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Abstract

The two adjacent estuaries of the rivers Mandovi and Zuari, along the Goa coast in the central west
coast of India, are a large complex aquatic system, hosting diverse natural habitats. The water quality
in these habitats is affected by various anthropogenic activities as they are extensively used for
transportation, fisheries and various recreational activities. In the present study, changes in the water
quality and levels of microbial pollution during the pre-monsoon, monsoon and post-monsoon seasons
were determined. The water quality index was estimated based on the parameters; temperature,
salinity, pH, dissolved oxygen, biochemical oxygen demand and nutrients. The seasonal changes in
the microbial pollution load were also assessed based on the abundance of pollution indicator
organisms and their resistivity towards multiple antibiotics. Results show that the water quality index
status was ‘poor’ in the pre-monsoon and post-monsoon season and it was ‘good’ only in the monsoon
period. Levels of pollution indicator organisms determined show that the counts were the highest in
the pre-monsoon season, which reduced in the monsoon and further declined during the post-monsoon
season. However, the estimated Multiple Antibiotic Resistance (MAR) index, suggests bacterial
isolates in monsoonal water and sediment samples have maximum resistance towards antibiotics. This
shows that, though the basic water quality improved during the monsoon possibly due to substantial
dilution, the increased terrestrial inputs brought harmful pathogens into these estuarine waters, which
may be of potential health risk. Understanding the ecological status of the estuarine habitats is
important for successful environmental management and sustainable development.
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Introduction

Estuaries represent productive aquatic habitats and are characterised by dynamic biogeochemical
processes. They provide some of the most invaluable ecosystem resources and services. Besides that,
estuaries have drawn much attention as they support the livelihood of a large majority of the human
population globally and hence are constantly exposed to anthropogenic perturbations (Liu et al.,
2016). Such semi-enclosed environments with limited flushing capacity are influenced by seasonal
variations, especially due to freshwater influx in the monsoon season and tend to accumulate a variety
of anthropogenic wastes (VishnuRadhan et al., 2015). The 7,500 km long Indian coastline is drained
out by major rivers; about 14 of them, 44 medium and nearly 162 minor rivers and thus characterised
with many complex estuarine habitats (Kumar & Sarma, 2018). Various factors such as the geophysical
locations, riverine fluxes and other man-made developments influence the environmental status of
Indian estuaries. The estuaries along the west coast of India are largely influenced by intense
monsoonal precipitation during the southwest monsoon season and hence experience significant
seasonal variations in the physicochemical parameters (Shetye et al., 2007).

Along the central west coast of India, the Mandovi and Zuari estuaries of Goa are two important
estuarine habitats (Kessarkar et al., 2010). They receive maximum freshwater runoff (up to ~ 400 m®
st discharge) in June-September each year during the active phase of the monsoon (Manoj et al., 2009)
and with the withdrawal of monsoon, the flow becomes primarily tidal, until the following monsoon
season (Sundar & Shetye, 2005). Such seasonal variability along with regular tidal influence brings
about large variations in the physicochemical and microbiological parameters of the two estuaries. Due
to incessant rains during the monsoon season the water column in these estuaries is stratified, however
the waters stay well mixed in the summer before the monsoonal rains and also throughout the post-
monsoonal season. Intrusion of saltwater up to the far upstream region makes these estuaries a marine-
dominated estuarine complex (Shetye et al., 2007; VishnuRadhan et al., 2015). These semi-enclosed
coastal water bodies, which are connected to the open sea and the seawater in these habitats are
measurably diluted by freshwater, due to terrestrial drainage. This freshwater influx from rivers helps
in maintaining the ecological characteristics of the estuary.

Earlier studies show that due to rapid increase in anthropogenic activities, the level of
terrigenous material entering these estuarine environments along the river discharge has been rising at
an alarming rate in the Mandovi and Zuari estuaries which are considered to be the lifeline of Goa
(Alagarsamy, 2006; Shynu et al., 2015). Studies also show deterioration of environmental quality due
to an increase in the levels of various pathogenic microbes such as coliforms, Vibrio sp., Salmonella
sp., Shigella sp. and Streptococcus sp. (Nagvenkar & Ramaiah, 2009; Rodrigues et al., 2011). Adding

to this, regular urban effluents bringing in medical wastes, especially antibiotic load, increases the



threat to the ecosystem (Vignesh et al., 2014). This not only introduces antibiotic-resistant microbial
strains into the environment but also accelerates the spread of resistance genes to indigenous bacterial
flora. As a consequence, the emergence of multidrug resistance is a major threat faced by today’s world
(De Souza et al., 2006). Considering the current scenario, regular monitoring of the estuarine habitats
to determine the health of the coastal water bodies is required. As it can directly impact the surrounding
riverine systems, and its deterioration can have a major threat to the human population dependent on
them. In this study, we have estimated the impact of monsoon season on the water quality index (WQI)
and the multiple antibiotic resistance index (MAR) of microbial pollution indicators in the estuarine

environments.

Materials and methods

Study location and sampling details

Sampling for this study was carried out within the estuarine regions of the Mandovi and Zuari rivers
along the Goa coast (Fig. 1). These two adjacent tropical estuaries experience strong seasonal changes;
very warm and humid pre-monsoon (February - May), intensive precipitation during monsoon (June -
October) and relatively dry, post-monsoon (November - January) conditions. To understand the
possible impacts of these seasonal variations on the water quality and microbial community structure,
sampling was carried out in April 2019 (pre-monsoon), September 2019 (monsoon) and January 2020
(post-monsoon season). The water and sediment samples were collected from 16 sampling locations
around this estuarine system (Fig. 1) on a trawl boat. At each sampling location, water samples from
the surface (~0.5 m water depth) and close to the bottom (~0.5 m above the sediment) using pre-
cleaned Niskin samplers (capacity: 5 L) were collected. Sediment samples were collected using a steel-
plated Van Veen grab (capacity: 0.045 sq mt) after water sampling at each location. Water and
sediment samples were immediately subsampled for physicochemical and microbiological analysis
with necessary precautions and immediately processed or preserved at 4°C following the standard
protocols.

Analysis of physicochemical parameters in water samples

To assess the water quality in this estuarine system, the parameters such as temperature, salinity, pH,
dissolved oxygen (DO), biochemical oxygen demand (BOD) and essential nutrients were analysed in
the water samples from all the sampling stations during each season. During field sampling, the
temperature, salinity and depth of the water column at each sampling station was determined using a
portable CTD system (Sea Bird Electronics). The pH was measured immediately after returning to the
laboratory using a benchtop pH meter (Thermo Fisher Scientific) with an accuracy of + 0.1 pH unit.

The Winkler's titrimetric method was used to determine the DO levels in the water samples and the



values are expressed in mg/l. Similarly, the BOD was estimated with 5 days incubation at 27 °C. The
essential nutrients including dissolved nitrate, nitrite, phosphate and silicate were analysed in all the

water samples following the photometric methods described by Grasshoff (1983).

Estimation of WQI

The seasonal changes in the WQI of Mandovi and Zuari estuaries were calculated based on the
physicochemical parameters. The water quality parameters determined included temperature, salinity,
pH, DO, BOD, nitrate and phosphate concentration by using the following equation (Adamou et al.,
2020):

_ X qnWn
WQI = Sw.

Where quality rating of the n parameter, g, was calculated for each parameter as:
Vn—Vig

gn = 22Yid 5 100

Sn—Via
In the above equation, Vaand Vig are the estimated and ideal values of n'™ parameter respectively, Vig
value of 0 was used for all the parameters, however for pH the value 7 and for dissolved oxygen the
value 12 mg/l, which is the maximum saturation limit of dissolved oxygen in seawater at 0 °C and 25
PSU (Fondriest Environmental, 2013) were used. Sy is the standard permissible value of n" water
quality parameter, which was followed for each parameter based on the USEPA, and national standards
recommended for water quality (Table 1). W, represents the relative weight of the n parameter,
computed as:
Wn= Kk/Sn
Where k is the proportionality constant calculated from Sn:

1
1

Sn=1,2...n
The WQI values obtained were used to determine the quality in both the estuaries across the three

seasons following the standard ranking scale (Table 2).

Microbiological analysis

The microbiological load in the Mandovi and Zuari estuaries was estimated based on the total viable
counts (TVC) of bacteria. The microbial pollution in both the estuaries was determined based on the
enumeration of Pollution Indicator Organisms (P10s). The multiple antibiotic resistance (MAR) index
of the P10s was also estimated. Estimates of bacterial TVC in water and sediment samples were carried
out using standard microbiological, spread plating method on Zobell Marine Agar (HiMedia). The
colony forming units (CFUs), were enumerated after 48 hrs of incubation at 28 + 0.5°C and are



represented as CFU/ml for water and CFU/g dry weight for sediment samples. The P1Os from the same
samples were isolated on selective bacteriological media (Hi-Media, India) according to the
manufacturer’s guide. The different groups of PIOs such as Total coliforms, Fecal coliforms /
Escherichia coli like organisms (ECLO) and other major PIOs; Streptococcus faecalis (SFLO)
Staphylococcus aureus (SALO), Pseudomonas aeruginosa (PALO), Salmonella sp. (SLO), Shigella
sp. (SHLO), Klebsiella aerogenes (KALO), Proteus vulgaris (PVLO), and Vibrio cholerae (VCLO),
Vibrio parahaemolyticus (VPLO) and Vibrio vulnificus (VVLO) represented together as Vibrio like
organisms (VLO) were determined based on the colony morphology on specific media. The number
of P10s from the samples was estimated by the spread plate method on selective media and CFUs with
specific colony characteristics were enumerated. Samples were diluted in saline to obtain isolated
colonies and the CFUs were counted after 24-48 hrs of incubation at 37 + 0.5°C for all the PIOs, except
thermotolerant ECLO which was grown at 44°C. Statistical analysis to determine the significance in
the seasonal variations of physicochemical and microbiological parameters was carried out based on
one factor ANOVA using Microsoft Office Excel.

Evaluation of antibiotic resistivity in PIOs: Estimation of MAR index

Representative bacterial morphotypes of the major PIO groups from all three seasons were studied for
their antibiotic susceptibility profiles. Altogether 93 morphotypes were tested against a broad spectrum
of 16 antibiotics, belonging to different classes of bacteriostatic and bactericidal agents, at
recommended concentrations, procured from HiMedia, India. The antibiotics used to determine the
MAR index included bacteriostatic agents such as Chloramphenicol, Tetracycline, Azithromycin and
Co-trimoxazole and bactericidal agents like Ciprofloxacin, Nalidixic acid, Ofloxacin, Clindamycin,
Netillin, Rifampicin, Vancomycin, Ampicillin, Ceftizoxime, Ceftriaxone, Piperacillin and Ertapenem.
The disk diffusion method on Mueller Hinton Agar plates was used for Antibiotic susceptibility testing
(Bauer, 1966). For this, initially, 200ul of pure bacterial suspensions of each morphotype was grown
to reach an optical density of 0.5 McFarland standard, corresponding to 108 CFU/ml. Each bacterial
suspension was spread plated using a sterile cotton swab onto the media to develop homogenous
growth. Then the antibiotic discs were placed on the agar surface aseptically. Plates were incubated
at 37 £ 0.5°C for 24 hrs and at the end of the incubation period, zones of bacterial growth inhibition
formed surrounding the antibiotic discs were measured. Necessary controls were also maintained as
per the manufacturer’s instructions. To evaluate the relative susceptibility, the Multiple Antibiotic
Resistance (MAR) index of each isolate was estimated based on the total number of antibiotics tested
and the number of antibiotics against which it exhibits resistance (Chitanand et al., 2010; Maloo et al.,
2017).



Results and discussion

Seasonal variations of physicochemical parameters in the estuarine waters

Estuarine environments are governed by complex physicochemical and biological processes.
Hydrographical parameters; temperature, salinity, pH, DO, BOD and nutrient levels can largely
influence the water quality (Moss et al., 2006). Hence, to evaluate the environmental conditions in the
Mandovi and Zuari estuaries, these physicochemical parameters were analysed in the surface and
bottom water samples at all 16 sampling locations, in all three sampling seasons. The results obtained
for each parameter analysed, are presented as the mean of eight individual sampling locations from
each of the estuaries (Fig. 2 and 3).

The seasonal monitoring of the Mandovi and Zuari estuarine system based on water column
parameters at 16 sampling stations showed that the average water temperature and salinity ranged
between 28 - 31 °C and 24 - 36 PSU respectively. The average water temperature and salinity show
distinct seasonal changes in both the estuaries, however, the pH was within a narrow range of 8+0.5
in all three sampling seasons (Fig. 2). Temperature is a principal component affecting the solubility of
oxygen and the rates of chemical and biological processes. The seasonal changes of temperature in the
surface and bottom waters of Mandovi and Zuari estuarine system measured showed that the surface
waters in the pre-monsoon and monsoon season were approximately 1 °C higher than the bottom
waters. However, in the post-monsoon season, the surface and bottom waters were uniform and the
temperature was 28 = 1 °C in the water column (Fig. 2) Studies have recommended that the standard
temperature should not exceed 30 °C in the coastal waters (Gupta et al., 2003). The higher temperature
values in the surface waters of pre-monsoon and monsoon season could be due to the high intensity of
solar radiation combined with sluggish mixing of waters (Qasim & Gupta, 1981). Similar patterns were
seen in both Mandovi and Zuari estuaries. The temperature in the water column was within the
permissible range of 30 °C in both the estuaries in all three seasons, except in Mandovi and Zuari
surface waters in the pre-monsoon season.

Salinity is the defining parameter of the estuarine habitats and it shows wide variations with
lower values during monsoon season due to the river runoff and increased values during the pre-
monsoon or summer season due to reduced inflow from rivers. Our observations in the Mandovi and
Zuari estuaries during the pre-monsoon show that the surface water values were 33.6 and 34.2 PSU
respectively and the bottom waters were close to 35 PSU (Fig. 2). In monsoon season the lowest
salinity values of 25 + 2 PSU were recorded in the surface waters and the bottom waters were 30 £ 2
PSU. Distinct stratification with a salt wedge in the bottom layer was observed only during the

monsoon season. However, in the post-monsoon season, the waters were well mixed and the water



column salinity was close to 34 PSU. Though both the estuaries have salinity values close to seawater,
with the onset of the monsoon, a sharp decrease in salinity with distinct stratification in the water
column is seen due to the heavy freshwater runoff during the southwest monsoon (Vijith et al., 2009).
The warm and lower saline, relatively less dense surface waters float over the dense bottom waters;
thus restricting the vertical mixing within the water column (Fig. 2). Due to the strong buffering
capacity of seawater, the pH range in the estuarine habitats is generally between 6.5 and 8.5. The pH
values measured were within a narrow range of 8 = 0.5 in all the three sampling seasons in the Mandovi
and Zuari estuaries (Fig. 2).

Dissolved oxygen is the prime parameter that determines the water quality in any aquatic
habitat. DO level of > 5 mg/L is considered as the optimum value for a healthy water body (Alam et
al., 2007; Avannavar & Shrihari, 2008; Sener et al., 2017). Values lower than this are indicative of
waste discharges high in organic load and nutrients in the sampling region with increased microbial
degradation. The DO levels in both Mandovi and Zuari estuary during all three seasons were above
the recommended limits except in the pre-monsoon season in Zuari estuary, the average DO value was
4.8 mg/L (Fig. 2). In both the estuaries, relatively higher DO values were found at the surface than in
the bottom waters. Such differences were more prominent during the monsoon and pre-monsoon (Fig.
2). The DO levels greatly improved in the monsoon season and this could be attributed to water
turbulence during increased runoff. According to Lin et al. (2006), temperature also has a direct effect
on DO levels and accordingly in the pre-monsoon season, when the temperature was high, DO levels
were also low in the estuaries.

The amount of oxygen required to biochemically oxidize organic material present in water is
quantified as Biochemical Oxygen Demand (BOD) and it is directly dependent on the existing DO
levels (Hocking, 2005). According to USEPA (1986) recommendations, the BOD levels should be <
3 mg/L (Table 1). In this study, BOD values were >3 mg/L in both the estuaries before and after the
rains in the pre and post-monsoon season (Fig. 2). However, during the rains when the DO levels were
good, BOD values reduced to < 3 mg/L. Values less than 3 mg/L show that during the monsoon season
there was increased river runoff which ventilated the water. The seasonal variations in the different
physical parameters was supported with very good statistical significance for temperature, DO and
BOD (Table 3).

Coastal ecosystems, especially the estuaries, receive inputs through riverine runoff from the
terrestrial regions and are rich in organic matter and nutrients (Ram et al., 2003). These runoffs from
the terrestrial regions influence the concentration of major nutrients like nitrates, phosphates and silica
in the estuarine system. These help in enhancing the numerous biological activities in the ecosystem

like re-suspension of benthic diatom propagules in response to nutrient availability as reported by



Khandeparker et al., (2015). However, excessive supply of nutrients can also have a negative impact
in many instances. Increased nutrients can lead to deleterious effects such as hypoxia and anoxia from
eutrophication and an increase in algal growth (Chakraborty, 2017; Sener et al., 2017). Total nitrogen
comprising of nitrate, nitrite and ammonia and total phosphates are the key elements controlling
primary production in the coastal habitats. Studies report that if the total nitrogen levels are ~300 —
500 pg /L and the total phosphate level around 20 pg /L then the water body can be considered
eutrophic (Yang et al., 2008).

Eutrophication in estuaries can occur due to increased nutrient concentration and lead to
harmful consequences which can destabilise the delicate ecosystem processes. The water quality
guidelines for coastal habitats recommend that the total nitrate and nitrite levels should be < 2uM
respectively (Jha et al., 2015). The water samples analysed during this study show that the average
nitrate levels exceeded the limit in both the estuaries in all three seasons. Values were ~ 4 uM during
the summer, before the rains; ~ 3 uM during the monsoonal rains, which was the lowest and ~ 5.5 uM
in the post-monsoon season (Fig. 3). The nutrient levels dropped significantly in the monsoon season
which is evident that it was due to the dilution resulting from the incoming water flow. The increased
nitrate levels could be attributed to improper agricultural practices such as increased usage of inorganic
fertilizers and manure which leaches into the natural habitats (Bhavya et al., 2016). The nitrite levels,
on the other hand, showed relatively lower concentrations than nitrates (Fig. 3). All the samples
analysed were within the recommended standard limits. The values across the seasons were almost
negligible to 1.2 pM concentration. The absence of nitrite levels shows that the ecosystem was not
anaerobic as nitrite is one of the major indicators of denitrification activity (Jayakumar et al., 2004).
The levels of total nitrate and nitrite in the Mandovi and Zuari region was close to 4 uM especially in
the pre-monsoon and post-monsoon season which shows that the ecosystem is moderately eutrophic.
The monsoonal flushing seems to be playing an important role in reducing the levels of nitrates and

preventing the system from becoming eutrophic.

Phosphates are found in extremely low concentrations in waters as it is actively taken up by
the primary producers. The maximum permissible limit for total phosphates in coastal environments
is determined as 1.2 uM (USEPA, 1986). However, studies report that the ecosystem can become
eutrophic even at ~0.2 M concentration (Yang et al., 2008). The phosphate levels in the Mandovi and
Zuari waters were within the permissible limit values (Fig. 3). The highest concentrations of 0.78+0.25
MM phosphate were observed during the pre-monsoon season in both estuaries. Levels declined in
monsoon season to 0.29+0.14 umol/L and again increased in the post-monsoon season up to 0.56+0.25

MM. Residual detergents, in the domestic waste waters, industrial effluents and fertilizer run-off are



the major contributors of phosphates. Furthermore, all estuaries are known to have phosphate load due
to constant adsorption and dissolution at the sediment-water interface and even a small increase in the
concentration can impair the water quality level of the habitat, making the system eutrophic Also, due
to continuous adsorption and dissolution at the sediment-water interface, almost all estuaries are
known to have phosphate load and even a slight increase in the concentration can reduce the water
quality level of the habitat, making the system eutrophic (Sharpley et al., 2001; Manoj et al., 2009).
Nutrients like silica are known to significantly influence the diversity and distribution of
phytoplankton and some dominant species are also known to alter the community structure. The
highest level of silica was recorded in the pre-monsoon season which was ~13+4 uM and the level
declined in the monsoon season to ~10 + 6 UM. The values in the post-monsoon season were ~8 + 4
MM in both the estuaries. There are no standard limits for silicate concentrations; however, the levels
of nitrates and phosphates together with increased silicate levels are very crucial for determining the
water quality of the estuarine habitat (Carey & Fulweiler, 2014). Levels of the chemical parameters
determined for the Mandovi and Zuari estuaries show that the quality of the waters is close to
eutrophicated waters in the pre-monsoon season with increased nitrate and phosphate levels. Seasonal
variations of the different chemical parameters between the three seasons was supported with very
good significance in both the Mandovi and Zuari estuary based on ANOVA analysis (Table 3). The
runoff and increased flushing cause a reduction in the nutrient load during the monsoon season thereby
impacting the water quality of this monsoonal estuary. Earlier studies have also indicated that the
mixing of wastewaters draining out from local urban areas is the major source of excess nutrients in

these estuarine waters (Maya et al., 2011).

Seasonal variation of estuarine water quality: Evaluation of WQI

To evaluate the composite impact of the physicochemical parameters on the estuarine waters, the
Water Quality Index (WQI) was estimated for the Mandovi and Zuari estuaries during the three
sampling seasons. The WQI is used to evaluate the changes in water quality of the habitats based on
the levels of these parameters and their combined effect (Kannel et al., 2007). A total of seven
parameters; temperature, salinity, pH, DO, BOD, nitrate and phosphate were considered to evaluate
the WQI. Each of these parameters plays a crucial role in determining the ecosystem health and
permissible limits are provided by international and national environmental agencies (Table 1).

The WQI was evaluated by comparing the average values of each of the parameters with the
standard limits. A cumulative index was estimated based on the deviation of these parameters from the
set limits which was used to derive the WQI for the study area across the three seasons (Adamou et

al., 2020). WQI can range from 0 to 300 and the habitat studied is assessed into different categories



such as Excellent, Good, Poor, Very poor and unfit for usage (Table 2). The quality of the water in
aquatic ecosystems is considered to be excellent if the WQI was less than 50, and both the estuaries
were not found to be in this category in any of the seasons (Fig. 4). During the pre-monsoon season,
the WQI ranged from 100 to 130 (Fig. 4), indicating poor water quality as the standard limit of WQI
from 100 to 200 is categorised as “Poor”. Though most of the physicochemical parameters in the pre-
monsoon season were within limits, a wide difference in major parameters like BOD and nitrate was
observed. The values of temperature, salinity and phosphate were also very close to the permissible
limits and clearly contributed to the reduction in WQI in the estuaries during the pre-monsoon season.
The WQI was greatly improved in the monsoon season as all the physical parameters analysed were
within the permissible range and all the values showed improved water quality. The WQI values
between, 50 to 100 which is considered to be “Good” waters was observed only during the monsoon
season (Fig. 4). This could be due to the increased river runoff and flushing. Earlier studies also showed
that increased freshwater runoff during monsoon season dilutes the concentration of the contaminants
and remove them out of the estuarine system (VishnuRadhan et al., 2015).

The WQI improved during the monsoon period, however, in the post-monsoon season that
followed, water quality status deteriorated in both the estuaries. The WQI during the post-monsoon
season was categorised as “Poor” as the values were 130 and 120 in the Mandovi and Zuari estuaries
respectively. This decline can be linked to the leaching of domestic waste discharge and agricultural
fertilizers into the area which is evident due to the high nitrate and BOD values during this season and
the further drop in the WQI in the pre-monsoon season in both, Mandovi and Zuari estuaries. This can
be associated with the dumping of agricultural wastes as reflected in the elevated levels of essential
nutrients like nitrate and phosphate. The abundant nutrient supply encourages further growth of
microbial flora accompanied by increased oxygen demands. Another possible factor contributing to
this, is extensive tourism activities along the coastal area, especially during November to February.
WQI serves to improve the understanding of water quality issues, by generating a score describing

water quality status and aids in evaluating the water quality trends (Cude, 2001; Hoorman et al., 2008).

Assessment of microbial pollution: Seasonal variations in TVC and PIOs

Estuarine waters have wide variations in the physical and chemical parameters, especially the nutrient
concentration and the organic matter composition can influence the microbial load and its community
composition. Apart from it, the inflow of waters from different terrestrial habitats brings in various
microbes of allochthonous origin. They also have an influence on the composition of the natural
bacterial community and changes in the native bacterial load can be seen (Khandeparker et al., 2015).
If the natural balance is not established, there are instances when the terrestrial population can replace
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the estuarine community and alter the delicate balance which can lead to an outbreak of pathogenic
bacterial communities. The occurrence of PIOs in the samples reflects a higher incidence of sewage
indicator bacteria in any environment (Fujioka & Yoneyama, 2002). Assessing the levels of pollution
indicators are essential to understand the microbial pollutants present in the Mandovi and Zuari
estuaries.

The total bacterial counts were determined based on the TVC and the highest counts were seen
during the pre-monsoon and monsoon season with ~ 10% to 10° CFU/ml in the water and sediment
samples. However, the microbial load was only ~ 10?to 10° CFU/ml during the post-monsoon season
in both the estuaries (Fig 5). The levels of PIOs: TC, ECLO, SFLO, SALO, PALO, SLO, SHLO,
KALO, PVLO and VLO were estimated in the water and sediment samples (Table 4). TC, SFLO and
SALO with maximum numbers of ~ 102 CFUs were present only during monsoon and the numbers
were below detectable limits in the pre and post-monsoon season. The PIO counts in the water and
sediment samples relate to an increase in fecal contamination around the sampling site due to river
runoff. Maximum PALO numbers of 10* - 108 CFU/mI were recorded in the pre-monsoon period and
the numbers during the rains and in the following post-monsoon season numbers were less than 100
CFU/mI. SHLO were also found to be maximum with 10% - 10* CFU/ml in the pre-monsoon season
and the numbers were 5 to 300 CFU/ml in the monsoon and after the rains in post-monsoon. The
highest VLO counts were also recorded in the pre-monsoon period, with 10° — 10° CFUs and in the
other two seasons, it was ~ 1 to 120 CFUs. This could be due to anthropogenic contamination which
is increased during the pre-monsoon season due to increased evaporation and reduced runoff (Table
4). P10s such as ECLO, SLO, PVLO and KALO were below detectable levels in all three seasons.
Seasonal changes in the levels of TC, SALO, PALO, SHLO and VLO was supported with statistical
significance (Table 3).

The occurrence of PIOs in the samples reflects the presence of microbial pollution in the
ecosystem, which directly reflects the presence of pathogenic bacteria that can affect the people who
are exposed to these habitats (Fujioka & Yoneyama, 2002). Earlier studies on the counts of pollution
indicator bacteria have also concluded that urban sewage outfalls impact the water quality in these
regions due to the mixing of waters from various point and non-point sources into the Mandovi and
Zuari estuarine waters (Rodrigues et al., 2011). Periodic investigations on the levels of P1Os and their
distribution are required for efficient management of the effluent outfalls into these delicate estuarine
systems. Protecting the ecological health of these habitats can be achieved only based on these
scientific studies for developing stringent guidelines and appropriate policies. These can provide
appropriate methods for reducing the detrimental impact of microbial pollution on human health
(Nagvenkar & Ramaiah, 2009).
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Characterisation of antibiotic resistivity in PIOs: Estimation of MAR index

Approximately, 90 representative isolates of major pollution indicator bacterial groups from all three
seasons, were tested for their susceptibility towards 16 different antibiotics belonging to bacteriostatic
and bactericidal classes. Among the 35 isolates tested from the pre-monsoon season, 30 isolates
showed resistance to Clindamycin; while all of them were susceptible to Ofloxacin and Tetracycline
(Supplementary Table S1). About 86 % of the isolates tested showed a MAR index of < 0.2 (Table 5)
which can be categorised as low risk P1Os. Isolates with a MAR index of > 0.4 accounted for about
5.6 % which included isolate PR13 and PR27 belonging to Vibrio and Shigella group of PIOs (Table
6). Enumerating the MAR Index, proves to be a useful method for health risk assessment and isolates
having values >0.2 suggest it as possible means of contamination which could be categorised as ‘high
risk’ (Davis and Brown, 2016). Similar evidence of partial or complete susceptibility for multiple drugs
in pathogens has also been reported earlier in other coastal waters and in most cases, contamination
was caused by urban wastes (Dang et al., 2008; Henriques et al., 2008; Austin et al., 2009).

During the monsoon sampling, a total of 33 isolates were screened and a coliform isolate from
Mandovi estuary, (M7) showed resistance to all the antibiotics tested except Clindamycin, which
appeared with a very small inhibition zone of 8 mm only (Table 6). Approximately 75.8 % of the
isolates exhibited a MAR index values < 0.2 and 9.1 % had the MAR values of > 0.4 (Table 5). This
includes isolates M2, M7 and M20 exhibiting resistance to 9, 15 and 7 antibiotics and MAR index of
0.56, 0.94 and 0.44 respectively. The intensity of resistance, shown by these isolates during this
season, is alarmingly high. Antibiotic resistance in the post-monsoon was fairly low with only one
isolate (PT13) exhibiting maximum resistance to 9 antibiotics with a MAR index of 0.56 (Table 5 and
6). Isolates with MAR indices > 0.4 pose a great threat as a majority of the local population depends
on the estuaries for food and recreational activities.

Such studies on antibiotic resistance in indigenous waters are therefore important, as they
indicate the extent of human alteration of water ecosystems (Baquero et al., 2008). An increase in the
load of pathogenic bacteria leads to an alteration of the natural microbiota and the strains resistant to
commonly used antibiotics can be a major threat to those involved in fishing and recreational activities
in these regions (Ramaiah et al., 2004). Most of the isolates showed resistance to the [ lactam,
Lincosamide, Glycopeptide and Quinolone classes of antibiotics. Therefore, resistance strategies that
prevent the inhibition of cell wall biosynthesis, preventing DNA replication and inhibition of
transcription are likely the major processes by which these isolates developed resistance to these
antibiotics. Understanding the mechanism by which the bacteria acquire resistance can provide better
treatment options. Such studies might also help detect radical changes in terms of antibiotic resistance
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of emergent pathogens of the marine system in order to alert the government, public and social
institutions, of their implications. Calculation of the MAR index provides a better understanding of the
virulence of P1Os and serves as an excellent tool for health risk assessment (Chitanand et al., 2010).
Though in this study the presence of antibiotic residues was not carried out, its influence is clearly
evident based on the natural resistance observed in bacterial communities from these regions. Studies
have also shown that the increased density of resistant bacteria and the presence of favourable growth

conditions for their proliferation can lead to higher health risks (Diwan et al., 2010).

Conclusion

In this study, the seasonal changes of the physicochemical parameters and microbial load were
determined in the Mandovi and Zuari estuaries. The water quality index was computed to understand
the current environmental status of the estuaries. Results show that the overall water quality conditions
remain considerably good due to the annual southwest monsoon. It has a positive impact on the major
physicochemical parameters such as temperature, salinity and dissolved oxygen levels. Studies on the
microbial load and the levels of P10s especially based on CFUs also suggest that the load of bacteria
is increased in the pre and post-monsoon period and the numbers reduced during the monsoon period.
However, the MAR indices determined for the different PIOs suggest that the water quality is not
completely safe during the monsoon season due to increased terrestrial load, which could bring in P10s
with a very high MAR index. Bacteria with > 0.2 MAR index are considered to be highly detrimental
to the health of the individuals exposed to these microbes. In this study, we have observed that during
the monsoon season an isolate with the highest MAR index of 0.94 was obtained. This shows that the
seasonal changes along with the increased terrestrial load from different sources can alter the water
quality in the estuarine region and the virulence of the microbes in these habitats.

Mandovi and Zuari estuaries are well ventilated by the annual monsoonal rains and the water
quality status is maintained by the increased river runoff each year. However, this study emphasizes
the need to study not only the physicochemical parameters and the microbial numbers, but also the
pathogenicity, virulence and antibiotic sensitivity of the P1Os present in the habitat. Any reduction in
the monsoonal rains and an increase in the number of virulent PIOs entering the estuarine habitat can
alter the microbial community structure. Hence, adequate treatment of urban runoff and terrestrial
inputs into the estuarine regions has to be undertaken. Studies on the expression of virulence genes by
pathogens in the estuary need to be taken up to ensure the long-term safety of those dependent on the
estuarine habitat for their livelihood. Such studies can play an important role to frame policies for

sustainable development and conservation of these ecologically important coastal zones.
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Figure Captions

Fig.1 Sampling locations in the Mandovi and Zuari estuary off Goa, India

Fig.2 Seasonal variations of temperature, salinity, pH, dissolved oxygen (DO) and biochemical oxygen
demand (BOD) in the surface (white bars) and bottom (grey bars) water samples of (a) Mandovi and
(b) Zuari estuary, dotted lines indicate permissible limits, error bars represent standard deviation (n=8)

Fig.3 Seasonal variation of nitrate, nitrite, phosphate and silicate in the surface (white bars) and bottom
(grey bars) water samples of (a) Mandovi and (b) Zuari estuary, dotted lines indicate permissible limits,
error bars represent standard deviation (n=8)

Fig.4 Water Quality Index in Mandovi (white) and Zuari (grey) estuary

Fig.5 Total viable counts in (a) Mandovi and (b) Zuari estuary, error bars represent standard deviation
(n=8)
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Table 1

List of water quality parameters and their permissible limits

Parameters Standard values Reference
DO(mg/L) >5 1
BOD (mg/L) <3 1
Temp (°C) 30 2
pH 6.5-8.5 1
Salinity (PSU) 35 2
Nitrate (LM) <2 3
Phosphate (LM) <12 1

1: USEPA, 1986; 2: Dheenan et al., 2014; 3: Jha et al., 2015

Table 2

Water quality index ranking criteria

WQI range Category
<50 Excellent
50-100 Good
100-200 Poor
200-300 Very Poor
>300 Unfit for usage
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Table 3 ANOVA: one factor to show the significance of seasonal changes between different parameters in the Mandovi and Zuari estuary.

Variables MANDOVI ZUARI

Df F value F critical p value Df F value F critical p value
Temperature 2 23.03 3.20 <0.001*** 2 112 3.20 0.33
Salinity 2 2.67 3.20 0.08 2 0.20 3.20 0.82
pH 2 2.46 3.20 0.10 2 0.31 3.20 0.74
DO 2 0.50 3.20 0.61 2 9.97 3.20 <0.001***
BOD 2 0.96 3.20 0.39 2 5.84 3.20 <0.005**
Nitrite 2 5.25 3.20 <0.008** 2 10.00 3.20 <0.001***
Nitrate 2 1.69 3.20 0.20 2 13.34 3.20 <0.001***
Phosphate 2 13.34 3.20 <0.001*** 2 23.72 3.20 <0.001***
Silicate 2 5.62 3.20 0.006** 2 6.48 3.20 0.003**
TVC-water 2 391 3.20 0.02* 2 5.87 3.20 0.005**
TVC-sediment 2 0.96 3.47 0.40 2 2.64 3.47 0.09
TC- water 2 3.71 3.20 0.03* 2 2.84 3.20 0.06
TC-sediment 2 1.35 3.47 0.28 2 0.98 3.47 0.39
SFLO- water 2 2.95 3.20 0.06 2 0.77 3.20 0.47
SFLO-sediment 2 2.94 3.47 0.07 2 144 3.47 0.26
SALO- water 2 1.97 3.20 0.15 2 5.61 3.20 0.006**
SALO-sediment 2 2.44 3.47 0.11 2 1.04 3.47 0.37
PALO- water 2 1.58 3.20 0.22 2 411 3.20 0.02*
PALO-sediment 2 1.01 3.47 0.38 2 7.25 3.47 0.004**
SHLO- water 2 2.59 3.20 0.08 2 4.90 3.20 0.01*
SHLO-sediment 2 18.36 3.47 <0.001*** 2 1.45 3.47 0.26
VLO- water 2 6.06 3.20 0.004** 2 15.82 3.20 <0.001***
VLO-sediment 2 3.23 3.47 0.05 2 5.60 3.47 0.01*

Df = degree of freedom, F value greater than F critical value indicates statistical significance,***significant at 0.1 %, **significant at 1 % and
*significant at 5 %. TVC: Total viable counts, TC: Total coliforms, SFLO: Streptococcus faecalis like organisms, SALO: Staphylococcus aureus
like organisms, PALO: Pseudomonas aeruginosa like organisms, SHLO: Shigella like organisms, and VLO: Vibrio like organisms
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Table 4 Average + standard deviation (n=8) abundance of pollution indicator organisms (CFU ml* /g%) in the Mandovi and Zuari estuary

MANDOVI TC SFLO SALO PALO SHLO VLO
Surface water ND 0+0 0+0 215+17¢ 3444122 116+132
Pre-monsoon season Bottom water ND 3+l 0+0 39492 87384 18+42
Sediment ND 2+3 0+0 4565+182 11794120 3044+1842
Surface water 15+£12 128+167 1+0 1+2 316+439 312
Monsoon season Bottom water 11+2 230186 1+2 415 3931551 444
Sediment 5+4 141464 36775 1+1 210 414
Surface water 212 0+0 1+1 213 23+11 615
Post-monsoon season Bottom water 1+1 12+1 1+0 84+113 15+20 312
Sediment 1+1 5+2 815 446 18+17 114+50
ZUARI TC SFLO SALO PALO SHLO VLO
Surface water ND 0+0 0+0 23442 128+42 226+12%
Pre-monsoon season Bottom water ND 713 0+0 45+152 5943 303+21°2
Sediment ND 446+316 0+0 18214+10922 220+£311 472312172
Surface water 1+2 6+3 443 1+1 174 516
Monsoon season Bottom water 1+2 7+1 414 24+34 3+2 211
Sediment 177+251 63+44 146+17 1+2 6+8 1615
Surface water 0+0 2+1 1+1 1+0 18+22 2+2
Post-monsoon season Bottom water 0+0 1+1 1+0 36+25 616 6+8
Sediment 3+1 1746 24+4 3+1 17416 74+98

avalues represented are higher by the order of 102

ND: Not determined, TC: Total coliforms, SFLO: Streptococcus faecalis like organisms, SALO: Staphylococcus aureus like organisms, PALO:

Pseudomonas aeruginosa like organisms, SHLO: Shigella like organisms, and VLO: Vibrio like organisms
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Table 5 Percentage frequency of isolates with varying Multiple Antibiotic Resistance (MAR)

index
Category MAR Index Pre-monsoon  Monsoon Post-monsoon
Low risk <0.2 86.1 75.8 68
High risk 0.2-04 8.3 15.2 28
Very high risk >0.4 5.6 9.1 4
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Table 6 Pollution indicator organisms from Mandovi and Zuari estuaries with very high Multiple Antibiotic Resistance (MAR) index

Pre-monsoon Monsoon Post-monsoon
Isolates? P.Rl.3 P.R27 MZ. '\.M N.IZO P.Tl.3
Vibrio Shigella Vibrio Coliform  Coliform Vibrio
Class of Antibiotic Antibiotic tested (ug) Diameter of growth inhibition zone (mm)
Bacteriostatic agents
Chloramphenicol Chloramphenicol (30) 0 0 19 0 15 14
Tetracyclines Tetracycline (30) 21 16 15 0 9 7
Macrolides Azithromycin (15) 0 29 0 0 0 0
Sulfonamides Co-trimoxazole (25) 21 28 10 0 10 0
Bactericidal agents
Quinolones Ciprofloxacin (5) 0 0 14 0 16 14
Nalidixic Acid (30) 10 0 0 0 12 0
Ofloxacin (5) 14 16 11 0 11 0
Lincosamides Clindamycin (2) 0 0 0 8 7 0
Aminoglycoside Netillin (30) 17 20 10 0 8 18
Ansamycins Rifampicin (5) 0 0 0 0 0 0
Glycopeptides Vancomycin (30) 0 0 0 0 0 0
B Lactam Ampicillin (10) 0 16 0 0 0 0
Ceftizoxime (30) 0 22 0 0 0 17
Ceftriaxone (30) 0 27 0 0 0 21
Piperacillin (100) 18 0 0 0 0 0
Ertapenem (10) 15 35 19 0 12 20
% Resistance 56.3 43.8 56.25 93.75 43.75 56.25
MAR index 0.56 0.44 0.56 0.94 0.44 0.56

drepresentative isolates with MAR index > 0.4, complete list of pollution indicator organisms tested are provided in the Supplementary Table S1

PR: Pre-monsoon, M: Monsoon, PT: Post-monsoon
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Fig.1 Sampling locations in the Mandovi and Zuari estuary off Goa, India
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Fig.2 Seasonal variations of temperature, salinity, pH, dissolved oxygen (DO) and biochemical
oxygen demand (BOD) in the surface (white bars) and bottom (grey bars) water samples of (a)
Mandovi and (b) Zuari estuary, dotted lines indicate permissible limits, error bars represent

standard deviation (n=8)
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Fig.3 Seasonal variation of nitrate, nitrite, phosphate and silicate in the surface (white bars) and
bottom (grey bars) water samples of (a) Mandovi and (b) Zuari estuary, dotted lines indicate

permissible limits, error bars represent standard deviation (n=8)
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Fig.4 Water Quality Index in the Mandovi (white) and Zuari (grey) estuary
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Fig.5 Total viable counts in (a) Mandovi and (b) Zuari estuary, error bars represent standard
deviation (n=8).
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