016/j.aquaculture.2018.06.063
https://doi.org/10.1016/j.hal.2007.02.003
https://doi.org/10.1038/s41396-018-0249-z
https://doi.org/10.1016/j.ttbdis.2017.02.002
https://doi.org/10.1016/j.ttbdis.2017.02.002
https://doi.org/10.3354/ame038031
https://doi.org/10.3354/ame038031
https://doi.org/10.1016/j.syapm.2005.02.005
https://doi.org/10.1371/journal.pone.0096274
https://doi.org/10.1371/journal.pone.0096274
https://doi.org/10.1099/ijs.0.002683-0
https://doi.org/10.1099/ijs.0.002683-0
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref86
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref86
http://refhub.elsevier.com/S0301-4797(20)30946-4/sref86
https://doi.org/10.1016/j.marenvres.2012.10.002
https://doi.org/10.1016/j.marenvres.2012.10.002
https://doi.org/10.1099/ijs.0.63529-0
https://doi.org/10.2165/11533200-000000000-00000
https://doi.org/10.2165/11533200-000000000-00000


RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 119, NO. 3, 10 AUGUST 2020 507

*For correspondence. (e-mail: klidita@nio.org) 

Influence of salinity stress on bacterial  
diversity from a marine bioinvasion  
perspective: evaluation through microcosm  
experiments 
 
Nishanth Kuchi1,2 and Lidita Khandeparker1,* 
1CSIR-National Institute of Oceanography, Dona Paula, Goa 403 004, India 
2School of Earth, Ocean and Atmospheric Sciences, Goa University, Taleigao, Goa 403 206, India 
 

Mid-ocean ballast water exchange has been used since 
the past few years to control bioinvasion through  
ballast water (BW), which requires the ship to  
exchange part of its BW in the open ocean. The 
change in salinity is expected to be detrimental to 
coastal species. This study evaluates the changes in 
bacterial diversity with respect to salinity stress when 
translocated into an environment with non-ambient 
salinity. Surface water samples from three coastal 
ports, namely hypersaline Kandla port in Gujarat,  
saline Paradip port in Odisha, and freshwater Kolkata 
port in West Bengal, India were collected and aged in 
dark for 30 days to mimic BW tank conditions. The 
aged water samples were translocated into water  
collected from the estuarine mouth (Dona Paula), mid-
estuary (Cortalim) and upstream location (Sanvor-
dem) of Zuari Estuary, Goa and incubated in the  
laboratory. Quantitative polymerase chain reaction 
technique was used to assess major bacterial phyla. 
Culturable marine bacteria and Vibrio spp., including 
γ-proteobacteria preferred higher salinity, whereas 
culturable freshwater bacteria, including coliforms in 
conjunction with α-, β-proteobacteria, Bacteroidetes 
and Firmicutes preferred lower salinity. The fresh-
water port bacteria could withstand salinity stress  
better than those from the hypersaline or saline ports. 
The species comprising these phyla could be region- 
and niche-specific. The invasive potential of these bac-
terial clades would depend on the environmental sui-
tability of the recipient port. Studying the changes in 
the ecosystem of the port environment after BW dis-
charge in real-time would provide meaningful insights 
into the invasive potential of these bacterial phyla. 
 
Keywords: Bacterial community, ballast water exchange, 
marine bioinvasion, salinity stress, microcosm experi-
ment. 
 
OCEANIC transport accounts for more than 90% of the 
world’s cargo and in addition to the intended cargo, the 
translocation of over 10 billion tonnes of ballast water 

(BW) also occurs annually1. As a result, a plethora of  
organisms present in the BW are introduced into non-
native environments2, which is estimated to be about 
7000 living species3. Such introduction of alien organ-
isms into a non-indigenous environment is termed as 
‘bioinvasion’ and BW is considered to be one of the key 
vectors for marine bioinvasion. When introduced into a 
non-native environment, the impact of bioinvasion may 
result in changing the biodiversity thereby altering the 
food web, and can have a direct impact on the socio-
economic and human health2,4. Marine bioinvasion 
through ships’ ballast tanks has been recognized as one of 
the greatest threats to the oceans. 
 Many studies have reported a profusion of invasive  
organisms in the past few decades5–7. Microorganisms are 
spread in higher numbers than other macroorganisms  
given their abundance in any given ecosystem8–10. Addi-
tionally, BW tanks act as incubators for heterotrophic 
bacteria which can withstand prolonged dark conditions, 
unlike other autotrophs11. Thus, by virtue of their  
abundance, life-history characteristics and potential  
pathogenicity or toxicity, bacteria possess a great capacity 
to invade and cause detrimental effects in new environ-
ments12. Hence the threat of bacterial invaders is a major 
concern when compared to other higher organisms.  
Specifically, the spreading of bacteria, including patho-
genic strains on a global level through ships’ BW is a 
phenomenon that is gaining increased importance13.  
Vibrio cholerae, which is the causative agent for cholera, 
can be transported via ships’ BW and has caused epide-
mics in areas where it was not reported earlier13–16. 
 The International Maritime Organization (IMO) has put 
forth guidelines to reduce the risk of bioinvasion through 
ships’ BW. Mid-ocean ballast water exchange (BWE)  
requires ships to exchange a percentage of coastal water 
with open ocean water (200 nautical miles from the 
coast). The idea is to release the organisms into an envi-
ronment with non-ambient salinity to reduce the undesir-
able bacterial load in exchange for oceanic species with 
presumably lesser concern17. A study has reported that  
salinity is the most significant environmental factor that 
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contributes to the bacterial diversity in BW tanks18. 
Hence, oceanic species are less likely to survive under 
environmental stress when released into coastal (marine 
or freshwater) environments19. Many studies have  
assessed the efficiency of BWE with respect to phytop-
lankton abundance20, marine invertebrates21, zooplankton 
abundance22, diatoms and dinoflagellates23, and virus-like 
particles24. The importance of bacterial invaders has tak-
en precedence more recently. Studies have reported that 
bacterial abundances did not change significantly in most 
of the cases after BWE and at the end of a voyage25,26. In 
contrast, studies on bacterial diversity during a voyage 
reported a marked change in the community due to 
BWE27, and stressed that BW tanks act as incubators for 
the prevailing bacteria which changed over time during 
transit28. Moreover, it has been reported that the response 
of bacterial populations to changing salinity is unlike 
higher organisms29. A study on both the culturable and 
unculturable segments of bacteria showed that although 
the abundance of culturable bacteria in ballast tanks  
remained unchanged during a voyage, there was signifi-
cant decrease in the unculturable bacteria and their  
density gradient gel electrophoresis (DGGE) profiles 
were different after BWE30. Bacterial diversity is ever-
shifting as a response to environmental stress. Rather 
than relying on the variation in individual abundances 
which may not equate to significant shifts in the bacterial 
community, a community-level approach would provide a 
more sensitive and meaningful understanding of their  
response. 
 The premise of BWE is to expose the coastal bacterial 
communities in the BW tanks to a non-ambient salinity 
(open ocean). But the assumption that salinity change 
plays an important role in reducing bacterial load during 
BWE is not yet fully explored and explained. Although 
bacterial diversity is heavily influenced by the prevailing 
environmental conditions31, studies concentrating on the 
response of bacterial populations to changing environ-
mental conditions are sparse. Some studies have reported 
the importance of salinity in the virility and viability of 
pathogens like toxicogenic V. cholerae32. But there is  
a paucity of knowledge on the influence of salinity as a  
major environmental factor in the context of BWE. In 
view of this, the objective of the present study was to  
understand the response of bacterial communities to 
changes in salinity using microcosm experiments. Sur-
face-water samples from coastal ports with varied salinity 
conditions (hypersaline, saline and freshwater) were col-
lected, aged and translocated into water collected from 
different areas (salinity gradient) of an estuary. This  
incubation experiment allowed us to assess the response 
of bacteria from different environments to a sudden salin-
ity change, which is analogous to the release of BW by 
ships into non-indigenous environments. 
 Real-time quantitative polymerase chain reaction 
(qPCR) was used to assess the contribution of major bac-

terial phyla (Proteobacteria subclasses (α, β and γ ),  
Bacteroidetes, Firmicutes and Actinobacteria) to bacterial 
diversity. The variation in culturable pathogenic abun-
dance was also assessed using standard plating techniques. 
Since dark conditions would have immensely reduced the 
photosynthetic bacteria, we hypothesized that bacterial 
diversity would be mostly heterotrophic and expected to 
change significantly as a response to salinity shock after 
translocation. Extreme salinity shock is expected when 
bacteria from the hypersaline port are translocated into 
freshwater from the estuary and vice-versa with the 
freshwater port bacteria. The ability of various bacterial 
clades to tackle salinity stress would depend on the  
mechanisms they adopt to cope with this stress. 

Materials and methods 

Sampling strategy 

Surface-water samples were collected from Kandla port, 
Gujarat, India (Local Fishing Craft Anchorage – 2; 
23°01′03″N, 70°13′19″E) for the hypersaline water expe-
riment (experiment I; salinity 39.68) using a 5 l sampler 
(Niskin) and transferred into a 50 l carboy (Nalgene) and 
stored in dark, static condition for 30 days to simulate the 
ballast tank condition. For translocation into water with 
varying salinities, surface water samples were collected 
from the Zuari estuary, Goa, India from the estuarine 
mouth, Dona Paula (DP; 15°25′16.9″N, 73°47′36.9″E), 
mid-estuary, Cortalim (CR; 15°24′32.0″N, 73°54′50.2″E) 
and upstream station, Sanvordem (SV; 15°16′01.1″N, 
74°06′36.0″E). Similarly, surface-water samples were 
collected from Paradip port (area adjacent to fertilizer 
berths; 20°16′27.8″N, 86°40′2.9″E) for saline water expe-
riment (experiment II; salinity 29.4) and Kolkata port 
(tidal basin-1; 22°32′43″N, 88°19′07″E) for freshwater 
experiment (experiment III; salinity 0.22) (Figure 1). 

Translocation and experimental set-up 

Port water (~20 l) collected from the three port environ-
ments was immediately incubated in dark for 30 days. 
Temperature during all three experiments was maintained 
between 25.0°C and 26.0°C. All the experiments were  
conducted separately; Figure 2 provides a schematic  
representation of the experimental set-up. 
 
Experiment I: Aged hypersaline water from Kandla port 
was translocated into the estuarine water of three differ-
ent salinities in a ratio of 1 : 5 in 20 l polycarbonate tanks 
(dimensions 43 × 27 × 18 cm; Tarsons, Model no. 
41080). The tanks were placed in static condition in the 
laboratory with natural light so as to provide natural day–
night environment. The translocation of the aged port  
water into the water from the estuarine mouth (DP) is 
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Figure 1. Location map showing the collection sites of water samples used in the experiment. 
 

 

 
 

Figure 2. Schematic representation of experimental design. TBC,  
Total bacterial counts; TVC-ZMA, Total viable marine bacterial 
counts; TVC-NA, Total bacterial freshwater bacterial counts; TC, Total 
coliforms. 

henceforth referred to as high saline condition (HSC); the 
translocation of aged port water into water from the mid-
estuarine station (CR) is termed as mid saline condition 
(MSC), and the translocation of the aged port water into 
water from the upstream station (SV) is henceforth 
termed as low saline condition (LSC). Incubation was 
conducted for each condition in duplicate tanks (n = 2) 
for 12 days. 
 The salinity of the aged Kandla port water was 39.38, 
while it was 31.1, 13.51 and 0.03 at the mouth (DP), mid-
estuary (CR) and upstream (SV) respectively. During the 
course of the experiment (after mixing), average salinity 
was 32.36 ± 0.72 in HSC, 15.28 ± 0.35 in MSC and 
6.35 ± 0.26 in LSC. 
 
Experiment II: Aged saline water from Paradip port was 
used for this experiment. The salinity of Paradip port  
water was 26.15, while at DP, CR and SV it was 32.3, 
18.57 and 0.05 respectively. After translocation, during 
the incubation period (12 days), the average salinity was 
27.13 ± 0.19, 20.48 ± 0.29 and 4.54 ± 0.06 in HSC, MSC 
and LSC respectively. 
 
Experiment III: Aged freshwater from Kolkata port was 
used for this experiment. Salinity at Kolkata port was 
0.35, whereas it was 34.49 at DP, 17.02 at CR and 0.14 at 
SV. The average salinity after the mixing was 29.70 ± 
0.87 in HSC, 13.11 ± 0.59 in MSC and 0.13 ± 0.01 in 
LSC. 
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Physico-chemical analyses and dissolved nutrients 

Salinity measurements were done using an autosal (Guil-
dline Autosal 8400B). For suspended particulate matter 
(SPM) measurements, 50 ml of water samples was filtered 
through pre-weighed, pre-combusted (400°C for 4 h), 
Whatman GF/F filter papers and dried in an oven for 48 h 
at 60°C. Final weights were recorded as milligrams per 
litre33. The dissolved oxygen (DO) was estimated using 
standard Winkler titration method34. Dissolved nutrients 
(silicate (SiO4), phosphate (PO4), nitrate (NO3) and nitrite 
(NO2)) from the water samples were also analysed (Ska-
lar SANPLUS 8505 Interface v3.331, The Netherlands)35. 
Sodium hexafluoro silicate (Na2SiF6), potassium dihy-
drogen phosphate (KH2PO4), potassium nitrate (KNO3) 
and sodium nitrite (NaNO2) were used for the preparation 
of standards according to the manufacturer’s guidelines 
for estimation of SiO4, PO4, NO3 and NO2 respectively. 

Microbiological analyses 

Samples for total bacterial count (TBC) were collected in 
duplicate (n = 2), preserved in 1% paraformaldehyde  
(final conc.) and kept at –20°C until analysis. Samples 
were thawed before passing through a cell strainer cap 
(BD Biosciences, USA), stained with SYBR Green I 
(1 : 10,000 final conc.), and incubated in the dark condi-
tion for 15 min. The stained samples were analysed on 
flow cytometer (BD FACS Verse) equipped with a blue 
laser of 488 nm, using fluorescent beads (1 μm, Poly-
science) as an internal standard36. The data were 
processed using BD FACS Diva software (BD Bio-
sciences, USA) and expressed as cells per millilitre. 
 For total viable marine bacteria (TVC-ZMA) and  
total viable freshwater bacteria (TVC-NA), samples were 
appropriately diluted and spread on Zobell marine agar 
(ZMA, HiMedia) and nutrient agar (NA, HiMedia)  
respectively. Pathogenic bacteria were quantified on  
selective media according to the manufacturer’s guide-
lines (HiMedia). Thiosulphate citrate bile salts (TCBS) 
agar was used for differentiating various Vibrio spp. (V. 
parahaemolyticus (VP), V. alginolyticus (VA) and V. 
cholerae (VC)). MacConkey agar was used for enumera-
tion of total coliforms (TC) and HiCrome EC O157:H7 
agar was used for enumeration of Escherichia coli 
O157:H7. Identification of specific bacteria has been con-
firmed earlier using both biochemical tests and protein 
profiling through MALDI-TOF MS Biotyping35. The 
ZMA and NA agar plates were incubated at room temper-
ature, while the selective media for pathogenic bacteria 
were incubated at 37°C. Abundance was expressed as  
colony forming units per millilitre. 

Metagenomic bacterial diversity 

For metagenomic analysis, 1 litre of water sample col-
lected from the tanks was filtered through 0.22 μm pore 

size filter paper (Millipore, USA) by suction under low 
vacuum using a vacuum PR pump (220/50 Hz) connected 
to a filtration unit (PALL 47 mm). The filter papers were 
kept at –20°C until further processing. DNA extractions 
were performed using Power Water DNA isolation kit 
(MoBio lab. Geneworks, Australia). The DNA elutions 
were then diluted to 1 : 100 in autoclaved nuclease-free 
water (AmbionTM) and quantified for an initial estimate 
of the concentration, which was 10–20 ng ml–1 (Qubit 
2.0, Thermo Fisher Scientific, USA). Next, 1 μl of the  
diluted samples was subjected to quantitative polymerase 
chain reaction (qPCR) using specific sets of primers for 
major bacterial phyla, namely Proteobacteria subclasses 
(α, β and γ ), Bacteroidetes, Firmicutes and Actinobacte-
ria, to obtain the bacterial diversity as described in the  
literature37,38 (Table 1). 
 The qPCR assays were carried out on a real time PCR 
(Rotor-Gene Q; Qiagen). All the qPCR reactions were car-
ried out in triplicates (n = 3). The PCR cocktail consisted 
of 10 μl 2x Power SYBR® Green PCR Master Mix (Ap-
plied Biosystems), 0.5 μl each of the forward and reverse 
primers and 1 μl of template, and made up to 20 μl using 
nuclease-free water. The cycling conditions were initial 
enzyme activation at 95°C for 5 min, 45 cycles of denatu-
ration at 95°C for 1 min, annealing at 53°C for 1 min and 
extension at 72°C for 1 min. Tenfold dilutions of pre-
viously quantified target DNAs were used as internal 
standards. The amplification curves were obtained by 
plotting the threshold cycle (CT) value against the loga-
rithm of fluorescence. Furthermore, to check the efficiency 
of the reaction (which was always between 0.98 and 1.0), 
a melt curve analysis was performed after each designed 
run which confirmed that the fluorescence signals were 
obtained from the target amplicon. The unknown samples 
were quantified from their CT values on the amplification 
curves using the Roton-Gene Q software (v 2.3.4). 

Graphical representation and statistical analyses 

All the graphical representations and illustrations were 
done using GrapherTM (Golden Software, LLC, 
v12.3.734). The relationship between abiotic (DO, pH, 
SPM, TOC, SiO4, PO4, NO3 and NO2), and biotic (TBC, 
TVC-ZMA, TVC-NA and bacterial diversity) variables 
was evaluated using canonical correspondence analysis 
(CCA; CANOCO v4.5 for Windows software package) 
after log transformation, using Monte-Carlo test to assess 
the significance of the method (P < 0.05; 999 permuta-
tions). Prior to the analyses, unimodal characteristics of 
the data were checked using detrended correspondence 
analysis (the length of the first axes were greater than 2 
SD units)39. CCA triplots were created to visualize the  
relationship between the abiotic and biotic parameters. 
The length and orientation of the arrows denote their rela-
tive influence on the biotic variables (Figure 3). Signifi-
cant (P ≤ 0.05) environmental factors are denoted by 
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Table 1. Primer sets for quantitative PCR used in the present study 
 
Target group  

Annealing  
temperature (°C) 

 
Primer 

 
Sequence (5′–3′) 

 
Reference 

 

α-Proteobacteria 53 α-682F 
α-908R 

CIAGTGTAGAGGTGAAATT 
CCCCGTCAATTCCTTTGAGTT 

37 

β-Proteobacteria 53 β-359F 
β-682R 

GGGGAATTTTGGACAATGGG 
ACGCATTTCACTGCTACACG 

38 

γ-Proteobacteria 53 γ-1080F 
γ-1202R 

TCGTCAGCTCGTGTYGTGA 
CGTAAGGGCCATGATG 

37 

Bacteroidetes 53 798cfbF 
cfb967R 

CRAACAGGATTAGATACCCT 
GGTAAGGTTCCTCGCGTAT 

37 

Firmicutes 53 928FirmF 
1040FirmR 

TGAAACTYAAAGGAATTGACG 
ACCATGCACCACCTGTC 

37 

Actinobacteria 53 Act920F3 
Act1200R 

TACGGCCGCAAGGCTA 
TCRTCCCCACCTTCCTCCG 

37 

 
 

 
 

Figure 3. Canonical correspondence analysis (CCA) showing the relationship between bacteria and environmental parameters in (a) experiment I 
(hypersaline port water experiment), (b) experiment II (saline port water experiment) and (c) experiment III (freshwater port water experiment). 
H0–H12 (filled black circles) denote incubation period of 12 days in HSC; M0–M12 (filled green triangles) denote incubation period of 12 days in 
MSC; L0–L12 (filled pink squares) denote incubation period of 12 days in LSC. Black lines indicate the various environmental parameters. Dotted 
black lines are highly significant (Monte Carlo test, P < 0.05). The empty triangles indicate the species variables. DO, Dissolved oxygen; SPM, 
Suspended particulate matter; TOC, Total organic carbon; SiO4, Silicate; PO4, Phosphate; NO3, Nitrate; NO2, Nitrite; O157, Escherichia coli 
O157:H7; TC, Total coliforms; VA, Vibrio alginolyticus; VP, V. parahaemolyticus; VC, V. cholerae; Alpha, α-proteobacteria; Beta β-
proteobacteria; Gamma, γ-proteobacteria; Actino, Actinobacteria; Bacter, Bacteroidetes; Firmi, Firmicutes. 
 
 
dashed lines. The correlations between biotic and abiotic 
parameters were further confirmed using STATISTICA 
(StatSoft, Inc. (2007); data analysis software system;  
version 8.0. (www.statsoft.com). Regression with P-
value ≤ 0.05 was considered significant and has been  
tabulated (Table 2). 

Results 

Hypersaline port water experiment (experiment I) 

Table 3 provides the values of physico-chemical parame-
ters and dissolved nutrient values in the aged port water 
and water from different stations of the estuary 
representing the mouth (DP), mid-estuary (CR) and  

upstream (SV) locations. After translocation, during the 
incubation period, SPM was lower than the aged port  
water due to addition of estuarine water with low SPM 
(Table 3), but increased during the incubation period and 
was 549 ± 119, 475 ± 139 and 537 ± 277 mg l–1 in HSC, 
MSC and LSC respectively (Table 3). A similar trend was  
observed in TOC concentration. However, there was no 
significant change in phosphate concentration. Nitrate 
concentration decreased in all three conditions, whereas 
vice versa was observed in the case of nitrite concentra-
tion (Table 3). 
 Table 4 shows the values of TBC, TVC-ZMA, TVC-
NA and pathogenic bacteria in the aged port water, DP, 
CR and SV. During the incubation period, average TBC 
which was 6.9 ± 0.7 × 107 cells ml–1 in the aged port 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 119, NO. 3, 10 AUGUST 2020 512 

Table 2. Correlation analysis between bacterial counts and physico-chemical parameters in high, mid and low saline conditions of experiments I–III 

  
TBC 

 
TVC-ZMA 

 
TVC-NA

E. coli  
O157 : H7 

 
TC 

 
VA 

 
VP 

 
VC 

 

Experiment I: Hypersaline port water experiment         
 HSC         
  pH – 0.992** – – – – – – 
  Nitrate –0.973* – – – – –0.983* – – 
 MSC         
  TOC – – –0.988* – – – – – 
  Phosphate – 0.954* – – – – – – 
  Nitrite – – – – – 0.961* – – 

Experiment II: Saline port water experiment         
 HSC         
  TOC 0.975* – –0.994** – – – – – 
  Silicate 0.983* – –0.987* – – – – – 
  Phosphate 0.986* – –0.954* – – – – – 
  Nitrate – –0.966* – – –0.980* – – – 
 MSC         
  Silicate – – – – – – –0.965* – 
  Phosphate – – – – – – – – 
  Nitrate 0.9532* – – 0.998** – – 0.998** – 
 LSC         
  pH – – – – – – 0.999** – 
  Nitrate – – – – – – – 0.983* 

Experiment III: Freshwater port water  experiment         
 HSC         
  SPM – – – – – –0.971* –0.971* – 
 MSC         
  SPM – – – – – – – –0.973*
 LSC         
  SPM – – – –0.977* – –0.977* – – 
  Phosphate –0.955* – – – – – – – 

TBC, Total bacterial count; TVC-ZMA, Total viable marine bacteria; TVC-NA, Total viable freshwater bacteria; TC, Total coliforms; VA, Vibrio 
alginolyticus; VP, V. parahaemolyticus; VC, V. cholerae; *P ≤ 0.05; **P ≤ 0.01; ‘–’ No significant correlation. 
 
 
water decreased over time. Within the three conditions, 
TBC was high in HSC (1.2 ± 0.1 × 107 cells ml–1) and 
showed a negative correlation with NO3 (r = –0.973). It 
was low in LSC (4.4 ± 2.4 × 106 cells ml–1). TBC was  
also positively influenced by PO4 (Figure 3 a). However, 
TVC-ZMA increased after the mixing and was high in 
HSC (5.5 ± 2.1 × 103 CFU ml–1), whereas TVC-NA was 
high in LSC (28.9 ± 18.1 × 103 CFU ml–1; Table 4).  
E. coli O157:H7 was only detected in LSC, whereas  
Vibrio spp., preferred and increased in higher salinity. V. 
alginolyticus was high in HSC (393 ± 459 CFU ml–1) and 
V. parahaemolyticus was high in MSC (95 ± 123 CFU ml–1; 
Table 4). VA showed a negative correlation with NO3 in 
HSC (r = –0.983) and was positively influenced by NO2 
in MSC (r = 0.961; Table 2). TOC and SPM were the key 
factors that positively influenced TVC-ZMA, TVC-NA 
and pathogenic bacteria (Figure 3 a). 
 Before aging, the port water was dominated by Actino-
bacteria (53.64%; Figure 4 a). After aging, however, the 
bacterial diversity shifted in the aged port water with  
α-proteobacteria (55.19%) and Bacteroidetes (36.36%) 
being the dominant phyla (Figure 4 b). In the estuarine 
stations, bacterial diversity was dominated by β-

proteobacteria (80.04%) at DP, α-proteobacteria 
(55.45%) at CR and γ-proteobacteria (36.06%) and Bacte-
roidetes (33.78%) at SV (Figure 4 c, d and e) respective-
ly. After translocation, in HSC, the bacterial diversity 
was initially dominated by Bacteroidetes (63.47%) fol-
lowed by β-proteobacteria (19.67%). However, there was 
a steady increase in Actinobacteria and γ-proteobacteria 
over time (Figure 4 f ). In MSC, however, bacterial diver-
sity was dominated by α-proteobacteria (40.58%), but 
subsequently shifted to β-proteobacteria and Bacteroi-
detes (Figure 4 g). The bacterial diversity at LSC was  
initially dominated by Actinobacteria, but a significant 
increase in Bacteroidetes during the later stages of incu-
bation was evident (Figure 4 h). Nitrate had a positive  
influence on all the major taxonomic phyla (Figure 3 a). 

Saline port water experiment (experiment II) 

Table 5 shows the physico-chemical parameters and dis-
solved nutrient values in the aged port water, DP, CR and 
SV. During the incubation period after translocation, SPM 
did not vary significantly in HSC and MSC but was low 
in LSC (79 ± 13 mg l–1), where it showed a decreasing 
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Table 3. Physico-chemical parameters and dissolved nutrients in hypersaline port water (source), aged hypersaline port water, estuarine stations 
(destination) and during incubation period after mixing in high saline condition (HSC), mid saline condition (MSC) and low saline condition (LSC)  
  in experiment I 

 DO pH SPM (mg 1–1) TOC (mg l–1) 
 

 Kandla port (day 0) 6.40 7.91 1141.7 6.22 
Source  Kandla port (day 30) 6.30 7.72 1619 2.81 
 

Destination  DP CR SV DP CR SV DP CR SV DP CR SV 
   3.66 7.83 3.98 7.80 7.83 7.48 144.2 111.6 47.6 2.30 2.13 1.68 
 

Mixing (1 : 5) Days HSC MSC LSC HSC MSC LSC HSC MSC LSC HSC MSC LSC 
 

Incubation period  0 5.10 6.04 6.12 7.87 6.95 7.77 433 373.5 274 2.28 2.35 2.51 
   1 5.12 5.70 6.08 7.78 7.84 7.95 NS Ns NS NS NS NS 
   2 5.00 5.25 5.40 7.87 7.72 7.76 NS NS NS NS NS NS 
   3 5.38 5.37 5.62 7.83 7.82 7.82 NS NS NS NS NS NS 
   4 5.25 5.11 5.18 7.83 7.58 7.56 NS NS NS NS NS NS 
  5 5.30 5.40 5.88 7.89 7.75 7.77 482 402 424.5 2.97 3.18 3.50 
   6 5.42 5.49 5.93 7.95 7.84 7.88 NS NS NS NS NS NS 
   7 5.59 5.26 6.00 7.66 7.59 7.63 Ns NS Ns Ns NS NS 
   8 5.44 5.57 5.78 7.67 7.60 7.63 NS NS NS NS NS NS 
   9 5.24 5.84 5.95 7.77 7.72 7.77 NS NS NS NS Ns NS 
  10 4.84 5.42 6.02 7.79 7.72 7.64 577 446 527 2.96 3.07 5.18 
  11 4.73 5.06 0.00 7.75 7.65 7.58 NS NS NS NS NS NS 
  12 5.57 5.82 5.58 7.88 7.81 7.71 704 578 921 3.42 4.10 5.73 
 
Average ± SD  5.3 ± 5.5 ±  5.4 ±  7.8 ±  7.7 ±  7.7 ±  549 ±  475 ±  537 ±  2.9 ±  3.2 ±  4.2 ±  
    0.3 0.3 1.6 0.1 0.2 0.1 119 139 277 0.5 0.7 1.5 
 

 Silicate (μm) Phosphate (μm) Nitrate (μm) Nitrite (μm) 
 

 Kandla port (day 0) 34.26 3.48 17.64 7.6 
Source  Kandla port (day 30) 41.15 11.91 133.29 3.74 
 

Destination  DP CR SV DP CR SV DP CR SV DP CR SV 
   29.25 59.37 76.51 5.16 7.38 6.98 38.22 13.25 BDL 0.89 0.56 BDL 
 

Mixing (1 : 5) Days HSC MSC LSC HSC MSC LSC HSC MSC LSC HSC MSC LSC 
 

Incubation period  0 18.43 27.00 59.88 4.35 4.17 5.74 31.25 16.56 13.89 1.06 0.69 0.39 
  1 24.51 50.61 68.92 5.02 7.14 6.85 37.34 27.30  6.63 1.30 0.87 0.45 
   2 27.23 45.07 71.00 4.82 5.79 7.00 45.02 23.91  8.91 1.33 0.66 0.35 
   3 40.28 35.40 44.57 6.62 5.29 5.79 57.57 18.80 14.58 1.22 0.66 0.40 
   4 22.80 22.54 41.44 5.13 3.68 5.16 64.38 67.76 27.09 1.17 0.59 0.61 
   5 31.82 61.28 18.04 4.75 6.95 3.76 26.30 41.93 64.26 1.34 0.61 0.75 
   6 40.35 39.82 30.11 6.30 5.90 6.00 46.60 26.32 64.16 1.15 1.01 0.65 
   7 20.61 31.65 28.87 4.25 5.17 3.48 31.82 51.77 13.09 1.86 1.24 0.75 
   8 33.62 46.94 21.67 4.74 5.35 4.78 51.28 28.63 81.51 1.55 1.06 0.58 
   9 43.99 35.02 50.77 6.49 5.75 6.16 54.90  4.70  6.41 1.49 1.76 0.93 
  10 21.69 34.16 43.17 4.67 5.34 5.20 11.50  4.07  4.84 1.68 1.82 0.91 
  11 18.27 37.32 60.00 3.63 5.47 7.02  9.88  5.40  6.07 1.53 2.12 1.61 
  12 23.18 35.07 52.03 4.55 5.74 6.40 11.31  6.48  5.29 1.11 1.99 1.12 
 
Average ± SD  28.2 ±  38.6 ±  45.4 ±  5.0 ±  5.5 ±  5.6 ±  36.9 ±  24.9 ±  24.4 ±  1.4 ±  1.2 ±  0.7 ±  
   8.9 10.3 17.2 0.9 0.9 1.1 18.4 19.5 27 0.2 0.6 0.4 

DP, Dona Paula (estuarine mouth station); CR, Cortalim (mid estuarine station); SV, Sanvordem (upstream station); DO, Dissolved oxygen; SPM, 
Suspended particulate matter; TOC, Total organic carbon; NS, Not sampled and BDL, Below detection limit. 
 
 

trend (Table 5). TOC, however, showed an increasing 
trend under all conditions. There was a significant in-
crease in PO4 concentration after five days of incubation. 
NO3 concentration was high in LSC (7.4 ± 9.4 μM), but 
decreased over time under all three conditions (Table 5). 

 Table 6 shows the bacterial abundance before translo-
cation in the aged port water and estuarine locations.  
After translocation, TBC reduced by one order of magni-
tude. Under the three conditions, it was high in HSC 
(3.3 ± 0.7 × 106 cells ml–1) and low in LSC (8.4 ±
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Figure 4. Relative abundance of gene copy numbers μl–1 in experiment I of α-proteobacteria (red), β-proteobacteria (light blue), γ-proteobacteria 
(dark blue), Actinobacteria (yellow), Bacteroidetes (grey) and Firmicutes (purple) in (a) Hypersaline port water, (b) aged hypersaline port water, 
(c) water from estuarine mouth (DP), (d) mid-estuary (CR) and (e) estuarine upstream (SV). Relative abundance of major bacterial phyla during the 
incubation period after mixing in ( f ) high saline condition (HSC), (g) mid saline condition (MSC) and (h) low saline condition (LSC). 
 
 
3.6 × 105 cells ml–1) during the incubation period. It was 
positively influenced by PO4 during HSC, and by nitrate 
during MSC (Table 2), whereas SPM and TOC showed a 
negative correlation with TBC under all three conditions 
(Figure 3 b). TVC-ZMA showed an increasing trend  
under all three conditions and was negatively correlated 
with nitrate in HSC, while TVC-NA were high in LSC 
(Table 6) and was negatively correlated with TOC, sili-
cate and phosphate in HSC (Table 2). There was signifi-
cant increase in E. coli O157:H7 abundance in LSC 
during the incubation period. However, both VA and VP 
were high in HSC (2.5 ± 3.3 × 103 and 623 ± 917 CFU 

ml–1 respectively) (Table 6). VP showed a negative corre-
lation with silicate and was positively influenced by  
nitrate in MSC (Table 2). A strong positive correlation 
was observed between nitrate and TVC-ZMA, TVC-NA 
and pathogenic bacteria (Figure 3 b). 
 The Paradip port water bacterial diversity was initially 
dominated by α-proteobacteria (75.74%; Figure 5 a). 
However, after aging, bacterial diversity in the aged port 
water was dominated by γ- and β-proteobacteria (52.63% 
and 29.72% respectively) (Figure 5 b). In the estuarine 
stations, γ- and α-proteobacteria (36.34% and 31.86%  
respectively) were dominant in DP, Actinobacteria and 
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Table 5. Physico-chemical parameters and dissolved nutrients in saline port water (source), aged saline port water, estuarine stations (destination)  
 and during incubation period after mixing in HSC, MSC and low LSC in experiment II 

 DO pH SPM (mg 1–1) TOC (mg l–1) 
 

 Paradip port (day 0) 4.90 7.74 105.3 NS 
Source  Paradip port (day 30) 6.35 7.93 242 2.31 
 

Destination  DP CR SV DP CR SV DP CR SV DP CR SV 
   4.44 4.09 4.44 7.89 7.78 7.67 218 216.5 223 2.56 2.83 4.03 
 

Mixing (1 : 5) Days HSC MSC LSC HSC MSC LSC HSC MSC LSC HSC MSC LSC 
 

Incubation period  0 3.04 2.98 3.62 8.10 7.92 7.51 192.5 224.5 72 2.66 2.89 2.36 
  1 3.17 3.23 3.66 8.05 7.93 7.48 NS NS NS NS NS NS 
  2 3.31 3.26 3.74 7.98 7.88 7.45 NS NS NS NS NS NS 
   3 3.27 3.10  3.7 7.92 7.85 7.60 NS NS NS NS NS NS 
   4 NS NS NS 7.94 7.82 7.55 NS NS NS NS NS NS 
   5 NS NS NS 7.97 7.90 7.55 260.5 250 94.5 2.69 2.98 2.73 
   6 3.50 3.51 3.93 7.95 7.90 7.57 NS NS NS NS NS NS 
   7 NS NS NS 7.97 7.97 7.44 NS NS NS NS NS NS 
   8 NS NS NS 8.01 7.96 7.39 NS NS NS Ns NS NS 
   9 3.56 3.55 3.665 7.99 7.97 7.36 NS NS NS NS NS NS 
  10 NS NS NS 7.98 7.97 7.51 234 253.5 82.5 3.71 3.72 2.84 
  11 NS  NS NS 8.01 8.01 7.52 NS NS NS NS NS 
 12 3.59 3.64 4.055 8.06 8.01 7.74 260.5 263.5 66.5 3.79 4.73 3.76 
 
Average ± SD  3.4 ±  3.3 ±  3.8 ±  8 ± 7.9 ±  7.5 ± 237 ± 248 ± 79 ± 3.2 ± 3.6 ± 2.9 ± 
   0.2 0.3 0.2 0.1 0.1 0.1 32 17 13 0.6 0.9 0.6 
 

 Silicate (μm) Phosphate (μm) Nitrate (μm) Nitrite (μm) 
 

 Paradip port (day 0) 43.24 1.98 7.11 1.39 
Source  Paradip port (day 30) 16.95 3.54 11.03 0.95 
 

Destination  DP CR SV DP CR SV DP CR SV DP CR SV 
   6.31 6.94 49.39 2.75 11.93 9.06 3.82 1.08 6.50 1.25 0.75 0.44 
 

Mixing (1 : 5) Days HSC MSC LSC HSC MSC LSC HSC MSC LSC HSC MSC LSC 
 

Incubation period  0  7.53 16.70  61.81  2.58  4.05  5.41 BDL  0.15  6.12 0.92 0.87 0.25 
  1  6.33 16.57  57.51  1.73  3.71  5.16 BDL BDL  4.60 0.81 0.79 0.27 
   3  9.17 12.44  44.98  2.72  2.37  3.98  4.14  1.48  4.41 1.04 1.01 0.17 
   3  6.46 17.29  63.88  1.91  2.91  5.65  0.47  2.75  4.74 1.05 0.88 0.22 
   4  7.80 14.56  36.80  1.57  3.06  4.72  3.10  0.50  5.13 1.09 0.81 0.17 
   5 22.44 28.93  37.05  7.92 13.62 14.79 17.52 26.69 26.62 0.68 0.69 0.10 
   6 16.99 26.84 111.52 13.94 13.96 17.11 12.41 18.46  3.25 0.66 0.74 0.10 
   7 58.21 78.66  73.31 15.98 13.31 15.20 BDL BDL EDI. 0.67 0.68 0.15 
   8 53.93 55.74  59.21 16.94 17.43 10.54 BDL BDL  1.33 0.42 0.53 BDL 
   9 44.72 61.28  70.77 13.42 14.11 14.11  0.37  0.39 27.64 0.44 0.47 0.05 
  10 48.85 82.10  48.86 15.10 13.56 10.45  0.71  1.03  0.74 BDL 0.14 BDL 
  11 31.46 26.99  34.42 11.41 14.89 13.37 BDL BDL  0.80 0.26 0.35 0.11 
  12 54.58 66.49  35.03 14.34 15.37 15.24  1.67  1.88  2.84 0.47 0.58 0.13 
 
Average ± SD  28.3 ±  38.8 ±  56.6 ±  9.2 ±  10.2 ± 10.4 ±  5.1 ±  5.9 ± 7.4 ±  0.7 ±  0.7 ±  0.2 ±  
   21 26 21.4 6.2 5.8 4.9 6.4 9.7 9.4 0.3 0.2 0.1 

 
 
γ-proteobacteria (49.78% and 36.28% respectively) in CR 
and β-proteobacteria in SV (51.26%) (Figure 5 c, d and e 
respectively). After translocation, bacterial diversity was 
initially dominated by α-proteobacteria (76.73%) in HSC. 
However, Bacteroidetes (78.11%) were abundant by day 
4 of incubation. There was a steady increase in β- and γ-
proteobacteria throughout the incubation period, which 
eventually dominated the bacterial diversity along with 

Actinobacteria (Figure 5 f ). In MSC, γ-proteobacteria 
(78.65%) were dominant while β-proteobacteria showed 
a steady increase, eventually dominating the bacterial  
diversity (Figure 5 g). In LSC, bacterial diversity was  
initially dominated by Bacteroidetes (52.9%) and γ-proteo-
bacteria (38.59%). Similar to MSC, β-proteobacteria in-
creased significantly and dominated bacterial diversity 
(73.46%) by the end of the incubation period (Figure 5 h). 
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Figure 5. Relative abundance of gene copy numbers μl–1 in experiment II of α-proteobacteria (red), β-proteobacteria (light blue), γ-proteobacteria 
(dark blue), Actinobacteria (yellow), Bacteroidetes (grey) and Firmicutes (purple) in (a) saline port water, (b) aged saline port water, (c) water from 
estuarine mouth (DP), (d) mid-estuary (CR) and (e) estuarine upstream (SV). Relative abundance of major bacterial phyla during the incubation pe-
riod after mixing in ( f ) HSC, (g) MSC and (h) LSC. 
 
Freshwater port water experiment (experiment III) 

Table 7 shows the physico-chemical and dissolved nutrient 
values during freshwater port water experiment. After 
translocation during the incubation period, SPM which 
was 199 mg l–1 increased significantly under all the con-
ditions and was 403 ± 55, 299 ± 108 and 213 ± 33 mg l–1 
in HSC, MSC and LSC respectively. TOC increased sig-
nificantly and was high in LSC (4.6 ± 1.8 mg l–1) (Table 
7). NO3 concentration was particularly high in the aged 
port water (82.59 μM) before translocation and was high 
in MSC (23.9 ± 5 μM) and LSC (23.8 ± 3 μM) during the 
incubation period after translocation (Table 7). 

 Table 8 shows the bacterial abundance in the aged port 
water and estuarine stations before translocation. After 
translocation, TBC reduced by one order of magnitude 
and was high in HSC (2.5 ± 0.7 × 106 cells ml–1) and low 
in LSC (2.3 ± 0.6 × 106 cells ml–1). However, it increased 
over time under all conditions during the incubation  
period. SPM and TOC showed a negative correlation with 
TBC under all three conditions (Figure 3 c). There was a 
significant increase in both TVC-ZMA and TVC-NA, 
which were high in HSC (1.1 ± 1 × 104 CFU ml–1 and 
3.5 ± 4 × 103 CFU ml–1 respectively) during the incuba-
tion period. Also, E. coli O157:H7 and TC thrived in 
lower salinities and showed a weak positive correlation 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 119, NO. 3, 10 AUGUST 2020 519

Table 7. Physico-chemical parameters and dissolved nutrients in freshwater port water (source), aged freshwater port water, estuarine stations  
 (destination) and during incubation period after mixing in HSC, MSC and LSC in experiment III 

 DO pH SPM (mg 1–1) TOC (mg l–1) 
 

 Kolkata port (day 0) 8.10 7.68 32 NS 
Source  Kolkata port (day 30) 5.99 7.77 199 2.66 
 

Destination  DP CR SV DP CR SV DP CR SV DP CR SV 
   4.28 5.40 9.09 7.99 7.75 7.77 784 521 347 2.45 2.93 2.73 
 

Mixing (1 : 5) Days HSC MSC LSC HSC MSC LSC HSC MSC LSC HSC MSC LSC 
 

Incubation period  0 2.27 2.65 3.88 8.02 7.88 7.67 419 225 219 2.75 3.13 2.90 
   1 NS NS NS 8.13 8.13 7.89 NS NS NS NS NS NS 
   2 NS NS NS 8.08 7.98 7.51 NS NS NS NS NS NS 
   3 3.515 3.725 3.59 8.09 8.07 7.37 NS NS NS NS NS NS 
   4 NS NS NS 8.12 8.08 7.46 323 350.5 164.5 2.85 3.44 3.35 
   5 NS NS NS 8.12 8.14 7.43 NS NS NS NS NS NS 
   6 3.395 3.61 3.75 8.12 8.13 7.41 NS NS NS NS NS NS 
   7 NS NS NS 8.06 8.05 7.43 NS NS NS NS NS NS 
   3 NS NS NS 8.08 8.09 7.58 448 194.5 234.5 4.63 3.89 5.06 
   9 0.895 1.045 3.51 8.14 8.11 7.51 NS NS NS NS NS NS 
  10 NS NS NS 7.79 7.79 8.09 NS NS NS NS NS NS 
  11 NS NS NS 8.14 8.09 7.47 NS NS NS NS NS NS 
  12 3.005 3.45 3.82 8.18 8.14 7.50 421.5 426.5 233 6.55 5.25 6.95 
 

Average ± SD  2.6 ± 2.9 ± 3.7 8.1 ± 8.1 ± 7.6 ± 403 ± 299 ± 213 ± 4.2 ± 3.9 ± 4.6 ± 
   1.1 1.1 0.2 0.1 0.1 0.2 55 108 33 1.8 0.9 1.8 
 

 Silicate (μm) Phosphate (μm) Nitrate (μm) Nitrite (μm) 
 

 Kolkata port (day 0) 145.01 6.85 175.08 6.58 
Source  Kolkata port (day 30) 48.99 6.21 82.59 0.17 
 

Destination  DP CR SV DP CR SV DP CR SV DP CR SV 
   15.87 23.36 41.06 3.63 5.32 4.03 3.9 13.18 12.43 1.38 4.44 0.33 
 

Mixing (1 : 5) Days HSC MSC LSC HSC MSC LSC HSC MSC LSC HSC MSC LSC 
 

Incubation period  0 22.44 28.93 37.05  7.92 13.62 14.79 17.12 23.06 26.49 1.09 4.32 0.23 
   1 18.67 26.84 64.12 13.94 13.96 14.81 12.17 15.93 24.96 0.89 3.27 0.48 
   2 21.22 35.53 62.06 14.76 19.16 11.44 15.20 21.53 26.18 0.46 4.59 0.66 
   3 22.78 36.69 63.01 11.63  9.38  5.54 14.86 23.09 25.75 1.18 5.12 0.82 
   4 21.21 28.69 57.08  3.30  4.74  55.2 13.85 18.66 25.32 1.16 5.11 0.47 
   5 22.57 26.51 54.95  4.03  4.66  5.45 12.80 19.94 19.85 0.87 4.53 0.35 
   6 21.24 32.20 46.45  3.77  6.41  4.85 12.35 22.30 19.89 1.21 4.44 0.41 
   7 25.70 36.01 56.86  4.02  5.02  4.65 16.20 31.42 27.29 1.28 3.90 0.49 
   8 23.03 39.90 56.19  3.55  5.50  4.46 14.93 33.64 24.83 1.45 3.51 0.89 
   9 21.62 29.57 53.14  3.29  4.06  4.41 14.15 23.18 26.05 1.32 2.95 1.14 
   10 24.79 38.53 62.39  3.61  5.60  5.14 16.92 28.41 18.81 1.31 2.83 1.20 
   11 26.90 38.01 66.33  4.11  6.25  5.26 18.54 26.31 23.42 0.76 2.88 0.85 
   12 28.56 33.65 67.00  4.36  5.02  5.28 19.06 22.90 20.70 1.76 2.01 0.54 
 

Average ± SD  23.1 ± 33.2 ± 57.4 ± 6.3 ± 8 ± 7 ± 15.2 ± 23.9 ± 23.8 ± 1.1 ± 3.8 ± 0.7 ± 
   2.7 4.7 8.4 4.3 4.7 3.9 2.2 5 3 0.3 1 0.3 

 
with NO3 (Figure 3 c). VA was also high in LSC, whereas 
VP and VC were high in HSC (Table 8). A negative cor-
relation between SPM and VA during LSC was observed 
(Table 2), whereas VC showed a positive correlation with 
SPM (Figure 3 c). 
 The Kolkata port water bacterial diversity was initially 
dominated by Actinobacteria (59.96%) (Figure 6 a). After 
aging, bacterial diversity in the aged port water was dom-
inated by Bacteroidetes (72.06%) (Figure 6 b), while in 
the estuarine stations bacterial diversity in DP and CR  
was dominated by Bacteroidetes (62.24% and 75.44%  

respectively) and by γ-proteobacteria in SV (67.92%) 
(Figure 6 c, d and e respectively). During the incubation 
period, γ-proteobacteria (75.62%) were dominant in HSC, 
while a steady increase in α- and β-proteobacteria was 
observed over time. Firmicutes, in HSC, did not vary sig-
nificantly during the whole course of the experiment 
(~13.5%) (Figure 6 f ). In MSC, bacterial diversity was 
also dominated by γ-proteobacteria (71.75%) initially, but 
decreased subsequently with an increase in the abundance 
of α-proteobacteria (41.09%) and Bacteroidetes (34.58%), 
which dominated bacterial diversity by the end of the
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Figure 6. Relative abundance of gene copy numbers μl–1 in experiment III of α-proteobacteria (red), β-proteobacteria (light blue), γ-proteo-
bacteria (dark blue), Actinobacteria (yellow), Bacteroidetes (grey) and Firmicutes (purple) in (a) freshwater port water, (b) aged freshwater port 
water, (c) water from estuarine mouth (DP), (d) mid-estuary (CR) and (e) estuarine upstream (SV). Relative abundance of major bacterial phyla 
during the incubation period after mixing in ( f ) HSC, (g) MSC and (h) LSC. 
 
incubation period (Figure 6 g). In LSC, α-proteobacteria 
(86.23%) were dominant initially after translocation. 
However, it was later dominated by Firmicutes and  
Bacteroidetes (Figure 6 h). TOC had a positive influence 
on Bacteroidetes, Firmicutes, Actinobacteria, and β-
proteobacteria, whereas α- and γ-proteobacteria were  
positively influenced by SPM (Figure 3 c). 

Discussion 

The present study mimics the process of BW discharge 
using microcosm experiments. The aging of port water in 
dark simulated the conditions in the BW tanks during  
a voyage. Previous studies have reported that BWE is  

effective during longer duration voyages (15 days to sev-
eral months)40. In this study, aging of the port water in 
dark for 30 days resulted in a shift in bacterial diversity 
with an increase in bacterial clades better adapted to 
stress. The study was conducted using qPCR, which has 
been widely utilized to assess bacterial diversity by over-
coming the disadvantages of standard culture techniques, 
thus including the viable but not culturable (VBNC) seg-
ment of bacteria. 

Hypersaline port water experiment (experiment I) 

The aging of port water in dark resulted in a decrease  
in TBC, and also a shift in bacterial diversity from 
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Actinobacteria to α-proteobacteria, which are known to 
grow in aphotic deep ocean areas41. TBC in this aged 
hypersaline port water when translocated to the estuarine 
mouth (DP), mid-estuary (CR) and upstream (SV), pre-
ferred HSC, which could be due to higher stress on the 
bacteria when the aged port water was translocated to 
lower salinity estuarine water. However, after the initial 
shock following translocation, TBC continued to increase 
throughout the incubation period under all the three con-
ditions. In addition to TBC, VA and γ-proteobacteria also 
preferred higher salinity where low NO3 concentrations 
were detected and NO2 concentrations showed an increas-
ing trend. γ-Proteobacteria (which include VA) have been 
known to play a major role in nitrate reduction in marine 
systems42, which could have led to the reduction of NO3 
to NO2. Most of the viable bacteria, including the patho-
genic strains (VA, VP and TC) were positively influenced 
by SPM. The influence of SPM on both autochthonous 
and allochthonous bacteria has already been illustrated36. 
SPM not only provides important nutrients, but also har-
bours attached bacteria that contribute to bacterial diver-
sity. Additionally, it provides protection from UV 
radiation and predation, which is beneficial when such 
organisms are discharged into a new environment from 
BW tanks. Bacteria attached to the SPM are metabolically 
more active and are more resistant to environmental 
changes43. Hence, SPM can influence the bacterial load 
(especially pathogens) and also aid in their survival dur-
ing stressed conditions in the aquatic systems. 
 The bacterial diversity changed significantly over time 
under all three conditions. γ-Proteobacteria preferred high 
salinity, whereas β-proteobacteria were dominant in the 
mid-saline range. This is in congruence with a similar 
study on biofilm bacteria from coastal port environ-
ments44, and a similar pattern was observed in another 
study along a salinity gradient in Zuari estuary45. They 
were positively influenced by NO3 but negatively by PO4 
concentrations (low in HSC). A study reported that many 
phosphate solubilizing bacteria (PSB) belong to Firmi-
cutes and β-proteobacteria46, which were dominant in the 
lower salinity conditions (MSC and LSC). It is possible 
that PSB were low in HSC due to which the PO4 concen-
trations were low in that condition. Additionally, most 
pathogenic groups belong to γ-proteobacteria, whose con-
tribution to the bacterial diversity in LSC was minimal. 
Although they were present in the upstream location 
(SV), the addition of hypersaline port water could have 
led to additional stress on the prevailing bacterial diversi-
ty, which could not cope with the stress after transloca-
tion. On the other hand, Firmicutes were high in LSC, 
which play an important role in organic matter turnover 
due to their enzyme secretion capacity47. The bacterial 
diversity was not only different in different saline condi-
tions, but the response of certain phyla to salinity stress 
was also different. Hence, the response of the aged bac-
terial taxa from ballast tanks when exchanged in the open 

ocean during BWE will depend to a great extent on the 
source of the BW and its ability to tackle salinity stress. 
In the present study, when aged water from the hypersa-
line port was translocated into low saline water from the 
estuary (LSC), the change in bacterial diversity was sig-
nificant. This was expected since the change in salinity is 
highest in LSC. 

Saline port water experiment (experiment II) 

As a result of aging in the dark, TBC increased and bac-
terial diversity also showed a distinct change where the 
dominance shifted from α-proteobacteria to γ-proteo-
bacteria. When the aged saline port water was translo-
cated into the water from DP, CR, and SV, the resultant 
salinity changed, especially in LSC (aged saline port  
water translocated to water from upstream location), lead-
ing to a significant decrease in TBC. However, both via-
ble marine (TVC-ZMA) and freshwater (TVC-NA) 
bacteria persisted upon change in salinity after transloca-
tion. Similar to the trend observed in experiment I, TVC-
ZMA were high in HSC. Whereas TVC-NA were high in 
LSC and were negatively correlated with PO4 and TOC. 
However, interestingly in LSC, although TVC-NA were 
high, there was no significant decline in TVC-ZMA. The  
marine bacteria in the aged saline port water could cope 
with the stress caused by the change in salinity. Vibrio 
spp. were higher than other pathogenic strains under all 
the three conditions. Additionally, γ-proteobacteria, 
which include Vibrio sp., were also prevalent under all 
the conditions. The versatility and adaptability of Vibrio 
sp. is well documented as they are euryhaline. In fact, 
toxicogenic V. cholerae are known to survive under a 
wide range of salinity32. They could not only be free-
living, but also plankton- and particulate matter-attached. 
Pathogenic bacteria are known to be associated with 
plankton35, which protects them from predator feeding 
and harsh environmental changes. 
 The bacterial diversity in HSC was initially dominated 
by α-proteobacteria and Bacteroidetes; however, with  
increase in incubation time after translocation, β-, γ-
proteobacteria and Actinobacteria dominated the bacterial 
diversity. Similarly, bacterial diversity in lower salinity 
ranges (MSC and LSC) were dominated by β- and γ-
proteobacteria. This increase in β-proteobacteria was  
accompanied by a significant increase in PO4 concentra-
tion. The role of β-proteobacteria in phosphate solubiliza-
tion is well documented46, and was evident in both 
salinity conditions where they could dominate bacterial 
diversity. They were distinctly different from those of 
hypersaline water. Proteobacteria in this experiment 
showed a weak negative correlation with NO3 and were 
positively influenced by NO2. Proteobacteria are known 
to play an important role in dissimilatory nitrate reduc-
tion48. NO3 concentrations were comparatively less, 
which stresses the importance of nitrate reducers in  
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determining the community structure in response to envi-
ronmental stress. Under favourable conditions, such  
mechanisms provide the bacteria additional leverage to 
establish and colonize a non-indigenous environment dis-
rupting the local ecosystem. 

Freshwater port water experiment (experiment III) 

The aging of port water resulted in the shift of bacterial 
diversity from Actinobacteria to Bacteroidetes (known to 
degrade complex organic matter) and Firmicutes (known 
for spore-forming ability), in addition to an increase in 
TBC. The translocation of this aged freshwater port water 
showed significantly contrasting results when compared 
to marine port water experiments. TVC-NA from the 
aged freshwater port water, unlike those from the pre-
vious experiments (aged hypersaline and aged saline port 
water), were high at higher salinities. Port ecosystems are 
different from other coastal ecosystems given the high in-
tensity of anthropogenic perturbations. The shipping acti-
vities and in turn the BW uptake and discharge are high 
in port areas. Moreover, Kolkata port is a freshwater port 
unlike the hypersaline Kandla and saline Paradip ports. It 
receives continuous inputs from the Hooghly River49, and 
bacterial diversity from the freshwater port ecosystem 
was able to resist salinity stress better than that of the 
hypersaline and saline ports. Hence, freshwater bacteria 
from Kolkata port seem to withstand translocation into 
HSC. Additionally, Vibrio spp. were not observed in the 
aged port water and the estuarine stations, except for VA 
in the upstream estuarine station. However, after translo-
cation, they were observed under all three conditions,  
especially HSC. Adaptation of Vibrio spp. to high salt 
concentration has increased their chances of survival  
under environmental stress50. Vibrio spp. are euryhaline 
and are able to cope with salinity shock during transloca-
tion experiment. They are known to be stable for long pe-
riods of time in BW tanks, although their viability might 
decrease once introduced to new environments32. The 
bacteria could have been in a dormant condition until 
translocation into a suitable environment and under  
favourable conditions, they have a direct impact on hu-
man health. 
 The bacterial diversity in aged port water was dominated 
by Bacteroidetes (Figure 6 b). These can be found in  
diverse marine habitats, including coastal and offshore 
waters. They are one of the most abundant bacterial phyla 
in coastal ecosystems aided by their ability to degrade 
complex organic matter51. But the translocation into estu-
arine water has revealed that Proteobacteria were more 
resilient to salinity change and hence were dominant  
after translocation. HSC was dominated by β- and γ-
proteobacteria, whereas α- and γ-proteobacteria were 
dominant in mid-saline range. Although a similar pattern 
in their distribution was observed in hypersaline and  

saline water bacterial diversities, the influence of dis-
tinctly different environmental factors could be due to the 
presence of region-specific proteobacterial clades. In 
lower salinity, however, Firmicutes and Bacteroidetes 
were dominant. Firmicutes are generally not considered 
to be marine organisms47; hence they flourished in LSC. 
Additionally, the contribution of Bacteroidetes to bacteri-
al diversity in upstream location (SV) was minimal; so 
the contribution of this phylum to the bacterial diversity 
in LSC could be majorly from the port water and it 
showed a strong positive correlation with TOC. Since this 
phylum is known for its ability to degrade complex  
organic matter51, high TOC may have aided in its prolife-
ration. 
 Coliforms (TC and E. coli O157:H7) were observed in 
LSC and generally preferred lower salinity. Coliforms are 
allochthonous and are less tolerant to salinity change. 
They are known to proliferate in LSC52. Rapid salinity 
change could cause cell inactivation53. However, they 
were detected in higher salinity ranges in all three expe-
riments. It seems that even with the reduced culturability, 
they could reach a resting stage and proliferate under 
suitable conditions. Studies have also reported an  
increase in antibiotic resistance of pathogenic bacteria 
during incubation in BW tanks10. 

Bacterial community response to salinity stress 

The β- and γ-proteobacteria from aged hypersaline port 
water (experiment I) preferred high to mid saline condi-
tion after translocation (HSC and MSC), whereas  
α-proteobacteria preferred LSC. However, in the aged  
saline port water experiment (experiment II), β-and γ-
proteobacteria preferred mid to low salinity conditions 
(MSC and LSC) after translocation. The β- and γ-proteo-
bacteria in aged freshwater port water (experiment III) 
preferred HSC, whereas α-proteobacteria preferred MSC. 
No confirmed relationship can be established for the ab-
undance of β- and γ-proteobacteria in response to salinity 
stress. Each phylum proliferated under different salinity 
conditions in all three experiments. Additionally, bacteri-
al diversity in each experiment was influenced by differ-
ent physico-chemical factors. Despite their ubiquity, the 
species comprising these phyla could be different and  
occupy a highly specific niche in each geographical loca-
tion and the species composition could be region-specific, 
which could explain the different responses to salinity 
stress in each experiment. Additionally, CCA triplots 
showed a grouping of all the major phyla comprising  
bacterial diversity. This could mean that instead of each 
individual bacterial clade reacting to environmental stress 
after translocation, they tackle the stress as a community. 
 The environmental factors affecting the microbiota 
were also different. Hence, the composition of bacterial 
community was driven by environmental settings. The 
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dispersal and bioinvasive potential of these microbes may 
be influenced by environmental factors, which is in  
accordance with the Baas Becking hypothesis which 
states that ‘everything is everywhere, but the environment 
selects’. Since the introduction of bacteria into a new  
environment in comparison to higher organisms is diffi-
cult to study, it is important to identify the key environ-
mental factors that could aid in the establishment of  
non-indigenous bacteria. Although salinity is a critical  
parameter in determining bacterial diversity at a given  
location, the cumulative effect of other factors, in particu-
lar, nutrient dynamics could play a major role in deter-
mining bacterial diversity, which could be useful in 
devising BW treatment mechanisms that could prove  
better than BWE. 

Conclusion 

The aging of port waters (hypersaline, saline and fresh-
water) in dark condition resulted in a shift in bacterial  
diversity. Although there was a change in bacterial diver-
sity in all three experiments after translocation, due to 
initial salinity shock, the resultant bacterial diversity after 
prolonged incubation withstood salinity stress over time. 
But the effect of the salinity stress was distinctly different 
among the bacterial phyla, which allowed the prolifera-
tion of a few bacterial clades well-equipped to withstand 
stress. The bacterial diversity of freshwater port could 
withstand salinity stress better than that from the hypersa-
line or saline ports. In freshwater port water, Bacteroi-
detes which are known to degrade a wide range of 
organic matter proliferated after the aging. Further, when 
this aged port water bacterial diversity was translocated 
into estuarine water with different salinities, the initial 
osmotic stress resulted in a shift in bacterial diversity 
with α- and γ-proteobacteria as the dominant species. 
However, after prolonged incubation, Bacteroidetes and 
Firmicutes (which includes members with specific endo-
spore forming capability) proliferated in the lower salini-
ties, whereas γ-Proteobacteria generally preferred higher 
salinity. 
 Thus, the risk of bioinvasion and the extent of success 
or failure of the introduced bacteria do not solely depend 
on the source of BW (hypersaline, saline and freshwater), 
but also on the environmental conditions, ecological 
health and resident biota of the recipient coastal port. 
This also holds true in terms of BWE, where the efficacy 
does not depend only on the source of BW but also on 
environmental settings at the point of BWE. It would be 
interesting to study the changes in bacterial diversity and 
their response to environmental stress during a voyage, 
which could provide an understanding of the invasive  
potential of the BW tank microbiota. Additionally, under-
standing the effects of the introduction of such resilient 
bacterial clades into the port environment through real-

time observations would provide valuable insights into 
the risk of marine bioinvasion. 
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a  b  s  t  r  a  c  t

Microbial  community  structure  was  analyzed  from  tropical  monsoon  influenced  Mandovi-Zuari  (Ma-Zu)
estuarine  sediment  by  means  of Next  Gen  Sequencing  (NGS)  approach  using  Ion  Torrent  PGMTM.  The
sequencing  generated  80,282  raw  sequence  reads.  Barcoding  with  Ion  Tags  allowed  multiplex  analysis
of microbial  community  and  helped  in  identifying  shifts  in  microbial  community  structure.  Analysis  of
sequence  data  revealed  that  sediment  at both  the stations  in  the  Mandovi  estuary  was  dominated  by
Archaeal  group,  Euryarchaeota  (53.1%  and  64.01%).  Among  Euryarchaeota,  Methanomicrobia  was  domi-
nant.  Methanococci  was  present  only  at the  mouth  and  Methanopyri  was  detected  at  the  mid-estuarine
station.  Whereas,  both  the stations  of  Zuari  estuary  were  dominated  by  Bacteria,  Proteobacteria, mainly
Gammaproteobacteria  (97.67%  and  54.41%).  A  clear  influence  of mangrove  ecosystem  on the  bacterial
diversity  was  evident  in  the  Zuari  estuary.  These  results  suggest  that the two estuaries  have  a very dis-
tinct  microbial  community  structure.  Characterization  of  microbial  communities  in this  study area using
NGS for  the first  time  points  out  that  even  within  geographically  close  habitats,  the  microbial  population
structure  is significantly  influenced  by localized  interactions.  The  signatures  obtained  from  sediments
can  thus  be used  to reconstruct  habitat  characteristics  and  serve  as  biomarkers.  Future studies  should
focus  on  the functional  gene  profiling  of different  microbial  communities  and the  influence  of  seasons
and  tide  in  such  monsoon  influenced  estuaries.

© 2016  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Estuarine systems have dynamic and diverse bacterial commu-
nities owing to the mixing of fresh water and sea water and are
altered by autochthonous biological activity (Crump et al., 2003).
The Mandovi and Zuari estuaries are tropical, tide dominated, mon-
soon influenced estuaries located in the south-eastern Arabian Sea.
Although both these estuaries are adjacent to each other, they are
influenced by different factors. Mandovi estuary receives greater
run-off than Zuari owing to many tributaries feeding terrestrial
inputs into this estuary (Qasim, 2003), and is also narrower and
experiences more frequent navigational activities when compared
to Zuari. Mandovi estuary receives an influx of nutrients, especially
nitrates (Sardessai and Sundar, 2007), the sources of which can be
attributed to terrestrial inputs, the mangrove swamps (Qasim and
Gupta, 1981) and from the discharge of iron ore extraction-plants at
the upstream end (De Souza et al., 2003). Due to an increased min-
ing activity in both the estuaries, high concentrations of iron and

∗ Corresponding author.
E-mail address: klidita@nio.org (L. Khandeparker).

manganese have been reported (Kessarkar et al., 2015). They also
receive heavy sewage outfalls adding both organic and inorganic
inputs.

Although few studies report the distribution of various
pathogenic, indicator as well as limno-tolerant and halo-tolerant
bacteria in the water column (Divya et al., 2009; Nagvenkar and
Ramaiah, 2009; Rodrigues et al., 2011; Khandeparker et al., 2015),
the work on the microbial community in the sediments is sparse.
Sediments act as a repository of the events occurring in the pelagic
environment and the processes occurring and the communities
present in the surface sediments have a profound effect on the
local and global cycling of elements (Arrigo, 2005). Recently, Singh
et al. (2010) reported the Archaeal community distribution through
phylogenetic analyses using 16s rRNA gene with an emphasis on
the AamoA gene in the sediments of these estuaries. Despite their
ubiquity, relatively less is known about micro-organisms, largely
because more than 99% of prokaryotes in the environment cannot
be cultured in the laboratory and show resistance to culture under
standard laboratory conditions, a phenomenon that limits the
understanding of microbial physiology, genetics and community
ecology (Woese et al., 1990). Among the different methods used
to characterize and unravel the genetics of uncultured microor-

http://dx.doi.org/10.1016/j.ecolind.2016.11.023
1470-160X/© 2016 Elsevier Ltd. All rights reserved.

dx.doi.org/10.1016/j.ecolind.2016.11.023
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2016.11.023&domain=pdf
mailto:klidita@nio.org
dx.doi.org/10.1016/j.ecolind.2016.11.023


L. Khandeparker et al. / Ecological Indicators 74 (2017) 172–181 173

ganisms, the genomic analysis of a population of microorganisms
(metagenomics), has emerged as a powerful tool which involves
direct isolation of genomic DNA from an environment (Schloss and
Handelsman, 2005; Tringe and Rubin, 2005). Both the Polymerase
Chain Reaction (PCR) based analysis of 16S rRNA and shotgun
metagenomic studies have been used to characterize soils (Fierer
et al., 2011), oceans (Caporaso et al., 2011), and the atmosphere
(Bowers et al., 2011).

Ion Torrent PGMTM, a newly introduced next-generation bench-
top sequencing platform uses sensor array chips that can monitor
millions, and potentially billions, of simultaneous sequencing reac-
tions (Merriman et al., 2012). Recently, Whiteley et al. (2012)
assessed the bacterial and archaeal dynamics within covered anaer-
obic digesters used to treat piggery wastes using Ion Torrent
PGMTM. It is clear from their study that the PGM platform pro-
vides a low cost, scalable and high throughput solution for both
Tag sequencing and metagenomic analyses (Whiteley et al., 2012).
Yergeau et al. (2012) also applied the Ion Torrent technology to
16S rRNA-based profiling of complex bacterial communities of the
Athabasca river.

In the present study, the microbial community in the sediments
of two different tropical estuaries was evaluated using the Ion Tor-
rent Personal Genome Machine (PGM) as microbial community
characterization using culturable methods and phylogenetic anal-
yses using 16s rRNA gene provide partial information, whereas
metagenomics is comprehensive and holistic. For this study, two
stations from Mandovi estuary viz., Campal and Panjim and two
stations from Zuari estuary viz., Chicalim and Siridao were selected.
It was hypothesized that the diversity in the physico-chemical
conditions and the dissimilarities in the degree of anthropogenic
influence at these two different estuarine ecosystems would reflect
on the microbial communities prevailing in their respective envi-
ronments. To the best of our knowledge this is the first study in this
region.

2. Materials and methods

2.1. Site description and sampling

Mandovi and Zuari estuaries have been described as the life-
lines of Goa, originate in the Western Ghats and flow through
a narrow coastal plain and along the west coast of India and
are extensively used in transportation, fisheries and recreational
activities. They differ in their geomorphology, rainfall pattern and
complex estuarine ecosystem. Both estuaries are of nearly iden-
tical length (∼50 km each), are highly productive and dynamic
systems and have wide mouth regions and longer flushing periods.
In this study, Chicalim (15◦24′10.92′′N, 73◦51′8.55′′E) and Siridao
(15◦25′41.89′′N, 73◦52′38.84′′E) were sampled in the Zuari estuary
(Fig. 1). Chicalim (Zu-Ch), is highly influenced by anthropogenic
activity and shipping industry when compared to Siridao which
receives inputs from the mangrove area and is relatively pristine
(Zu-Si). High numbers of pathogenic bacteria have been previously
reported in this area (Nagvenkar and Ramaiah, 2009; Rodrigues
et al., 2011; Khandeparker et al., 2015). Campal (15◦29′36.26′′N,
73◦48′42.08′′E) and Panjim (15◦30′9.76′′N, 73◦50′10.24′′E) in Man-
dovi estuary were selected as sampling stations (Fig. 1). Panjim
is a mid-estuarine station (Ma-Pa), receives inputs from differ-
ent anthropogenic activities as it is close to the city centre and
large number of fishing trawlers, whereas, Campal is situated at the
mouth of the estuary (Ma-Ca), receives lesser inputs other than the
influx carried towards this location through currents and tides. All
the sediment samples were collected using van Veen grab during
pre-monsoon season (Zuari – April 2013; Mandovi – March 2014)

in sterile 50 ml  falcon tubes and transported to the laboratory on
ice for DNA extraction and stored at −20 ◦C until further processing.

2.2. Sample processing and DNA isolation

Sediment DNA extraction was  performed using Ultraclean Soil
DNA Kit, (MoBio lab. Geneworks, Australia). The DNA was  extracted
using bead beating and column purification which was  performed
according to the manufacturer’s guidelines. The metagenomic DNA
was quantified by Eppendorf-Biospectrometer, and run on 0.8%
agarose gel. The gel was viewed using Bio-Rad Gel DocTM EZ
Gel documentation system after staining with Ethidium Bromide
(EtBr). Metagenomic DNA was  stored at −80 ◦C until further down-
stream processing.

2.3. PCR based analysis using ion tags

All chemicals for PCR viz., DNA polymerase, deoxynucleotide
triphosphates (dNTPs), Taq DNA polymerase, nuclease free water,
10× reaction buffer, MgCl2 were purchased as PCR Core Kit with
Taq DNA Polymerase from Sigma Aldrich, USA.

V6 hyper variable region of bacterial 16S rRNA gene
was amplified by PCR as described in Sogin et al. (2006)
using A-967F (5′- CAACGCGAAGAACCTTACC-3′) and B-1046R
(5′-CGACAGCCATGCANCACCT-3′) primers. PCR amplification mix
contained 5 units of Taq DNA polymerase, 1× reaction buffer,
200 �M dNTPs and 0.2 �M concentration of each primer in a vol-
ume of 100 �l. Genomic DNA (3–10 ng) was added to two separate
50-�l amplification mixes. Cycling conditions included an initial
denaturation step at 94 ◦C for 3 min; 30 cycles of 94 ◦C for 30 s,
57 ◦C for 45 s, and 72 ◦C for 1 min; and a final 3 min  extension step
at 72 ◦C. PCR amplification of the PCR products were processed in
duplicates, were checked for size and specificity by electrophoresis
on 2% w/v agarose gel.

DNA concentration was  assessed on Qubit high sensitivity assay
kit (Invitrogen, Life Technologies). PCR amplicons, which were
amplified in duplicates, were pooled in an equimolar concentra-
tion. Prior to sequencing, library preparation, end repair, adaptor
ligation was  done according to the protocol specified by the man-
ufacturer. PCR purification (Agencourt AMPure XP beads, Beckman
Coulter) and quantification (Qubit 2.0 Flourometer) was performed
in between each step. Subsequently, the samples were adjusted to
a final concentration of 25–30pM and pooled in an equimolar con-
centration. The pooled amplicons were attached to the surface of
Ion Sphere Particles (ISPs) using an Ion Xpress Template 100 bp
(base pairs) kit (Life Technologies, USA). Enrichment of total ISPs
resulted in >80% templated-ISPs which was  sequenced on the 314′

(10 Mega bases) micro-chips on the Ion Torrent Personal Genome
Machine (Life Technologies, USA) for 65 cycles (260 flows) using
Ion Express Template 100 bp chemistry resulting in an expected
average read length of >100 bp. The Ion Torrent PGM has an inbuilt
software plugin capability to filter low quality reads, polyclonal
sequences and automatic trimming of the sequences matching the
PGM 3′ adapter (adapter trimming).

Filtered PGM data was exported as Standard Flowgram Format
(SFF) files and uploaded on the Ribosomal Database Pipeline (RDP),
a pyrosequencing pipeline (https://pyro.cme.msu.edu). Before
trimming, both reverse and forward primers in the sequences were
retained. The RDP initially sorts low quality sequences, trimming off
the key tags, primers and minimum length sequences ≤50 bp) (Cole
et al., 2013). Trimmed “Fastq” files containing quality reads were
converted to fasta (sequence), qual (quality score), flow (flowgram)
files using Mothur version v.1.36.1 (Schloss et al., 2009) by com-
mand line “fastq.info (fastq = sample.fastq)”. All quality sequences
“fasta” files were checked for chimeric sequences by UCHIME ref-
erence algorithm (Edgar et al., 2011) where reference sequence

http://https://pyro.cme.msu.edu
http://https://pyro.cme.msu.edu
http://https://pyro.cme.msu.edu
http://https://pyro.cme.msu.edu
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Fig. 1. Study area.

data was used from Silva Database and removed for subsequent
analysis (0.4% removed). Trimmed “Fastq” files containing quality
reads were subjected to similarity based hierarchy in The Riboso-
mal  Database Project (RDP) Naive Bayesian rRNA Classifier (Version
2.10) (Wang et al., 2007) where the confidence threshold was  50%
to allow maximum read coverage.

Data obtained in the form of reads were visualized as pie charts
using Golden Software GrapherTM 8. To summarize the consider-
able amount of information obtained about the species distribution
in the metagenomes of different ecosystems, cluster analysis was
done using the similarity profile routine (SIMPROF) test in Primer
software (Clarke and Warwick, 2001). The reads were initially stan-
dardized, log transformed and clustered based on resemblance
using Bray–Curtis similarity.

3. Results

3.1. DNA extraction, PCR amplification, read output and base
positional quality from 314 chip

The extracted metagenomic DNA was pure and showed no frag-
mentation or lysis of DNA (Fig. 2a). After PCR amplification, all
samples showed no contamination or non – specific amplification
and yielded pure, sufficient quantity of amplicons (Fig. 2b).

Subsequent to sequencing, ISPs with libraries were 47.7% &
46.0% respectively, after exclusion of the polyclonal, low qual-
ity, primer dimer library ISPs in the Zuari and Mandovi samples
(Table 1).The absolute number of PCR amplified 16sRNA gene read
outputs were quantified and subjected to quality based filtration
using a pre-installed plugin in the Ion Torrent Server.

Table 1
Table showing the total bases, ≥Q20 bases, reads and mean bead length of all the
samples. Zu-Ch [Chicalim]; Zu-Si [Siridao]; Ma-Ca [Campal]; Ma-Pa [Panjim].

Barcode Name Sample Bases ≥Q20 Reads Mean Bead Length

IonXpress 002 Zu-Ch 1,952,376 1,737,926 21,295 91 bp
IonXpress 003 Zu-Si 2,522,295 2,256,641 27,363 92 bp
IonXpress 009 Ma-Ca 1,081,311 691,186 17,353 62 bp
IonXpress 010 Ma-Pa 1,008,150 705,019 14,271 70 bp

The data predicted on the Ion 314TM Chip is 10 mega bases.
The total sequences obtained on the chip for metagenomes
were 80,282. All sequences were further trimmed on RDP where
≤50 bp sequences were discarded. After trimming, 47,030 quality
sequences were used for classification.

3.2. Sediment metagenome at Mandovi estuary

The mouth (Ma-Ca) as well as the mid-Estuarine (Ma-Pa) sta-
tions were dominated by domain Archaea. The abundance was  high
at the Ma-Ca in which it contributed to 99.06% of the metagenome
as compared to 77.4% in the Ma-Pa station. However, Bacteria com-
prised of only 0.94% to 1.47% of the metagenome at both the stations
(Fig. 3c and d).

Phylum Euryarchaeota,  under domain Archaea, which includes
methanogens, some halobacteria and thermophilic aerobes and
anaerobes, contributed to 53.1% and 64.01% of the metagenome
at Ma-Ca and Ma-Pa respectively. But 0.3% of the metagenome
belonged to phylum Crenarchaeota which includes the major
extremophiles of the marine environment, at the Ma-Ca compared
to 3.7% at Ma-Pa. The sediment metagenome at the Ma-Pa was
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Fig. 2. (a) Metagenomic DNA along with 1 kb ladder (M1) on 0.8% agarose gel; (b) PCR amplicons along with 100 bp ladder (M2) on 2% agarose gel. Amplicon bands are
coinciding with the corresponding 100 bp band in M2  lane.

Fig. 3. Domain wise distribution of sediment samples from Mandovi (Ma) and Zuari (Zu) estuaries.
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Fig. 4. Phylum wise distribution of sediment samples from Mandovi (Ma) and Zuari (Zu) estuaries.

comparatively more diverse owing to the presence of Thaumar-
chaeota (1.32%), unclassified Thaumarchaeota (0.45%) and other
classes (0.04%) (Fig. 4c and d).

In the class wise distribution, class Methanomicrobia was dom-
inant, but with varying contribution to the metagenome (67% at
Ma-Ca and 85.75% at Ma-Pa). Methanococci contributed to 7.21% at
the estuarine mouth, Ma-Ca while they were not detected at the
mid-estuarine station Ma-Pa. However, Methanopyri (1.58%) was
present in the sediments of Ma-Pa station which was not detected
at Ma-Ca. Thermoprotei and unclassified Thermoprotei together con-
tributed 7.0% in Ma-Ca while class Thermoprotei alone contributed
9.84% at Ma-Pa (Fig. 5c and d). In general, it is clear that the diver-
sity was distinctly different at the mouth and the mid-estuarine
station.

3.3. Sediment metagenome at the Zuari estuary

A significant difference was observed in the sediment
metagenome of Zuari estuary when compared to Mandovi estuary.
The sediment community was dominated by Bacteria (96.67% and
70.59% at Chicalim (Zu-Ch) and Siridao (Zu-Si) respectively) when
compared to Archaea in the Mandovi estuary. Domain Archaea was
not observed at Zu-Ch whereas at Zu-Si, it constituted less than
0.01%. Unclassified reads of Bacteria were observed in both Zu-Ch
and Zu-Si stations, but in varying percentages (3.33% and 29.4% at
Zu-Ch and Zu-Si respectively) (Fig. 3e and f).

Phylum wise distribution revealed a significant variation in the
metagenomes in both the stations in Zuari estuary, although pre-
serving and elucidating the difference in the community structure
in Ma-Zu estuarine complex. Majority of the metagenome was com-
prised of Proteobacteria (97.67%) at Zu-Ch and other classes were
only 2.33%. Whereas, at Zu-Si station, although class Proteobacte-
ria were dominant (54.41%), the rest of the community comprised

of class Actinobacteria (26.41%), unclassified Acidobacteria (7.76%),
Cyanobacteria (5.724%) and Bacteroidetes, unclassified Proteobacte-
ria (<6%) (Fig. 4e and f).

The soil metagenome at Zu-Ch was dominated by Gammapro-
teobacteria (91.0%), which comprises of all the major pathogenic
groups in the marine microbiome, whereas unclassified
Gammaproteobacteria and other classes comprised of 7.17%
and 1.83% respectively. Gammaproteobacteria were the dominant
class at Zu-Si but only 55.93% as compared to 91.0% at Zu-Ch. The
remaining metagenome also showed significant variation with
the remaining metagenome at Zu-Si comprising of Acidobacteria
(Grp. 22) (17.53%), unclassified Gammaproteobacteria (12.97%),
Chloroplast (6.68%) and Acidobacteria (Grp. 10) and Sphingobacteria
(<4%) (Fig. 5e and f).

3.4. Cluster analysis

Cluster analysis using SIMPROF test revealed two distinct clus-
ters at 60% similarity cut-off in domain wise clustering, 40% cut-off
in phylum wise clustering and 50% cut-off in class wise clustering.
One cluster belonged to the metagenome at Zuari estuary and the
other to Mandovi estuary (Fig. 6).

4. Discussion

4.1. Significance of microbes in estuaries

Mandovi and Zuari are tropical monsoon influenced estuaries
although adjacent to each other provide diverse physico-chemical
conditions. The authors examined the metagenomes of the sedi-
ments in the Ma-Zu estuarine complex to gain a holistic view of
the bacterial community structure in the sediments using next
generation sequencing. To our knowledge this is the first study to
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Fig. 5. Class wise distribution of sediment samples from Mandovi (Ma) and Zuari (Zu) estuaries.

characterize and compare the sediments simultaneously at both
the estuaries. Microbes play a vital role in the microbial loop, thus
influencing food web dynamics and ecosystem functioning, and are
influenced by the physical processes. The organic matter (dissolved
or particulate) that is transported from the rivers to the estuaries
is the key component of biogeochemical cycles of many estuar-
ine systems (Hopkinson et al., 1998; Raymond and Bauer, 2000).
The decomposition of organic matter by microbes is a key process
of carbon cycling in aquatic ecosystems (Stern et al., 2007). The
world’s oceans harbour different microbial communities of Bacte-
ria, Archaea, protists, and unicellular fungi which account for most
of the oceanic biomass. These microscopic factories are responsible
for 98% of primary production (Atlas and Bartha, 1986; Whitman
et al., 1998) and mediate most of the biogeochemical cycles in the
oceans. With each new investigation, this window on the microbial
world increases in size and previously unknown microorganisms
are discovered, many of which have major impacts on oceanic pro-
cesses (Sogin et al., 2006).

In the present study, a cost-effective, rapid and scalable NGS
technology was used to unravel the uncultivable novel microbial
communities. The capability of high throughput sequencing of 16S
rRNA gene sequences by means of Next Generation Sequencing
(NGS) technologies has been pivotal in facilitating the discovery of
micro biota biodiversity (Whiteley et al., 2012). Prior to the advent
of NGS, the high throughput genetic analysis of complex micro-
bial community samples was only possible using low resolution
‘fingerprinting’ technologies (Griffiths et al., 2011), Sanger sequenc-
ing at extremely high cost (Rusch et al., 2007) or pyrosequencing
(Sogin et al., 2006), DGGE techniques which have comparatively

lower outputs and reliability. In the present study area, recently
Fernandes et al. (2014) used pyrosequencing technique to gain
insights on the taxonomic diversity of benthic bacterial community
in the tropical mangrove systems in the Mandovi estuary.

4.2. Sediment phylogenetic composition at Mandovi estuary

The sediment of both the stations in the Mandovi estuary
was dominated by Archaeal groups (Euryarchaeota), mainly by
Methanomicrobia. Initially, it was  thought that Archaea inhabit
only extreme environments, however, recent studies have indi-
cated their presence in different environments, including fresh
water lakes and continental shelf sediments (Vetriani et al., 1999;
Glissman et al., 2004). Archaeal activity in the sediment has lots of
potential to describe the active biogeochemical cycles as nitrifica-
tion, sulphur metabolism, methane oxidation and methanogenesis.
Archaea in particular play an important role in decomposition of
organic matter (ammonification) and denitrification. In the present
study, Phylum Euryarchaeota,  contributed to 53.1% and 64.01% of
the metagenome at Ma-Ca and Ma-Pa respectively. But 0.3% of
the metagenome belonged to phylum Crenarchaeota,  at the Ma-
Ca compared to 3.7% at Ma-Pa. Euryarchaeota and Crenarchaeota
phyla are widespread in the oceans, play an important role in
carbon and nitrogen cycles (Ingalls et al., 2006; Francis et al.,
2007) and are especially abundant in the estuaries (Zeng et al.,
2007). Non-extremophilic Crenarchaeota have been reported to
possess the ammonia mono oxygenase (amoA) gene (Francis et al.,
2005). Ammonia Oxidising Bacteria (AOB) and Ammonia Oxidising
Archaea (AOA) are among the dominant groups in the ocean sed-
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Fig. 6. Cluster Analysis with SIMPROF test of community structure classified into (a) Domains; (b) Phyla; (c) Classes of Zu-Ch [Chicalim], Zu-Si [Siridao] (Soil metagenomes
of  Zuari estuary) and Ma-Ca [Campal], Ma-Pa [Panjim] (Soil metagenomes of Mandovi estuary).

iments and play an important role in utilizing the fixed ammonia
from the system (Wuchter et al., 2006).

The shallow estuarine sediments in Pearl River estuary, South-
ern China were dominated by Crenarchaeotal groups (Jiang et al.,
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2011). The core samples from this region revealed the presence
of methanotrophs (mainly Euryachaeota)  in all sediment layers.
Methanomicrobia belong to methanogens and have renowned
importance in the carbon cycle through methanogenesis in anoxic
marine sediment and sulfate reduction (Bhattacharyya et al., 2015).
Methanotrophs play an important role in anaerobic oxidization
of methane and thus control the emission of methane (Alperin
et al., 1988; Orphan et al., 2001; Ye et al., 2009). They are also
vital for mineralization of organic matter in anoxic sediments (Saia
et al., 2010). The ubiquity of methanotrophs is evident from various
studies which have reported their contribution to the benthic com-
munity structure of deep sea anaerobic sediments (Vetriani et al.,
1999), hot springs or deep sea hydrothermal vents (DeLong, 1992),
Crater lake sediments (Antony et al., 2012) and shallow estuarine
sediments (Jiang et al., 2011). The biogeochemical roles of Archaea
especially the methane metabolizing microorganisms in deep sea
environments has been well studied. Phylogenetic analysis have
revealed remarkably high diversity of Archaeal assemblages in the
estuaries from temperate and tropical environments (Abreu et al.,
2001; Vieira et al., 2007; Zeng et al., 2007; Singh et al., 2010). Eur-
yarchaeota and Thaumarchaeota have been reported to be more
abundant planktonic Archaeal groups in the water column (Lincoln
et al., 2014) but their ubiquity in the sediments is not reported
in this region. Xie et al. (2014), observed an increase in Thaumar-
chaeota, containing hyperthermophilic organisms, with increasing
salinity. However, in the present study, we have observed their
presence in Panjim station in the Mandovi estuary, which is
upstream of Campal station, mouth of the estuary suggesting that
salinity alone does not play a major role in the distribution of
Archaeal groups and may  be influenced by the presence of nutri-
ents among other factors. Consistent with the previous reports,
sediments of Mandovi estuary are dominated by methanotropic
Archaea (Singh et al., 2010).

Saia et al. (2010) reported the presence of methanogens in trop-
ical estuarine sediments which are highly contaminated, especially
with pollutants of petroleum source. To the best of our knowl-
edge the ubiquity and functional role of methanogens in tropical
estuarine sediments and their response to various anthropogenic
inputs in such environments is barely reported in this region. Active
anaerobic metabolism results in proliferation of methanogenic
Archaeal community in sediment (Vieira et al., 2007). The abun-
dance of methanogens (Methanomicrobia,  Methanobacteria and
Methanopyri) was higher in Ma-Pa station, which is compara-
tively more influenced by anthropogenic activities than Ma-Ca.
High amount of anthropogenic activity is reported in the Man-
dovi estuary through mining and navigational activities, resulting
in accumulation of petroleum hydrocarbons (PHCs) in the sediment
(Veerasingam et al., 2015) and in different body parts of sea snake
such as gut, liver and kidney (Mote et al., 2015).

4.3. Sediment phylogenetic composition at Zuari estuary

The sediment of Zuari estuary was dominated by Bacteria mainly
Proteobacteria, and was enriched with Gammaproteobacteria.  Since
the sediment of Mandovi estuary was dominated by Archaea, it
seems that these two estuaries have a very distinct community
structure and thus ecosystem functioning. Gammaproteobacteria
includes most of the pathogenic groups such as Enterobacteriaceae,
Vibrionaceae, and Pseudomonadaceae which are known to grow
under wide range of salinity conditions and are mostly introduced
by anthropogenic inputs. Earlier studies on cultivable bacteria in
Zuari estuary showed dominance of Vibrio, Alteromonas, Enterobac-
ter, Marinobacter, Aeromonas and Exiquinobacterium (Khandeparker
et al., 2011; Fernandes et al., 2014; Khandeparker et al., 2015).
The use of lipid molecules to identify the organic matter sources
in these estuaries suggested the contribution of organic matter to

be from both natural and anthropogenic sources. Organic matter
in the Mandovi estuary is mainly from terrestrial sources fol-
lowed by petroleum sources. A comparatively higher contribution
of organic matter from petroleum origin was  reported in the sedi-
ments near Zuari estuary (Harji et al., 2008). This difference in the
allochthonous organic matter inputs had a profound effect on the
microbial community composition.

Siridao is an estuarine beach located 2 km upstream from the
mouth and on the northern bank of the Zuari estuary (Ingole and
Parulekar, 1998). The salinity at this place is usually lower than
surrounding areas and the sediment texture has been reported to
be sandy-silty. Dissolved Oxygen concentrations are lower than
the other surrounding areas (Alkawri and Ramaiah, 2010). This
area is influenced by mangrove ecosystem as compared to Chi-
calim. This explains a more diverse community structure at Siridao
which showed the presence of diverse phylotypes (Zhang et al.,
2009). Our study is consistent with the previous work carried out
by Fernandes et al. (2014), showing the presence of Acidobacte-
rial groups among other phylotypes in sediments influenced by
mangrove ecosystem. Culture-independent approach in mangrove
sediments in Sao Paulo, Brazil showed dominance of Proteobacte-
rial and Acidobacterial groups (Dias et al., 2010). Acidobacteria are
ubiquitous in soil bacterial communities (Jones et al., 2009). More-
over, Acidobacteria Gp10, which is reported in the present study,
is previously stated to be abundant in marine sediments (Orcutt
et al., 2011). Proteobacterial communities were detected to rep-
resent a majority of the clone library in the surface sediments of
sub-tropical mangrove habitats (Liang et al., 2007). Similar results
have been reported before in coastal marine sediments (Bowman
and McCuaig, 2003; Asami et al., 2005). Our results indicated an
increase in the Gammaproteobacteria as compared to previous stud-
ies which reported a dominant Deltaproteobacterial community in
the mangrove swamps of Zuari estuarine system (Bharathi et al.,
1991). This might be due to the nutrient availability and change in
the oxygen availability as anoxic environments are dominated by
Deltaproteobacteria (Schwarz et al., 2007).

Although majority of the metagenome of Zuari estuary com-
prised of class Proteobacteria (54.41%), at Zu-Si station the rest
of the community was  mainly comprised of class Actinobacteria
(26.41%), unclassified Acidobacteria (7.76%), Cyanobacteria (5.724%).
The estuarine habitat at the Chesapeake Bay revealed large num-
bers of Alphaproteobacteria in regions where salinity was low. Beta
and Gammaproteobacteria were also present in both the areas.
Cyanobacteria and Epsilonproteobacteria were detected in a few
locations (Affourtit et al., 2001). Actinobacteria is the next most
abundant phylum which is of significant economic importance
(Ward and Bora, 2006) and is known to contain groups which can
produce antibiotics (Adinarayana et al., 2006; Kim et al., 2006;
Manivasagan et al., 2009) and also play a part in cellulose degra-
dation (Pankratov et al., 2006; Khandeparker et al., 2011). Marine
Actinobacteria are known to produce unique and wide range of
antibiotics (Charan et al., 2004; Sujatha et al., 2005). It is reported
that around 45% of the bio active compounds are from Actino-
mycetes (Berdy, 2005). Antibiotics are produced by marine bacteria
as a response to nutrient depleted conditions, limited space for
growth or competition from rival strains (Slattery et al., 2001).
This supports the findings of our work, where Actinobacteria were
prevalent in Zu-Si station where diversity was higher.

Recently, Wang et al. (2012) evaluated microbial community
in marine sediment, freshwater and intertidal sediment communi-
ties using millions of Illumina reads along Pearl River, China. They
demonstrated that freshwater sediment was  dominated by Aci-
dobacteria, and Proteobacteria (Alpha and Beta), whereas intertidal
sediment had Chloroflexi,  Bacillariophyta,  Gammaproteobacteria,
Epsilonproteobacteria, Actinomycetales, Bacteroidetes and Firmicutes.
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Chicalim (Zu-Ch) area is surrounded by various shipping indus-
tries and the Zuari estuary that drains into the Chicalim bay
receiving significant anthropogenic inputs. Thus, there is a sub-
stantial risk of pollution impact on the ecosystem in this area.
Additionally the Zuari estuary and the Cumbarjua canal which feed
water into the bay, are extensively used for transport of man-
ganese and iron ores (Kessarkar et al., 2015), which affect the
fragile ecosystem that resides at Chicalim bay. Sediment texture
at Zu-Ch station has been reported to be comprised of high silt
clay content and fine but poorly sorted grain size (Ansari et al.,
1993). Bacterial diversity has been reported to be low in sedi-
ments prone to heavy metals (Qing et al., 2007) or hydrocarbon
contamination (Greer, 2010). The stress conditions resulting from
high concentration of heavy metals, favours the proliferation of
particular bacterial communities, which explains the less diverse
community at Chicalim. Also, the increased anthropogenic impact
in such environments has been reported to have detrimental effects
on human health (Nogales et al., 2011). Gammaproteobacteria dom-
inated the sediment community at Chicalim. Gammaproteobacteria
play an important role in sulphur cycling and have been reported
to be important members of the prokaryotic community in coastal
marine sediments (Asami et al., 2005). They also form the most
abundant denitrifiers in the marine sediments (Bhatt et al., 2005).
The bacterial community composition also varies with varying
abundance of benthic forms to which they are associated with
(Gihring et al., 2009). Some microbial taxa have been reported to
catalyse phytodetritus degradation and denitrification in coastal
sediments. 16S rRNA gene analyses confirmed dominance of
Gammaproteobacteria in these sediments (Gihring et al., 2009). Phy-
logenetic analyses in the Arabian Sea confirmed that the library
was represented by Proteobacteria (52%) (Divya et al., 2011), which
confirms that Proteobacteria constitute an integral part of the soil
metagenome at least on the west coast of India. How much of that
contributes to the pathogenic bacteria can only be studied upon by
using phylum specific primers and high throughput data collected
from larger fragments of the variable region of 16S rRNA gene for
a deeper analysis of the community structure.

5. Conclusions

The present study reports the dynamic nature of the benthic
ecosystems of both the tropical estuaries, Mandovi and Zuari and
demonstrates shift in the bacterial community structure influ-
enced by the estuarine processes. Both the estuaries depict unique
microbial groups, indicating different microbial activity which
contributes to nutrient cycling in the sediments. Mangrove envi-
ronments and the anthropogenic impacts seems to play a major
role in structuring the communities and thus ecosystem function-
ing. Future studies should focus on the functional gene profiling of
different microbial communities. It would be interesting to under-
stand sediment-water linkages influenced by tides and seasons as
this will help in pinpointing the health characteristics of the estu-
ary.
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