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Abstract

Spatiotemporal variation of human pathogenic b&ctgas observed in the surface waters of a
monsoonal estuary and these bacteria were alsad fioupe associated with the native fish of two
monsoonal estuaries. The temporal variation wasaordance with any monsoonal estuary.
Also, the spatial variation in physicochemical paeters and bacterial counts was very evident
at any given time. For instance, one sampling londh the estuary consistently had’ idld

higher bacterial counts than the rest of the locatiwithin the same estuary. Coliforms,
Salmonella-like (SmLO) organismsshigella-like (SLO) organismsyibrio parahaemolyticus-

like (VPLO) organisms andibrio cholerae-like (VCLO) organisms occurred at many locations,
but the abundance of each group varied differemitlly time at different locations in the estuary.
Coliforms, unlike others, showed an increase imdhance from post-monsoon to pre-monsoon
season. VCLO were the most abundant amongst dllalNthe pathogenic bacteria were
widespread throughout the channel indicative of idamce in spatial variation over seasonal in
this estuary. Most of the fish samples showed sintiend of bacterial numbers as that in
surrounding waters, except a few. Presence of sewalfution indicator bacteria in the fish
indicated that fish served as reservoirs of thestdia. Thermal death time of randomly picked
fish-associated isolates was 30 min &t @Gnd these could survive freezing temperatur@4or

h and produce siderophore which can account far pla¢hogenic nature. The monsoonal

estuaries thus render survival ground of such bacte

Keywords

Monsoonal estuary, Zuari, Mandovi, pathogenic bagtspatiotemporal variation, fish



10

11

12

13

14

15

16

17

18

19

20

21

22

23

1. Introduction
Estuaries are the water bodies that link the ritetie sea and are dynamic due to the transition
between the fresh and marine waters. Flora andafptesent in estuaries are subjected to
recurring changes in physicochemical parameteis as¢emperature, salinity, nutrients and
sporadic changes due to anthropogenic activitiestasms and hurricanes (Grimes, 1991; Fries
et al., 2007; Malham et al., 2014). Anthropogertigvities affect the community structure of
metabolically active microorganisms in the estugnehich in turn results in stimulating the
functioning of the estuarine ecosystem (Row, 18iktye et al., 1995; Fulke et al. 2019;
Udyavara et al., 2019). The microorganisms pregeme are either autochthonous or introduced
through human intervention. The seasonal and aierahanges in the habitat of
microorganisms confer resistance to these orgarissigrvive a wide range of temperature or
salinity or nutrients (Grimes, 1991). The healthhe estuary is determined by the
autochthonous material like suspended particlegedisas by the fates and fluxes of extraneous
material received anthropogenically (Joseph, 20d®yeover, the introduction of human
pathogenic bacteria into estuarine waters maythegse waters into public health concern by
hampering fitness due to recreational activitiepaliuted waters as well as due to ingestion of
contaminated seafood. Hence it is necessary tdagmonitor the health of these waters, and
this can be done by detecting the presence ofatamliorganisms such as faecal coliforms

(Ferguson et al., 1996; Udyavara et al. 2019).

Monsoonal estuaries are characterized by tidakrobat water level at the downstream region
throughout the year and that by the run-off atupstream region during the monsoon.
Microorganisms in such estuaries are therefore uthé@einfluence of not only the allochthonous

materials that add in through run-off but alsotilles, i.e. the spring and neap tides which
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represent enhanced and weakened tidal elevatiohtadgpand tidal currents respectively.
(Khandeparker et al., 2017). Whether occurrencesamndval of such microorganisms during the
times other than spring and neap tides is influériemporally, i.e. by seasons or spatially, i.e.
by geographical location which in turn is influeddgy adjoining human activities is not known.

The present study was carried out to attend topttmblem.

Zuari estuary, located in Goa, was selected farghidy. The geochemical as well as the
physical processes along the entire channel af tiaei estuary, dictates this estuary to be a
typical monsoonal estuary along the west coastaifll(Mesquita and Kaisary, 2007; Sardessai
and Sundar, 2007; Shetye et al., 2007a; Manoj amdkdshnan, 2009; Rao et al., 2011; Subha
Anand et al., 2014a, b; Rao and Chakraborty, 20H&)ce the oceanographic processes in this
estuary differ significantly in the monsoon fronatlduring the post-monsoon and pre-monsoon

(Shetye et al., 2007hb).

There has been disposal of sewage in these waterdearby human settlement and other
anthropogenic activities too (Ramaiah et al., 200vansportation activities lead to constructing
jetties at the banks and dredging of the chanmehfvement of ferries across the waters. All
these activities cause a disturbance in the lefetsicro- and macronutrients and thus to the
flora (Pednekar et al., 2012). In addition to b#ge, the Zuari estuary has a vital function in the
economy of the mining industry in Goa by providangelatively budgeted and affordable means
of ore transport. Along the estuary, there are kpidiles and wharfs created for the same
purpose as well as for local transport therebyltiesLin environmental dwindling and
modifications in the marine environment as thesessire augmented with heavy metals during
these processes (Shetye et al., 2007c; Row, 1881hese bring about dynamic responses of
microorganisms (Khandeparker et al., 2015). Theegfonderstanding temporal and spatial

4
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variation in microbial community structure is sifyceéint to understand the impact of
anthropogenic inputs and to maintain these mictamarces for processing of various
anthropogenic inputs to bring their toxic levelsaithstand-able levels (Joseph, 2002; Fulke et

al. 2019).

Apart from the investigations made during 2002-2B9Rodrigues et al. (2011) and in 2011 by
Khandeparker et al. (2017), there are no reporthemxistence of human pathogenic bacteria in
the channel of the Zuari estuary. Studies relatintpese bacteria have been restricted to the
mouth of the estuary by Khandeparker et al. (20Rbyrigues et al. (2011), Nagvenkar and
Ramaiah (2009), and Ramaiah et al. (2007). Sire@ithsence of human pathogenic bacteria
indicates sewage contamination, exploiting thesgaeime waters for fishing and recreational

activities lies ambiguous (Lipp et al., 2001).

In addition to Zuari estuary, Mandovi estuary aeoves as a lifeline of the state of Goa because
of its extensive use for fishing and other actstivhich include transportation as well as waste
dumping (Shetye et al., 2007d). Investigatingtelth of the waters of this estuary as well as
the fish within, is important for the well-being afljacent human settlement that is dependent on
this fish as their staple food. In tropical conalits, apart from transmission through
contaminated water, infections are transmitteddnsaming uncooked or undercooked
contaminated seafood (Rodrigues et al., 2011).dlo groper knowledge of ecology and
dispersal of pathogens in the food chain, it isgathbry to study the prevalence of pathogens in

fish.

The first objective of the present study was toarathnd the distribution of sewage pollution

indicator bacteria in an estuary (spatial varigtiaith respect to time (temporal variation) and
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statistically examine the influence of the typevafiation that governs the occurrence of these
bacteria. The second objective was to correlat@#tieogenic bacterial load from waters in the
estuaries with the fish from the same habitat. W&ime that the fish may serve as reservoirs of
these bacteria. This study will thus provide anginsinto the dominance of the type of variation
that governs human pathogenic bacterial populatiéghe monsoonal estuary and also the
relation between the source (region) of the egtedish and its associated microbial flora

pathogenic to humans.

2. Materialsand Methods

2.1. Seawater samples

2.1.1. Sudy area

Five different sampling points along the Zuari esyuwere chosen for the present stuéig(1).
Four of these points were selected based on th@irmity to dockyard and jetty. These were
Chowgule Dock (CD), Rassaim Clean (RC), Rassaity {Rtl) and Durbhat Jetty (DJ). CD is
named so in this study as it was next to the Rasshipyard of Chowgule & Company Private
Limited which possesses ship building region of®56g. m. along the bank of the estuary. DJ
and RJ were located at the two banks oppositedo ether and these are the sites of ferry
transportation across the estuary. RC point liedecto RJ point but its waters looked clearer, i.e.
less turbid during monsoon than the rest of thegdand hence was chosen for comparison. The
fifth point was named as Madkai Dock (MD) as it veadMadkai region of the Zuari estuary,
around 14 km upstream from its mouth and in contéttt Cumbharjua Canal. At this point, gas
pipeline by Gas Authority of India Pvt. Ltd (GAllipgeline) is constructed across the estuary.

Construction of this pipeline led to de-forestatibareby causing surface sediment run-off from
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the hill into the low-lying water. MD is approxingy >10 km apart from RJ and other points.
Thus all sampling locations were either in theniigi of shipbuilding activities, or iron and other

mineral ore transport and ferry transportation.
2.1.2. Sampling time

Bi-monthly sampling was carried out from August 2@ May 2017 representing different
seasons viz., monsoon, post-monsoon and pre-monSmmsoon sampling was carried out on
14" August 2016. Samples that were taken df @6tober 2016, 28December 2016 and'1
February 2017 represented the post-monsoon sanfpiesnonsoon sample was taken 8n 8

May 2017. Samples were collected either towardotiset of or midway of the high tide.

2.1.3. Sample collection

Surface water was collected using a clean plasiikdt. The samples were immediately fixed
for dissolved oxygen (DO) analysis, chlorophylli@sttion, and stored separately for other
analyses. For analysis of DO, water samples wdhkected in 300 mL glass stoppered bottles
avoiding air bubbles and immediately fixed usinghWers A and Winklers B. For chlorophyll a
estimation, water was transferred to clean 2 Li&stind 7 — 8 drops of MgGWere added.
Water samples (~ 150 ml) for nutrients and micrtdgizal analysis were collected in air-tight
plastic bottles that were rinsed with methanol.tAése were carried to the laboratory in an ice
box.

2.1.4. Analysis of physicochemical parameters

2.1.4.1. Temperature, salinity, pH: Temperature was measured during the collectiomabér
sample using a thermometer. Salinity and pH ofsdmaples were checked by the refractometer

(RHS-10ATC) and pH meter respectively in the labama
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2.1.4.2. Dissolved oxygen: This was carried out by Winkler’'s method (Strenkdl and Parsons,
1972) of standard iodometric titration. One mL ohcentrated sulphuric acid was added in 300
mL of pre-fixed glass stoppered bottles to disstieeprecipitate, by continuous shaking and

was titrated against 0.01 N sodium thiosulphataegustarch as indicator.

2.1.4.3. Nutrients (nitrates and phosphates): Nitrate concentration was determined using the
spectrophotometric method of Howse (1997) wher8imL of water sample was added in
standard volumetric flasks and a pinch of zinc dvest added with 80 mL of distilled water.
Later 1mL of sulfanilamide solution (1 %) was addedked and after 3-4 min, one mL of a
coupling reagent, N-(1-naphthyl)-ethylene-diamiiteydrochloride (NED) (0.1 %) was added
that produced pink color complex. This colour cramgs measured at 543 nm. A standard
curve was prepared using sodium nitrate (0.5-5 |hsphate analysis was carried out using
Murphy and Riley (1962) method, wherein formatiow aeduction of blue colored
phosphomolybdic acid occurs due to the acidic gmutontaining sulphuric acid, ascorbic acid,
ammonium molybdate and potassium antimonyl tarsaletion. Calibrated flasks treated with
concentrated sulphuric acid were used. Eight mieafent mix was added to 40 mL of the
water sample and final volume was made to 50 mtilying it with distilled water. Optical
density was measured at 882 nm within 30 min dfterexperimentation. A standard curve was

performed using potassium dihydrogen orthophospi@efe5 L M).

2.1.4.4. Chlorophyll a: This estimation was carried out using Parsorad. €1984) method. Eight
hundred mL of water samples were filtered througtiFSilter paper (Whatman, 47mm). The
filter paper retaining the phytoplankton was thé&aced in 15 mL centrifuge tube to be processed
immediately or stored at -20 until further processing. Processing involved fitilowing steps.
The centrifuge tube was covered with foil, and 10ah90 % acetone was added to it. The filter

8
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paper was crushed using glass rod. The samplesineerigated for 24 h in refrigerator. The
volume was made up to 15 mL with 90 % acetone. i@egation of the mixture for 10 min at
5,000 rpm was carried out. OD was recorded at 688, 645 and 750 nm using 90 % acetone as

blank.
2.1.5. Total viable count

Total bacterial abundance was enumerated by spolede technique on Zobell Marine Agar

2216 (ZMA). Sample dilutions up to $0of CD, RC, RJ, DJ, and MD were prepared using
sterile seawater, and 0.1 mL of dilution was sprglated on ZMA. Plates were incubated for 24
h at room temperature. The colonies obtained weumted and expressed in terms of colony

forming units per mL (cfu mt).
2.1.6. Enumeration of pathogens

Sewage pollution indicator bacterial population®nir the chosen sampling sites were
enumerated by the spread-plate technique on sedettedia. Sample dilutions up toi@ere
prepared using sterile sea water and 0.1 mL of edcdtion was spread plated on selective
media such as Mac Conkey's agar for coliforms, Saétla Shigella agar fosalmonella spp
and Shigella spp, and Thiosulfate Citrate Bile salts Sucrose &gyaVibrio spp. Plates were

incubated at 37C for 24 h, and then the colony counts were noted.

2.2. Fish samples

These were collected from Zuari as well as Mandstuary at different times. Fish from Zuari
estuary were collected using fishing rod during é@eber 2016 and May 2017 (near DJ
sampling location) and by trawling during NovemB6&d.7 (at the mouth of Zuari estuary) (Fig.
1). Fish from Mandovi estuary were collected betwdaigust 2017 to January 2018 using

9
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fishing rod near Ribandar jetty, Panaji jetty agdiawling near Miramar beach. Details of these
samples are given ihable 1. Seawater from Mandovi estuary was also colleatedg with fish
to enumerate the probable pathogens. Fish sammpéesgip-lock bag and seawater were placed in

ice-box and carried to the laboratory.
2.2.1. Enumeration of pathogens

Each fish sample was washed with sterile seawater. surface was swabbed using a sterile
cotton swab and placed in a tube containing steele water. Using dissecting scissors and
forceps, fish was dissected and approximately?Igiece of the gut, was removed and placed
separately in tubes containing sterile seawatexa8e pollution indicator bacterial populations

from the chosen sampling sites were enumerateg@t®ad plate technique on selective media as

mentioned above for the estuarine water samples.
2.2.2. Sability of randomly selected bacterial cultures obtained fromfish

Four isolates were picked at random for these studihese were SLO from the surfacélisha
megal optera (isolate 1), VCLO obtained from seawater and srfafllisha megaloptera
(isolates 2 and 3), and coliform from the guBidfago sihama (isolate 4). The details of these

are mentioned aSupplementary Table 1.
2.2.2.1. Temperature and Time

A loopful of the four isolates were inoculated d trength Zobell Marine Broth
separately and kept on a shaker at 120 rpm for. 2 laliquot of 350 ul of the broth was
dispensed in Eppendorf tubes under sterile comditemd was centrifuged at 8000 rpm for

5 min. The supernatant was discarded, and thet pale subjected to a range of different

10
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temperatures of 8@, 8¢ C, boiling water temperature using a water bathatrftkezing
temperature in a freezer {-@ freezer) for different time period (10 min, 20maind 30
min). Plating was carried out at the end of eachlation period. Stability at freezing
temperature was examined by incubation for 24thaittemperature. Zero-hour plating

was done before subjecting the pellet to diffetentperatures (control).

For the plating after every time interval, the Epgerf tubes were removed from the
respective water baths, and dilutions up t& ®W@re prepared using sterile sea water. The
last dilution was plated out on ZMA. Plates weatl at room temperature for 24 h and

checked for growth.
2.2.2.2. Thermal Death Time

This was carried out for all the above 4 isolate8RC. The procedure followed was
similar as above except for the modification timstéad of varying temperature, the
incubation time was varying. Samples (after dilngpwere plated at the end of each
incubation period of 10 min, 20 min, 30 min, 40 pBO min and 120 min and the plates

were incubated at room temperature for 24 h.
2.2.3. Sderophore production

These four isolates were also checked for the mtomiuof siderophore by spot inoculating
on Chrome Azurol S (CAS) agar and incubating &tG3fbr 24-72 h. Plates were checked

for yellow-orange colour halos around the colorsieswing siderophore production.

2.4. Satistical analysis The viable count of bimonthly sampling and its glogchemical

parameters were analyzed by two-way ANOVA usingrbBoft Office Excel 2007. This was

11
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carried out separately for each pathogenic bat@gnoap also. Correlation between viable count
and other parameters was also examined. Princip@lpBnent Analysis was carried out using

Past 3.14 after log transformation of the data set.

3. Results

3.1. Physicochemical parameters

There were differences in physicochemical paramdtetween all the sampling locations at any
given time. The pH during August 2016 ranged frai#86 7.12, during October from 7.81 -
8.20, during December 2016 from 7.54 - 7.82, duRagruary 2017 from 7.61 - 7.78, during
May 2017 from 7.73 - 7.8F(g. 2a). pH was highest during October (post-monsoon)lawest
during August (monsoon). It was overall lowestret €D as compared to other locations except
during October. Salinity was highest during May 2@fire-monsoon) and lowest (0 psu) at all
sampling points during August 2016 (monsoon). higed from 3-15 psu during October 2016,
17-26 psu during December 2016, 6-29 psu duringugetp 2017 and 32-36 psu during May
2017 Fig. 2b). Salinity was also the lowest at CD point attlaél times. Temperature was the
lowest during December (post-monsoon: winter) agtidst during October (post-monsoon)
except at MD. At MD the maximum temperature oftbé locations was found in May (pre-
monsoon). The temperature ranged from 28.3-29.@drihg August 2016, 28.9-31.2° C during
October 2016, 26.6-27.9° C during December 201&®6C during February 2017 and 28-32°
C during May 2017Kig. 2c). Dissolved oxygen was the lowest during May aigghést during
October for all locations except MD. Here DO waghleist during December. Dissolved oxygen
ranged from 0.85-0.90 mg ritlduring August 2016, 0.94-1.11 mg thturing October 2016,
0.83-1.10 mg mt* during December 2016, 0.57-0.69 mg hiuring February 2017 and 0.22-

0.39 mg mL* during May 2017Kig. 2d). Nitrates ranged from 0.11-2.14 uM during August

12
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2016, 0.05-0.45 pM during October 2016, 0.52-2.M.during December 2016, 0.11-0.79 puM
during February 2017 and 0.79-1.65 uM during May2Fig. 2e). Phosphates ranged from
0.57-2.83 uM during August 2016, 0.36-0.41 uM dgi@ctober 2016, 0.37-0.51 uM during
December 2016, 1.94-6.84 uM during February 20470ai3-2.68 uM during May 201FiQ.

2f). High levels of phosphates were seen during Feerat all locations with CD outcompeting
others. Chlorophyll a concentration was the lovdesing October and highest during August for
all locations and during May also for DJ only. Tdidorophyll a concentration varied from 0.52-
1.48 mg it during August 2016, 0.12-0.27 mg°muring October 2016, 0.13-0.39 mg®m

during December 2016, 0.25-0.55 m@ during February 2017 and 0.26-0.85 mgdanring

May 2017 Fig. 29).
3.2. Total viable count

The highest counts were observed at €@.(3a). The counts here ranged from 40 to 19410
cfu mL™. The bacterial counts in the other sampling araaged from 5.74- 11.2x16fu mL*

at RC, 0.2-7.70xT0cfu mL™ at RJ, 3.22- 18.44xf@fu mL™ at DJ and 6.46- 31.63x1€fu mL°

1 at MD. The lowest count during August was seeBJatduring October has been observed in
MD, during December and February at RC and duriay &t RJ. The highest counts apart from
the CD point were seen at MD during August, at Dxindy October, at MD again during
December, February and May. Thus, after CD, MD tliasext highly populated location

during all the sampling periods except October.

Two-way ANOVA of the entire data set showed sigpafit differences in mean between
locations i.e. the relationship between overalké@al abundance with physicochemical

parameters changes with locations (P 1.50013B6)oes not change significantly with

13
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seasons (P 0.8 éble 2). However, significant interaction effects indiedtthat seasons also
have some effect on the relationship between vanbysicochemical parameters and bacterial
abundance at different locations (P 6.72012E-18yextheless, the changes in bacterial counts
can be accounted more by spatial than seasonativari The bacterial counts at CD and DJ
showed significantly negative correlation with aloiphyll a (r -0.92 and -0.7 respectively) and
positive correlation with DO (r 0.97 and 0.77 regpely). In contrast to that, at MD the counts
showed significantly negative correlation with DIAG@{.84) and positive correlation with salinity
(r 0.79). A significant correlation between the otsuand nitrates was seen at MD and between
the counts and both the nutrients was seen at Ddighificant correlations are presented in

Table 3.

PCA analysisKig. 4a) showed that the physicochemical parameters infleé PC1 whereas
bacterial abundance influenced PC2. PC1 and PC2(aigenvalues of 1.566 and 0.632
respectively) explained 55.8 and 22.5 %, respdgtivithe total variance of the relation
between bacterial abundance and physicochemicaihpsers and the month-wise sampling
locations. All the physicochemical parameters digeem to correlate with the abundance. The
PCA biplots showed that CD was distinct from th&t.rdlso, RJ, RC and DJ samples during
August (monsoon), February and May (pre-monsoarstefed together whereas October and
December (post-monsoon) clustered separately.Nidhs true for MD samples as well. Thus
post-monsoon samples were clearly separated freampnsoon and monsoon samples
indicating a possible influence of the seasonshysipochemical parameter and not on the

abundance.

3.3. Enumeration of pathogens in seawater

14
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Enumeration of pathogenic organisms revealed gresence during all the sampling times.
These were grouped as coliforr@almonella-like (SmLO) organismsshigella-like (SLO)
organisms\Vibrio parahaemolyticus-like (VPLO) organisms andibrio cholerae-like (VCLO)
organisms based on their colony morphological attarstics on selective media as given in
Supplementary Table 2. Since the August sample involved enrichment foddvy plating on
selective media, no counts could be measured. Henvafter streaking, the presence of
coliforms was noted from RJ and DJ samples, Smb@ fRJ and MD samples, and VCLO from

DJ and RC samples. No SLO and VPLO were obtaireed fkugust samples.

Highest coliform counts of 80+6 cfu rillwere observed during May 2017 at RC, followed by
62+12 and 61+4 cfu mitat CD during February and May 2017 respectivegcfu mL* at
MD during February 2017 and 36 cfu fhiat CD during December 201Fi¢. 3b). Thus, overall
CD had the highest coliform counts at all timestiVespect to SmLO, matt growth was seen at
CD during February 2017 followed by 33+11 cfu Tniluring October 2016 and 4+1 cfu fhL
during December 2016. MD point also displayed antefi 8+2 cfu mL* during October 2016.
SmLO counts of 2 cfu mt.were observed at RC during February 2017, and inf* were
observed at RJ during February and May 2#i@. 3c). No SmLO colonies were seen rest of
the times and rest of the points. SLO were thedsgturing May 2017 at MD (70+22 cfu m),
CD (56%15 cfu mr*) and matt growth at RC and Reid. 3d). MD also witnessed high SLO of
48+14 cfu mL* during October 2016. Overall SLO were seen gbailits during February 2017,
VCLO were the highest amongst the pathogenic osgasitested at all timeBi@. 3¢e). The
highest number of 325 cfu riflwas seen at MD and DJ during December 2016 andi&eb
2017 respectively. This was followed by 312+36 2f@6+52 cfu mL* at CD and RC

respectively during December 2017, 116+26 and 23a6nL™" at CD and MD respectively
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during February 2017. Thus VCLO were the highesinduDecember 2016 followed by
February 2017. VCLO were also encountered durintglae 2016 with high numbers of 167125
cfu mL* at MD. Similarly, these were also seen to be marinduring May 2017 at MD as
observed by the matt growth. As compared to VCLBL® were low in numbers during all
times with highest numbers of 56+18 cfu Tt CD during October 2016 followed by 48+2 cfu
mL™ at DJ during December 2016ig. 3f). MD point did not show any VPLO colonies at all
times except during May 2017 with a count as lov2 afu mL". These were more prevalent at

DJ than other points.

The two-way ANOVA of each bacterial group with pltegehemical parameters showed varied
results for each grouf @ble 2). Season-wise variation was seen significantlyase of

coliforms (P 0.014) and SLO (P 2.66124E-05) onlystFhoc pairwise comparison using
Bonferroni correction (0.083) showed that colifoafsundance is significantly different between
October and February samples (P 0.036), and SLOdamge is significantly different between
December and May samples (P 0.059). Location-was@ation was not observed for any group
(P > 0.05). Interaction effects were seen in cds®liforms, SmLO, VCLO and VPLO. Thus,
abundance of coliforms showed seasonal variati@n(@ffect) and also some effect of location
(interaction effect). Abundance of SmLO, VCLO anBMO demonstrated effect of parameters
that did not show dominance of either seasongpatia variation alone (i.e. no significant main

effect) but were influenced by both seasonal amdiapvariation together (interaction effect).

The PCA analysis of each group of pathogenic biactgyainst physicochemical parameters
produced different biplots for each groupd. 4b-f). All these biplots showed clear partitioning
of October samples from the rest along PCL1. Intamtdio this, PCA biplot of SmLO abundance

showed partitioning of February samples from tls¢ adbong PC2. PCA biplot of SLO abundance
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showed partitioning of most of the May samples éxdJ May) from February and December
along the PC2. PCA biplot of VCLO showed partitrgnof May samples from the rest (except
RJ Dec & RJ Feb) along the PC2 and that of VPLQvgllopartitioning of February samples
from December and May along the PC2. In case dfiocois, parameters such as phosphates,
nitrates and temperature contributed to the PCtlwaccounted for 36.7 % of the variance in
the data (eigen value 2.94) and DO, pH, salinity em a contributed to PC2 which accounted
for 22.1 % of the total variance (eigen value 1. Tir)case of SmLO, PC1, which accounted for
36.4 % of the variance in the data (eigen valué)xsgongly correlated with phosphates, and
PC2, which accounted for 25.2 % of the variancdaéndata (eigen value 2.02) correlated with
salinity, nitrates, chl a and DO. Similar corraetatiof physicochemical parameters to the two
components was also observed in case of biplot6f i which PC1 and PC2 accounted for
37.8 % and 20.7 % of the variance in the datae@sely. Phosphates, temperature and pH
contributed significantly to PC1 of VCLO and VPL@@lots (accounting for 35.4 and 36.6 %
variance, 2.83 and 2.93 eigen values, respectiaglg)nitrates, salinity, DO and chl a
contributed to PC2 (accounting for 18.4 and 18.vaitance, 1.47 and 1.50 eigen values,

respectively).

3.4. Enumeration of pathogensin fish

Human pathogenic bacteria were found to be predemtplating the fish samples on selective
media. However, not all samples showed their prasddatt growth was seen on ZMA by
Valamugil cunnesius from DJ during May 2017 arardinella longiceps from Panaji Jetty
during December 2017. Thé&alamugil cunnesius sample of December 2016 also showed very
high but countable numbers (130.3 X iDthe gut and 159.3 x 1@fu mLon the surface).

Thus the total viable count was much higher insiinéace than in the gut during December
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2016, but the selective media showed the opposgeasio. Gut showed more numbers of
organisms than the surface. This was mostly seaeallfthe samples except futbrio-like
organisms irScatophagus argus, Escual osa thorracuta, Sardinella longiceps from Panaji Jetty
andllisha megaloptera from Zuari estuary; and SLO Walamugil cunnesius from DJ,llisha

megal optera from Zuari andsardinella longiceps from Panaji Jetty and Ribandar; and coliforms
from Sardinella longiceps from Panaji JettyKig. 5).

Five out of 18 fish samples showedVibrio-like organisms in the gut, and 8 out of 18 showed
none on the surface. No SLO were found in 5 ouiBofamples. SmLO were observed in only
five samples viz.Scatophagus argus from Panaji JettyEscual osa thorracuta from Miramar

beach Sllago shama, Ilisha megaloptera from Zuari estuary anfardinella longiceps from
Ribandar. No coliforms were found in 6 out of tfeshmples. No growth was observed in any
media after plating surface swab as well as theofyBtpiella inermis andGerres oyena from

Zuari.

The seawater collected along with fish at Mandewiary showed higher bacterial numbers than
the surface and gut of respective fish on ZMA wiiile opposite was observed on a few

selective media.
3.5. Sability of the bacterial isolates obtained from fish

All the isolates showed growth up to the first 3 wf incubation at all the temperatures tested
(Supplementary Table 3). However, the growth was reduced within 20 mia@® C of the
three isolates 2-4 (VCLO and coliform) and withidirhin at 86 and 100 C of the isolate 1

(SLO). The thermal death time at’&is 30 min for isolate 1 and 40 min for isolate$.2Vhen
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all the four isolates were kept at freezing tempeeafor 24 h, they showed matt growth after

plating.

3.6. Sderophore production by the bacterial isolates obtained fromfish

All the four isolates produced yellow halos arotinel colonies on blue CAS agar plates

indicating positive production of siderophor&sijplementary Fig. 1).

4. Discussion

4.1. Temporal variation

Variation in microbial load did not show any pautir trend. Overall, the nutrients were high in
August (monsoon) at all locations throughout tharctel (except for low nitrates in DJ and
MD). This corresponded to high chlorophyll a durthgs time. The DO levels were also towards
higher range, the highest seen in October. Alldhvesre indicative of upwelling conditions
which bring up cold nutrient-rich waters from bettdo surface, thus increasing productivity
(Sarma et al., 2001). Southwest monsoon seasha tite when upwelling of water occurs
(Sardessai and Sundar, 2007). In addition torthrabff during monsoon also adds nitrates to
the waters (Sardessai and Sundar, 2007). Als@Hheas lowest at this time, and the salinity
too was zero indicating fresh water influx (ManogaJnnikrishnan, 2009). Average pH
towards lower range is associated with low salinigters in Zuari estuarine system during

monsoon (Sarma et al., 2001).

October was characterized by slight increase iraptisalinity as well as high counts of bacteria
on ZMA. The temperature and DO also were foundetthie highest. However, the decrease in
the concentration of nutrients, followed by a daseein chlorophyll a values could probably be

attributed to subsidence of blooming conditiong theght have prevailed at the end of the
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southwest monsoon (Prabhu Matondkar et al., 200¥3. explains the increase in microbial load
as microorganisms are important in decompositiatgsses during the decay of the bloom
(Buchan et al., 2014). However, since bi-monthipgkes were collected, the probable bloom

was missed out in the present study.

December was characterized by still higher micratmants and lowest temperature amongst all
sampling times. There was further increase in ggalbut decrease in pH. Nutrients increased,
but this did not correspond with the chlorophyllTaere was only a slight increase in
chlorophyll a. The increase in nutrients corresahi earlier observations of the increase in

nitrates during northeast monsoon, i.e. Novembereber (Shenoy and Patil, 2003).

February witnessed an increase in temperaturecas a slight decrease in salinity at most
sampling points except MD where salinity was 5 pgre than the rest of the places. A day
prior to this sampling was witnessed by spring,tiiich is responsible for salinity higher than
the usual high tides and also salinity intrusioadHout et al., 2018; Shetye et al., 2007c). The
effect of salinity intrusion might have subsidedtbg time the seawater was sampled at all the
locations leaving its effect only at the seawaadish i.e. MD. Amongst all the places, salinity at
CD was 6 psu which could be due to a sudden Idsehdrge of fresh water. The phosphates
here were also very high as compared to otheritwtaproviding evidence that there may be a
local discharge of fresh water rich in organic wasthus lowering salinity at this location
(Pradhan and Shirodkar, 2009). However, the ngratere very low and so was the chlorophyll

a at this point.

The pre-monsoon sampling of May was characterizeidgh salinity as commonly seen during

this season (Shetye et al., 2007a). DO was lowektsatime which frequently reflects
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increasing microbial activity (Spietz et al., 2018%ually, pre-monsoon season is characterized
by high chlorophyll a due to phytoplankton blooridaved by low DO due to microbial

decomposition processes after the subsidence i dloen.

Each pathogenic bacterial group displayed diffepattern of variability in counts with the
changing season. Coliforms showed increase in nigrileem post-monsoon to pre-monsoon.
SLO also illustrated seasonal variation as seeAN®VA. The others showed varying pattern.
Such temporal variation of coliforms and SLO waslent in PCA biplots as well. PCA biplots
of other bacterial groups demonstrated remarkdbktaring of October samples of all locations

but not very striking clustering of other seasons.
4.2. Spatial variation

Spatial variation in bacterial abundance was evitgrihe remarkably high numbers of bacterial
counts at CD only, as compared to other pointss@heere almost £@imes higher than at the
other places. Such numbers were much higher tteaodunts reported by Rodrigues et al.
(2011) during their entire study in the Zuari espudhe CD point lies next to the Rassaim
shipyard of Chowgule & Company Private Limited d®hce subjected to drainage related to
shipbuilding as well as due to domestic activibesng to the human settlement nearby. The
second most bacterially populated point was MD Whias around 14 km upstream from the

mouth, 4-5 km downstream of CD and near the gasipg

RC being upstream to CD may make one believe ltealhighly populated CD waters won't
spread towards RC, maintaining that point clearwéier, in reality, RC which was closer to RJ
demonstrated high bacterial load occasionally iiclg some of the human pathogenic bacteria

tested. The waters from the mouth of the estuany eméend upstream during high tide and to a
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greater extent during spring tide (Rajaneesh artddvkar 2013; Unnikrishnan and Manoj,
2007). During the dry season, i.e. after the welagrl of monsoon, the flow in the entire
estuarine channel is influenced by the tide antbeath of the channel, and the waters thus
remain mixed (Shetye et al., 2007d). Moreover, taipam the times dealing with the tidal cycle,
the circulation in the well-mixed estuary consistslownstream-directed surface fresh waters
and upstream-directed bottom saline waters (Urstikan and Manoj, 2007). The well-mixed

waters in the channel will, therefore, extend tathpgens from one place to another.

Further evidence of spatial variation in bacteaialindance was provided by the coliform counts.
These were highest at the CD most of the timesvat by MD. Their numbers in the present
study were similar to the numbers observed duriegnpnsoon season by Khandeparker et al.
(2017) but much lower than the numbers reportethbysame study during other seasons and
also lower than the numbers reported by Khandepatka. (2015). The former study
(Khandeparker et al., 2017) referred to differetassin the Zuari estuary while the latter
(Khandeparker et al., 2015) referred only at theitmof the Zuari estuary. The variation in
coliform abundance in the present study as compar#te others could be attributed to the
different anthropogenic processes prevailing, stheecoliform counts depend on anthropogenic
disturbances from the adjacent shoreline, infludrimenot only the time sampled, but also on
the location (Kirby-Smith and White, 2006). SmLQIanCLO also demonstrated spatial
variation. The SmLO were most abundant at CD wleeY&2l O were most abundant at MD.

The abundance of SmLO detected in CD was signifigé&amgher than those stated from the
Cochin estuary (Hatha et al., 200¥jbrio sp. are mostly considered as opportunistic orgasis
and Vibrios are known to adapt well to particlecassted lifestyle (Pernthaler and Amann,

2005). The dominant bacterium, VCLO was found t@iesent everywhere in all locations, but
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the incidence level was higher than those repdijeldhandeparker et al. (2015) at the mouth of
the Zuari estuary and at par with Khandeparket.€2@17) in the surface waters at different

locations in the same estuary.

Variations were also seen in physicochemical parars¢hat interact with biological
components bringing about a diverse ecosystemK@laa Cripe, 1993). High nitrates at DJ
coincided with high VCLO numbers in December arghtghlorophyll a values during May.

The sudden boost in phosphates during Februarpatl€b coincided with very high numbers of
SmLO and coliforms (also evident in PCA biplot)icating high discharge of contaminated
matter at that location. VCLO numbers in FebruagyaMower than December at CD, RC and
MD while higher than December at RJ and DJ. VPL£0 aisplayed different trend in numbers
with varying season at different locations. SLO sbowed the different trend at different
locations except for the common feature of the ésgthoad during pre-monsoon season (May).
SmLO were not detected at many locations at difiietienes and hence could not deduce any
pattern. Although spatial variation was evidentase of total viable count during ANOVA,
none of the bacterial groups demonstrated the sggnédicantly. However, indirect effect of
locations was seen due to interaction effects ifOMA. The physical characteristics of
estuarine seawater depend not only on the seas@ich it is collected but also on the
geographical location, and different geographicahtions will demonstrate different values due
to differing anthropogenic activities, thus eliogidifferent response in bacterial counts (Fulke et
al., 2019). The outcome of temporal variation olif@ons and SLO only, and not on other
bacterial groups, signifies the dominance of spatiaation over temporal. This indicated that
local anthropogenic factors were more influentiad disparaging the seasonal changes in

parameters.
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4.3. Influence on fish-associated pathogenic microbial flora

Increasing incidence of human bacterial pathogemsarine environment and their spread
through the seafood worldwide (Thompson et al. 520votny et al., 2004), and the evidence
of pathogenic bacteria in the waters of the Zustu@y during most of the times in the present
study, led the analysis of the pathogens assocwatbdish from the same waters. The trend of
types of bacteria found on fish was similar to teen in the surrounding DJ waters at that time
except for SLO. The SLO were detected in fish amidimwaters. However, SLO were detected
in high numbers in waters from the other samplowations during the same time. Thus it
implies that the spread of SLO was through contateihfish from one region to the other, thus
acting as a carrier and vector of pathogens. THeOQ/€bunts also, detected on the fish surface,
were double than that found in the waters and ghiesected in the fish gut were about 10 times
more than in the surrounding waters. In order tckhf this phenomenon is observed in other
monsoonal estuaries, fish from a different monsbestary were collected to examine the
pathogenic bacterial load on them vis-a-vis surdingyseawater. Hence fish from Mandovi
estuary were collected during 2017-18 and theimemation also showed a higher bacterial load

in gut and surface than the surrounding watersoat mstances.

Randomly selected isolates, when checked for #tability, showed that cooking time of 40 min
at 80 C or 30 min for 100C would be sufficient to get rid of these orgarssnom the fish.

These temperatures were selected because Indginesibjects the food to mostly 80-1@D

or higher (baking/frying). Stability was examineddheck the resistance of these organisms to
high temperatures to determine if fish from thesas can be consumed. The fish forage or take
refuge in estuarine areas and thus get exposeathogens. Fish contain bacteria as their normal

flora and because of continuous exposure to contted water, their skin and gills show
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bacterial colonisation (Novoslavskij et al., 2018lso, contaminated feed or water affects their
gut. A weakened immune system may lead to contdimmaf fish muscle (Aguirre-Guzman et

al., 2012).

Fishes are always frozen for storage. Stabilityeszing temperature showed no negative effect
on the isolates. Freezing causes log reductioella of a few pathogens but not all, and usually,
cells remain viable and grow once brought baclotmr temperature (Gao et al., 2007).
Moreover, the siderophore-producing ability of fber isolates justified their pathogenicity
since siderophores are one of the virulence fatto@&am negative bacteria (Holden and

Bachman, 2015). Hence such fish need to be wekembbefore consumption.

4.4, Conclusion

There is a lot of spatiotemporal variability in thmécrobial population and the physicochemical
parameters in the estuary. In spite of proximitateas of high bacterial load and propagation of
tides throughout the channel, not all the pathagbatteria were prevalent in the entire area
covered in this study. The variability in bactegalnts could therefore be accounted for more
by spatial rather than seasonal scale. The eswamters as well as the fish dwelling there are a
potential ground for human pathogenic bacterias&hmay spread to different areas in the
estuarine waters via hitchhiking on fish as peregilsy their occurrence on fish. The fish serve
as vectors of such bacteria transporting themfterdnt locations in the estuary. As a
consequence there seem to be dominance of spatiation over temporal in the abundance of

these bacteria in the estuarine waters.
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1

Tableno. 1 Details of the fish samples collected during this study.

Sample Place Date Scientific name
Sample1 |Durbhat Jetty 28-Dec-2016| Valamugil cunnesius
Sample2 | Durbhat Jetty 8-May-2017 | Valamugil cunnesius
Sample 3 Ribandar 1-Aug-2017| Escualosa thorracuta
Sample 4 Ribandar 17-Aug-2017 Lutjanusindicus
Sample5 Panaji Jetty] 6-Sept-201yY  Scatophagus argus
Sample6 | Miramar Beach 5-Oct-2017 | Escualosa thorracuta

Samples 7-8 | Panaji Jetty | 23-Oct-201y Escualosa thorracuta
7- Sllago sihama
8- llisha megaloptera
9- Pelates quadrilineatus
) | 10- Mene maculata
Samples 9-16 | Zuari Estuary 15-Nov- 2017
11- Caranx sp.
12-Sepidlainermis
13- Gerres oyena
14- Thryssa mystax
Sample 17 Panaji Jetty| 9-Dec-2017 Sardinella longiceps
Sample 18 Ribandar 4-Jan-2018  Sardinella longiceps
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1 Table2. Two-way ANOVA for bacterial abundance and physicochemical parameters.

2 Significant F values are represented as* (P<0.05), ** (P<0.01) and *** (P<0.001).
Bacterial Between seasons Between locations Interaction effect
Pe 4t Ms F|df Ms F |df Ms F
TVC 3 1565133 0.318 4  148381599.251***| 28 148694049.271***
Coliforms | 3  278.68 3.662* | 4 73.256 0.926 28  146.68 1.850*
SmLO 3 48.43 0.802 4 40.222 0.722 28 117.32 2.106*
SLO 3 634.37 8710 4  61.637 0.420 28 54.39 0.370
VCLO 3 2795.76 1.313 4  3189.47 1.61 28 3173.56 1.611*
VPLO 3 14.163 0.343 4 17.623 0.404 28 59.276 1.359*
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Table 3. Significant correlation coefficients between viable bacterial counts and other
parameters of location-wise correlation analysis of the viable countswith
chlorophyll a concentration and various physicochemical parameters. Positive r

H W N R

10

11

12

values are marked in bold.

Sampling Parameter (n) significant r

site

values between n
and viable count

CD Chlorophyll a -0.915
Dissolved oxygen 0.972
Salinity -0.709
RC pH 0.851
DJ Chlorophyll a -0.693
Nitrates -0.752
Phosphates -0.724
Dissolved oxygen 0.771
MD Nitrates 0.699

Dissolved oxygen  -0.843

Temperature 0.832

Salinity

0.792
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Legendsto figures
Fig 1. Map showing sampling locations (red stars) in Zuari and Mandovi estuaries

Fig. 2. Physicochemical characteristics of the surface waters at the sampling points during

various seasons.

Fig. 3. Abundance of various bacteria in surface waters during different seasons at four

sampling locationsin Zuari estuary.

Fig. 4. PCA of bacterial numbers and physicochemical parameters at various sampling
locations and time (a) TVC (b) Coliforms (c) SmLO (d) SLO (e) VCLO and (f) VPL.

Fig. 5. Viable count of human pathogenic bacteria on fish gut and surface in the present
study. Viable count of thefirst 2 samplesi.e. Valamugil cunnesiusarein terms of 10°
cfu mL*and therest in 10° cfu mL™.
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Fig. 2
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1

Fig. 3
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Fig. 4
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Fig. 5
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Supplementary Table 1. Details of the isolates selected for stability experiments.

| solate #1 #2 #3 #4
. . Vibrio
Type sq'?gﬂg;'“ cholerae- like VCLO Coliform
(VCLO)
Surface of Surface of .
Source Ilisha Seawater [lisha Gut _ofSIIago
sihama
megaloptera megal optera
Colony Size 1 mm pinpoint 1 mm 1 mm
Colony Shape Circular Circular Circular Circular
Colony Color Colourless Yellow Yellow Pink
Colony Margin Entire Entire Entire Entire
Col ony Flat Flat Raised Flat
Elevation
Colony
Consistency Butyrous Butyrous Butyrous Butyrous
Gram Gram negativeg  Gram negatiyeGram negative| Gram negative
Character 9 9 9 g
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1 Supplementary Table 3. Colony characteristics and Gram character of representative

E.coli-like Enterobacter- Klebsidla-
(coliforms)

Salmonella- Shigella-like

(coliforms)  (coliforms)

group of probable pathogenic bacteria as seen on selective media.

Vibrio Vibrio
parahaemo- cholerae-
Iyticus-like like
(VPLO) (VCLO)

Colony
Characterist-
ics
Size
Shape
Elevation
Color
Consistency
Margin
Opacity
Gram
char acter
3
4
5
6
7
8
9
10
11

12

Light pink Light pink| Cream with Colorless

sTranslucer Transparen

t 1-2 mm 1-2 mm

Ciraul Circular

Raised Raised

Green Yellow

s Butyrous Buays

ete Cdmpl€omplete

t Opaque Opaque

Gram Gram



Supplementary Table 3. Stability of the four isolates at different temperature. (Key:
+++ heavy growth, ++ moderate growth, + very less growth, -

no growth)
Isolates |Temperature | Omin 10 min 20 min 30 min 40 min 60 min 120 min

50°C I o s = +++

|solate 1 80°C T + ] ] ) )
100C +++ ++ + _
50°C FH+ +++

| solate 2 80°C T o -+ ] ) ]
100°C +H+ ++ +
50°C +++ -+ F++ +

|solate 3 80°C e s ++ ] ] ]
100°C FH+ +++ ++ +
50°C e+ bt + T

| solate 4 80°C At ++ + _ ] _
100°C +H+ + +
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1 Supplementary Fig. 1 Fish-associated bacterial isolates showing positive siderophore

2 production on blue CAS agar plates.
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Highlights

* Abundance of human pathogenic bacteriain the monsoonal estuary display
spatiotemporal variation.

* Not all the pathogenic bacteria were widespread throughout the estuarine channel.

* Influence of spatial variation was more significant than that of the temporal variation.

* The human pathogenic bacteria were a so associated with the fish tissue and gut.

» Bacteriaisolated from fishes produced siderophores.

» Bacteriaisolated from fishes withstood high temperatures for 30 min and freezing
temperature for 24 h.

* Thus, estuarine waters and fishes were a potential ground of human pathogenic bacteria.
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