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ARTICLE INFO ABSTRACT

The goal of this study was to investigate the involvement of a tropical Indian estuary in the emergence of
antibiotic resistance genes (ARGs)-harboring hypervirulent E. coli of global significance. A total of 300 E. coli
isolates was tested for antibiotic susceptibility to (-lactams, aminoglycosides, chloramphenicol, quinolones,
sulphonamides, tetracyclines, and trimethoprim. The E. coli isolates were screened for the presence of antibiotic
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gf;:c resistance genes (blargy, blacrx.m, tetA, tetB, sull, sul2, strA, aphA2, catl, dhfrl, and dhfr7), integrase (int1, int2,
STEC and int3), Shiga toxin genes (stxI and stx2) and extraintestinal virulence genes (papAH, papC, sfa/focDE, kpsMT

II, and iutA). The highest prevalence of antibiotic resistance was observed for ampicillin, followed by tetra-
cycline, and nalidixic acid. Among E. coli isolates, 64% were resistant to at least one of the 15 antibiotics tested,
and approximately 40% were multiple antibiotic-resistant (MAR). More than 40% (n = 122) of E. coli isolates
had ARGs. Integrase 1 (int1) was found in 7.6% of E. coli isolates. Among E. coli isolates, 16.3% (n = 49) were
extraintestinal pathogenic E. coli (EXPEC), and approximately 34.6% (n = 17) of EXxPEC had ARGs. A hy-
pervirulent ARGs-harboring STEC was isolated. The prevalence of Shiga toxin-producing E. coli (STEC) was low
(n = 1). The prevalence of ARGs-harboring pathogenic E. coli isolates was higher in stations close to the City
(urban area), than that of other stations. ERIC-PCR (enterobacterial repetitive intergenic consensus sequence
polymerase chain reaction) analysis revealed a high degree of genetic diversity among the ARGs-harboring E. coli
isolates. The results demonstrate a high prevalence of ARGs-harboring E. coli in estuarine water and confirm the
need for a better wastewater treatment facility and proper control measures to reduce the discharge of sewage
and wastewater into the aquatic environments.

(diarrhoeagenic E. coli), and (3) extraintestinal pathogenic E. coli
(ExXPEC). STEC (Shiga toxin-producing E. coli) are important intestinal

1. Introduction

Antibiotic resistance in pathogenic bacteria from the environment is
a global problem in public health (Berendonk et al., 2015). The misuse
and overuse of antibiotics have resulted in the global increase in anti-
biotic resistance (Neill, 2016). Moreover, antibiotic resistance genes
(ARGS) are a form of pollution, which are also entering into the aquatic
environment by the release of fecal bacteria that already exposed to
high levels of antibiotics in the human or animal digestive system
(Alonso et al., 2001; Martinez, 2009). Pathogenic E. coli strains are good
candidates to carry ARGs from the environment back to the human gut
because they adapted to grow in the gut environment and to grow
outside the host (Winfield and Groisman, 2003).

Russo and Johnson (2000) classified E. coli strains into three cate-
gories: (1) commensal strains, (2) intestinal pathogenic strains
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pathogens cause hemorrhagic colitis and hemolytic uremic syndrome in
humans. STEC are characterized by their ability to release Shiga-toxin,
which kills host cells in the intestine and can enter the bloodstream to
affect other organs such as the kidneys and brain (Kintz et al., 2017).
The ExPEC strains cause human and animal infections that occur out-
side of the intestinal tract such as urinary tract and bloodstream in-
fections. These strains contain a broad range of virulence genes (VGs)
such as adhesins, iron acquisition systems, polysaccharide coatings, and
toxins (Johnson and Russo, 2002). The presence of multiple ARGs in
pathogenic E. coli complicates the therapeutic management of infec-
tions (Mellmann et al., 2012).

Recently, there are increasing studies about the spread of antibiotic-
resistant bacteria (ARB) and ARGs in environmental settings. ARGs-
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Fig. 1. Cochin estuary map showing sampling locations: S1, Chitoor; S2, Bolgatty; S3, Off Marine Science Jetty; S4, Thevara; S5, Barmouth.

harboring E. coli isolates have been detected from wastewater (Bibbal
et al., 2018; Mao et al., 2015; Rodriguez-mozaz et al., 2015; Um et al.,
2015), aquatic environments (Leonard et al., 2018; Sabri et al., 2018;
Stange et al., 2016; Tacao et al., 2014) and other sources (Beukes et al.,
2017; Reinthaler et al., 2010). A few studies have focused on estuaries
(Chen et al., 2013; Guo et al., 2017; Pereira et al., 2013). However, no
studies focused on the presence of ARGs-harboring EXPEC or STEC from
estuaries.

Estuarine environments lie at the boundary between terrestrial/
freshwater and marine ecosystems and are a hotspot for anthropogenic
impacts (Lotze et al., 2006). Estuaries are the major receptacle for
pollution from both point sources (sewage outfalls, hospital, agri-
cultural, and industrial discharges) and non-point sources (diffused
sewage discharges, stormwater runoff, ballast water, and animal fecal
inputs) (Garcia-Armisen et al., 2005; Guo et al., 2017; Pereira et al.,
2013). Estuaries are a key area for understanding ARB fate after re-
leasing into the aquatic environment (Na et al., 2018). Estuary may
provide an ideal setting for the exchange of genetic material and the
spread of antibiotic resistance (Na et al., 2018). The spread of antibiotic
resistance genes present in gene-transfer units and dissemination of
ARGs-harboring bacteria in nature may have consequences for human
health and the evolution of hypervirulent bacteria (Martinez, 2009).
The emergence of the hypervirulent E. coli strains are a threat to public
health in the modern world (Buchholz et al., 2011). The presence of E.
coli in estuarine water is a growing public health concern (Laroche
et al., 2009; Pereira et al., 2013). The lack of high-level sewage treat-
ment and direct discharge of untreated sewage are the reasons for the
degradation of estuarine water quality in India (CPCB, 2011).

Cochin estuary is a part of Vembanad Lake and a Ramsar site in
India. It is the largest estuary along the south-west coast of India
(Menon et al., 2000). A full range of recreational opportunities offers
boating, swimming, sports fishing, and relaxing, which attracts a large
number of domestic and international tourists to Cochin City (TOI,
2018). Backwaters and coastal areas of Cochin are witnessing in-
creasing ship traffic (TNIE, 2017). Because of the increasing sea com-
merce, there is an emerging threat of transportation of bacteria via
ballast water from one region to another. The movements of ballast
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waters from one continent to another via ships cause a global dis-
tribution mechanism for ARGs-harboring pathogenic bacteria (Ruiz
et al., 2000). The water quality of Cochin estuary is degraded by in-
dustrialization and urbanization in Cochin City and adjacent area (Babu
et al., 2006).

The objectives of the present study were to: (i) evaluate the pre-
valence of antibiotic resistance; (ii) investigate the prevalence of ARGs
and integrase; (iii) determine the prevalence of EXPEC and associated
VGs; (iv) investigate the prevalence of STEC; and (v) investigate the
genetic diversity of ARGs-harboring E. coli isolates from five different
stations in the Cochin estuary. A total of 300 E. coli was isolated and
tested for antibiotic susceptibility to P-lactams, aminoglycosides,
chloramphenicol, quinolones, sulphonamides, tetracyclines, and tri-
methoprim. The E. coli isolates were screened for the presence of an-
tibiotic resistance genes (blargy, blacrx.y, tetA, tetB, sull, sul2, strA,
aphA2, catl, dhfrl, and dhfr7), integrase (intl, int2, and int3), Shiga
toxin genes (stxI and stx2) and extraintestinal virulence genes (papAH,
papC, sfa/focDE, kpsMT II, and iutA). Furthermore, ERIC-PCR was used
to evaluate the genetic diversity of ARGs-harboring E. coli isolates from
the Cochin estuary.

2. Materials and methods
2.1. Study area

Cochin estuary is a shallow brackish water body situated on the
south-west coast of India. Its length varies from 60 to 80 km, width
from 500 to 4000 m and depth range of 2-7 m. The estuary is opening
to the Arabian Sea by Cochin Barmouth (450 m width) at Cochin.

We selected two upstream stations (Chitoor [S1], Thevara [S4]),
two in the central part of the estuary (Bolgatty [S2], Off Marine Science
Jetty [S3]), and one at Barmouth [S5] (Fig. 1) (Suppl. Fig. 1A-E). Sta-
tion 1 is located in a rural area, whereas S2 and S3 are situated near
Cochin City. It is a major port City on the south-west coast of India. The
City has a population of 612,343 and a metropolitan population of over
2.1 million, making it the largest urban region in Kerala. Cochin City is
classified as a Tier-II City by the Government of India. Station 4 is a



S.P. Divya, A.A.M. Hatha

Table 1

International Journal of Hygiene and Environmental Health 222 (2019) 235-248

Antibiotic resistance of E. coli isolates from five different stations in Cochin estuary. S1, Chitoor; S2, Bolgatty; S3, Off Marine Science Jetty; S4, Thevara; S5,
Barmouth. Statistically significant differences (p < 0.05) in the prevalence of antibiotic resistance between stations are indicated by superscript letters. ® Between S1
and S2, ® between S1 and S3, © between S1 and S4, ¢ between S1 and S5, © between S2 and S3, { between S2 and S4, & between S2 and S5, " between S3 and S4, |

between S3 and S5, | between S4 and S5.

Antibiotics Percentage (no. of isolate)

Total (n = 300)

S1 (n = 47) S2 (n = 75) S3 (n = 69) S4 (n = 49) S5 (n = 60)

Ampicillin » > © ¢ 27.6 (13) 50.6 (38) 43.5 (30) 51 (25) 43 (26) 44 (132)
Cefotaxime 6.3 (3) 9.3(7) 8.6 (6) 8.1 (4) 5 (3) 7.6 (23)
Cefoxitin 19.1 (9) 18.6 (14) 23.1 (16) 18.3 (9) 23.3 (14) 20.6 (62)
Cefpodoxime 17 (8) 13.3 (10) 15.9 (11) 14.2 (7) 15 (9) 15 (45)
Ceftazidime 0 1.3 (1) 1.4 (1) 0 3.3 (2) 1.3 (4)
Ceftriaxone J 2.1 (1) 1.3 (1) 2.8 (2) 0 5 (3) 2.3 (7)
Cefuroxime > © 0 2.6 (2) 5.7 (4) 8.1 (4) 3.3 (2 4(12)
Chloramphenicol ® 42 (2) 8 (6) 1.4 (1) 0 3.3 (2) 3.6 (11)
Ciprofloxacin & ™ & & & f & 0 18.6 (14) 7.4 (5) 8.1 (4) 5(3) 8.6 (26)
Co-trimoxazole @ & ¢ 1 1 6.3 (3) 29.3 (22) 10.1 (9) 22.4 (11) 26.6 (16) 20.3 (61)
Gentamicin © 8 42 (2) 12 (9) 7.2 (5) 2(1) 0 5.6 (17)
Nalidixic acid > © ¢ © 10.6 (5) 37.3 (28) 23.1 (16) 26.5 (13) 33.3 (20) 27.3 (82)
Streptomycin ® & ™ 1 10.6 (5) 14.6 (11) 27.5 (19) 14.2 (7) 10 (6) 16 (48)
Tetracycline ® > ¢ ¢ 10.6 (5) 33.3 (25) 34.7 (24) 34.6 (17) 38.3 (23) 31.3 (94)
Trimethoprim % ¢ ¢ 6.3 (3) 24 (18) 17.3 (12) 22.4 (11) 26.6 (16) 20 (60)

semi-urban area. Station 5 is the meeting place where freshwater from
Cochin estuary enters into the sea through a single narrow outlet
(Vishnu et al., 2018).

Water samples (0.3 m depth, 2 m apart from the estuary bank) were
collected in sterile 1L plastic bottles during low tide from five stations
in the Cochin estuary. The water samples were transported on ice to the
laboratory for processing. A total of 225 water samples was tested
during the study period, which extended from June 2009 to February
2013. The more details of the sampling stations and water collection are
given in Suppl. Table 1.

2.2. Water analysis

Physical factors such as temperature, salinity, and pH were mea-
sured in situ using a water quality analyzer (Systronics, India). Nitrate
(NO3 ™), nitrite (NO, ™), ammonium (NH,*), and phosphate (PO,>™)
were analyzed by the methods described by Grassholf et al. (1983).
Dissolved oxygen (DO) was determined using Winkler titrations
(Grassholf et al., 1983).

2.3. Isolation and identification of E. coli from water samples

Water samples were analyzed for fecal coliforms (FC) by most
probable number method (MPN) using lactose broth (APHA, 1998). Ten
mL, 1 mL, and 0.1 mL of water samples were inoculated into respective
dilution tubes containing inverted Durham's tubes. Presumptive posi-
tive tubes were streaked onto eosin methylene blue agar (EMB) (Hi-
media, India) and incubated at 37 °C for 24 h. Colonies with green
metallic sheen were considered as E. coli and isolated for biochemical
analyses (Barrow and Feltham, 1993). DNA from the bacterial genome
was extracted as per standard Proteinase-K digestion method
(Sambrook et al., 1989). The identification of E. coli isolates were
performed by the amplification of the uidA gene (Bej et al., 1991). The
primers are shown in Suppl. Table 2. PCR (polymerase chain reaction)
reactions were performed with a ProFlex™ 3x32-Well PCR system
(Applied Biosystems, United States). PCR mixes of 25 pL final volume
were prepared with 1puL of total DNA, 0.2uM of each primer, and
12.5 pL of EmeraldAmp” GT PCR Master Mix (Takara, Japan). The cy-
cling conditions were as follows: 1 cycle of initial denaturation at 94 °C
for 2min, followed by 25 cycles of denaturation (94 °C, 1 min), an-
nealing (58 °C, 1.5min), extension (72°C, 2min) and final extension
(72°C, 5min). PCR products were analyzed by electrophoresis on a
1.5% agarose gel (Sigma-Aldrich, United States) stained with ethidium

bromide (Sigma-Aldrich, United States) and visualized by gel doc-
umentation system (BioRad Gel Doc™ EZ Imager, United States). E. coli
isolates (two E. coli colonies from each positive water sample) were
serotyped at the National Salmonella and Escherichia Center, Central
Research Institute, Kasauli, Himachal Pradesh, India. If E. coli isolates
showed the same serotype, we considered the strains as the same. Du-
plicates were avoided for further study.

2.4. Detection of Shiga-toxin producing genes

E. coli isolates (n = 300) were screened for the presence of Shiga-
toxin genes (stxI and stx2) (Blanco et al., 2003). PCR reactions were
performed with a ProFlex™ 3x32-Well PCR system (Applied Biosystems,
United States). PCR mixes of 25 pL final volume were prepared with
1 pL of total DNA, 0.2 uM of each primer, and 12.5 pL of EmeraldArnp®
GT PCR Master Mix (Takara, Japan). The cycling conditions were as
follows: 1 cycle of initial denaturation at 94 °C for 5 min, followed by 30
cycles of denaturation (94 °C, 30s), annealing (55 °C, 30s), extension
(72°C, 1 min) and final extension (72°C, 5min). PCR products were
analyzed by electrophoresis on a 1.5% agarose gel (Sigma-Aldrich,
United States) stained with ethidium bromide (Sigma-Aldrich, United
States) and visualized by Gel Documentation System (BioRad Gel Doc™
EZ Imager, United States). The primers are shown in Suppl. Table 2.

2.5. Detection of extraintestinal virulence genes

E. coli isolates (n = 300) were screened by PCR for five key viru-
lence genes (papAH, papC, sfa/focDE, iutA, and kpsMT II) of extra-
intestinal pathogenic E. coli (Johnson and Stell, 2000). Isolates were
classified as ExPEC if they were found to be positive for two or more
virulence genes such as papAH, papC (P fimbrial assembly), sfa/focDE (S
and F1C fimbriae), iutA (aerobactin receptor), and kpsMT II (group II
capsule). PCR mixes of 25 L final volume were prepared with 1 pL of
total DNA, 0.2 uM of each primer, and 12.5 pL of EmeraldAmp” GT PCR
Master Mix (Takara, Japan). PCR conditions were used in the following
way: 1 cycle of initial denaturation (94 °C for 5 min), followed by 30
cycles of denaturation (94 °C for 30 s), annealing (64 °C, 30 s), extension
(68 °C, 3 min) and final extension (72 °C, 10 min) on a ProFlex™ 3x32-
Well PCR system (Applied Biosystems, United States). The primers are
shown in Suppl. Table 2. PCR products were analyzed by electrophor-
esis on a 1.5% agarose gel (Sigma-Aldrich, United States) stained with
ethidium bromide (Sigma-Aldrich, United States) and visualized by Gel
Documentation System (BioRad Gel Doc™ EZ Imager, United States).
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Table 2

The characteristics of the ARGs-harboring E. coli isolates from Cochin estuary. R, Rough; UT, Untypable; S1, Chitoor; S2, Bolgatty; S3, Off Marine Science Jetty; S4,
Thevara; S5, Barmouth; Amp, Amipicillin; Ctx, Cefotaxime; Cx, Cefoxitin; Cpd, Cefpodoxime; Caz, Ceftazidime; Ctr, Ceftriaxone; Cxm, Cefuroxime; C,
Chloramphenicol; Ctr, Ceftriaxone; Cip, Ciprofloxacin; Cot, Co-Trimoxazole; Gen, Gentamicin; Na, Nalidixic acid; S, Streptomycin; Te, Tetracycline; Tr,
Trimethoprim.

Strain No Phylogenetic Serotype Station No Resistance patterns MAR ARGs integrase Virulence genes
group index
EA3 F R S3 Gen 0.06 aphA2
F4 D 013 S5 Amp Ctx Cx Cpd Caz Ctr 0.73 blacrx.a, sull, sul2, tetA, tetB,  intl iutA, kpsMT II
Cxm C Cot S Tr strA, aphA2, catl, dhfrl
ES69 A 059 S2 Amp Cx C Gen 0.26 blargm
A84 A R S3 Amp Na Te 0.2 blargy,
ES43 A 064 S5 Amp Cx Na 0.2 blargm
A24 A 037 S3 Amp Na 0.13 blarea
EC95 A 011 S4 Amp 0.06 blargm int 1
EC9 Bl R S4 Amp Cx Cpd Cxm Cip NaTe 0.46 blargm
EC10 Bl 09 S4 Amp Cx Cpd 0.2 blargy
ES1 Bl 060 S1 Amp Cpd 0.13 blaggy
ES72 Bl 021 S1 Amp Na 0.13 blargm
ES51 Bl 041 S2 Amp 0.06 blargm
A20 B1 0149 s3 Amp Na 0.13 blaggy iutA, kpsMT II, papC
A21 Bl 0170 S3 Amp Na 0.13 blargm
EC36 B2 025 S5 Amp Cx Cpd 0.2 blargm
A32 B2 075 S2 Amp 0.06 blargm iutA, kpsMT II
EC43 B2 025 S5 Amp 0.06 blazgy
EC55 B2 0166 S4 Amp Cx Cpd Na 0.26 blargy iutA, kpsMT II
ES74 D 091 S1 Amp Cx Cpd Na 0.26 blargm
ES38 D R S5 Amp Cot Te Tr 0.26 blargy
E17 D 0102 S5 Amp Cx Cpd 0.2 blargm
EC53 F uT S5 Amp Cx Cpd Ctr Na 0.33 blargy iutA, kpsMT II
ES10 B2 uT S3 Amp Ctx S 0.2 blargp, blacrx.y, StrA intl iutA, kpsMT 11
EC96 B2 uT S4 Amp S 0.13 blargn, strA
A29 Bl 075 S2 Amp Te 0.13 blargy, tetA
MS8 A 0135 S3 Amp Cx Cpd Te 0.26 blargy, blacrx-m int 1
N10 A 020 S3 Amp Co S Te Tr 0.33 blargy, blacrx.m
MS6 Bl 0135 S3 Amp Cx Te 0.2 blargy, blacrx.r intl
EC41 D 028 S4 Amp Cx Cpd 0.2 blargy, blacrxm
ES63 E R S5 Amp Ctx Cx Ctr Cpd Cxm 0.46 blargy, blacrx.m
Caz
EC32 F UT S2 Amp Cx Cpd Cip Cot Gen Na 0.53 blargy, blacrx.y, aphA2 intl
Te
EC85 D 0163 S1 Amp Cx Cpd Ctr C Cot Gen  0.66 blargy, blacrx., sull, sul2, intl
Na S Te strA, aphA2, catl
N13 D uT S3 Amp Ctx Cx Cpd Caz Ctr 0.6 blargy, blacrx.as sull, sul2, intl kpsMT II, papC
Cxm S Te tetA, strA
A77 A 059 S5 Amp Cx Cpd C Cot Na Te Tr 0.53 blargy, blacrx.as sull, sul2, intl
tetA, tetB, catl
EC6 C R S2 Amp Cip Cot Na S Te Tr 0.46 blargy, blacrx., sull, sul2,
tetA, tetB, strA, aphA2
N16 E UT S3 Amp S Te 0.2 blargy, blacrxas sull, tetA,
tetB, strA
ES 11 (CUSMBES11) B2 UT S2 Amp Cx Ctx Caz Cpd Ctr 1 blargy, blacrx.a, sull,sul2, intl, int3 iutA, kpsMT II, papC,
Cxm Cip C Cot Gen Na S Te tetA, tetB, strA, aphA2, catl, papAH, sfa/focDE, stx1
Tr dhfr1, dhfr7
N7 D UT S3 Amp Cx Cpd Ctr Cip C Cot 0.8 blargy, blacrx.m, tetA, dhfrl
Gen Na S Te Tr
A58 B2 uT S3 Amp Cx Cpd Cxm NaSTeTr 0.53 blargy, strA
ES77 A 059 S2 Amp Cot Tr 0.2 blarg, sull
ES33 A 020 S2 Amp Cot Tr 0.2 blargy, sull
ES45 A 04 S2 Amp Cx Cpd Cot Tr Na 0.4 blargy, sull
ES67 A R S3 Amp Cx Cpd Cxm Cot Tr 0.4 blargy, sull
ES47 Bl 04 S2 Amp Cip Cot Tr 0.26 blargy, sull
A78 Bl R S5 Amp Cot Na Te Tr 0.33 blargy, sull
ES48 Bl 04 S2 Amp Cip Cot Tr 0.26 blargy, sull, sul2
ES55 Bl 0106 S2 Amp Cx Cpd Co Na Tr 0.4 blaygy, sull, sul2, tetA, tetB
ES94 A UT S2 Amp Ctx Cx Cpd Cxm C Cip 0.8 blargy, sull, sul2, tetA, tetB,
Cot Na S Te Tr strA
ES36 A UT S1 Amp Cot Na Te Tr 0.33 blaggy, sull, tetA
EC29 B2 UT S5 Amp Cx Cip Cot Na Te Tr 0.46 blargy, sull, tetA
ES31 A UT S2 Amp C Cip Cot Gen NaSTe 0.6 blargy, sull, tetA, strA, aphA2
Tr
A79 Bl UT S5 Amp Cot Na Te Tr 0.33 blargy, sull, tetA, tetB
E138 A 069 S5 Amp Cip Cot Na Te Tr 0.4 blargy, sull,sul2, tetA
EC37 B1 uT S4 Amp Cx Cpd Cxm Cip Cot 0.6 blargy, sull,sul2, tetA, tetB, intl
Na Te Tr strA, dhfrl, dhfr7
ES7 A UT S3 Amp Cx Cpd Na Te 0.33 blargy, tetA intl
A82 A 021 S3 Amp Na Te 0.2 blargy, tetA
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Table 2 (continued)

Strain No Phylogenetic Serotype Station No Resistance patterns MAR ARGs integrase Virulence genes
group index
EC50 D 05 S2 Amp Cx Cpd Cip Na Te 0.4 blargy, tetA intl
ES96 Bl 0135 S2 Amp Cx Cpd Na S Te 0.4 blargy, tetA, strA
EC5 B2 R S2 Amp Cx cpd Cip Na S Te 0.46 blargy, tetA, strA iutA, kpsMT II
ES46 A 04 S2 Amp Cip Cot Te Tr 0.33 blargy, tetA, tetB
ES97 A 025 S2 Amp Na S Te 0.26 blargy, tetA, tetB
ES37 D 060 S5 Amp Cot Te Tr 0.26 blargy, tetA, tetB
ES5 E 01 S5 Amp Cot Te Tr 0.26 blargy, tetA, tetB
ES6 A UT S3 Amp Na Te 0.2 blaygy,, tetA, tetB
A35 A 075 S1 Amp Ctx Cx Cpd Gen STe Tr  0.53 blargy, tetA, tetB, strA, aphA2 iutA, papC
MS2 B2 0106 S3 Amp Ctx Cx Cpd Cip Cot Na 0.66 blargy, tetA, tetB, strA, aphA2  intl iutA, papC
S Te Tr
EC58 B1 0112 S1 Amp Cx Cpd 0.2 blargy, blacrx.m
EC59 Bl 058 S1 Amp Cx Cpd 0.2 blargy, blacrx.ar
EC81 B2 01 S2 Amp Cx Cpd C Cot GenNa S 0.66 blargy, blacrxas sull, tetA, intl, int3 iutA, papC
Te Tr tetB, strA, aphA2, catl, dhfrl

A74 Bl 029 S5 Amp Cx Cpd Cot Na TeTr 0.46 blargy, blacrx.as sull, sul2,

tetA
A38 A 018 S1 S 0.06 StrA
A46 A UT S1 S 0.06 StrA
A61 A 052 S3 S 0.06 StrA
A64 A 0149 S3 S 0.06 StrA
EC97 B2 UT S4 S 0.06 StrA
EC78 B2 uT S2 Amp C Cot Gen Na S Te 0.46 strA, aphA2 kpsMT II, papC
EC3 A R S2 Amp Cip Cot Na Te Tr 0.4 sull, tetA, tet B
ES56 A 060 S4 Amp Cot Na Tr 0.26 sull
EC9%4 A UT S4 Cot 0.06 sull
ES62 Bl 0147 S3 Amp Cx Cot Tr 0.26 sull
ES76 E 037 S2 Amp Cx Cpd Cot Tr 0.33 sull
ES40 Bl 060 S3 Amp Cip Cot Na S Tr 0.4 sull, strA
EA69 Bl 029 S2 Cot Te Tr 0.2 sull, sul2 intl
EC98 A UT S4 Amp Ctx Cx Cot Te Tr 0.4 sull, sul2, tetA
ES49 A 060 S4 Amp Cot Tr 0.2 sull, sul2, tetA
A9 A 0149 S5 Cot Te Tr 0.2 sull, sul2, tetA intl
ES12 B2 01 S1 Amp Cx Cpd Cot Te Tr 0.4 sull, sul2, tetA, strA, aphA2
EC2 Bl R S4 Amp Cip Cot Na S Te Tr 0.46 sull, sul2, tetA, strA, aphA2, intl

dhfrl
E135 B1 0103 S5 Amp Cot Cip Na Te Tr 0.4 sull, sul2, tetA, tetB
Ale A 0170 S4 Cot Te Tr 0.2 sull, sul2, tetA, tetB, aphA2 intl
Al C R S5 Cot Te Tr 0.2 sull, sul2, tetA, tetB, aphA2
EC1 E R S4 Amp Cip Cot Na Te Tr 0.4 sull, sul2, tetA, tetB, dhfrl intl
A63 C 0149 S3 Cot S Te Tr 0.26 sull, sul2, tetA, tetB, strA iutA, papC
Al4 A uT S5 Cot Te Tr 0.2 sull, tetA intl
Al10 B1 0149 S5 Cot Te Tr 0.2 sull, tetA, tetB
ES127 B2 R S4 Cot Na Te Tr 0.26 sull, tetA, tetB
ES134 B2 08 S4 Amp Cxm Cot S Te Tr 0.4 sull, tetB
A5 A R S2 Cot Te Tr 0.2 sul2, tetA, tetB, strA, aphA2
A62 A 09 S3 Cot S Gen 0.2 sul2, strA iutA, papC
N8 B2 04 S3 Amp Cot Gen Te Tr 0.33 sul2, tetA
ES3 B2 0157 S2 Amp Cip Cot Na Te Tr 0.4 sul2, tetA, tetB iutA, kpsMT II
A80 A 044 S3 S Te 0.13 tetA
A59 Bl 0149 S3 Na Te Tr 0.2 tetA
A69 Bl 029 S2 Cot Te Tr 0.2 tetA int 1
A4 Bl R S5 Amp Te 0.13 tetA
EC24 B2 052 S2 Amp Na Te 0.2 tetA
A50 A 0147 S4 Na Te 0.13 tetA
ES126 B2 UT S4 S 0.06 tetA, strA
EC100 A 090 S4 S 0.06 tetA, tetB
A66 B2 075 S3 S Te 0.13 tetA, tetB, strA iutA, kpsMT 11
EA67 B2 029 S3 Amp Cpd S Te 0.26 tetA, tetB, strA
EA75 B2 037 S5 Na S Te 0.2 tetA intl
ES34 A 020 S1 CS Te 0.2 tetA, strA
A7 A R S5 Na S Te 0.2 tetA, strA
A72 Bl uT S5 Na S Te 0.2 tetA, strA
A51 C 075 S4 Na Gen Te 0.2 tetA, strA
EC68 A uT S4 Amp Cx Cpd Te 0.26 tetA, tetB
ES75 E 087 S2 Amp Cx Cot Tr 0.26 tetA, tetB
EC42 F 025 S2 Amp Cip Cot Gen Na Te 0.4 tetA, tetB
EC8 A uT S3 Amp Cx Cpd S Te 0.33 tetA, tetB, strA
A23 A 0148 S3 S Te Tr 0.2 tetA, tetB, strA
A6 A R S5 Na S Te 0.2 tetA, tetB, strA
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Distribution of antibiotic resistance genes among ARGs-harboring E. coli isolates from five different stations in Cochin estuary. S1, Chitoor; S2, Bolgatty; S3, Off
Marine Science Jetty; S4, Thevara; S5, Barmouth. Statistically significant differences (p < 0.05) in the prevalence of ARGs between stations are indicated by
superscript letters. @ Between S1 and S2, b between S1 and S3,  between S1 and S4, ¢ between S1 and S5, € between S2 and S3, { between S2 and S4, & between S2 and

S5, ' between S3 and S4, ! between S3 and S5, / between S4 and S5.

ARGs Percentage (no. of isolate) Total (n = 122)
S1 (n=12) S2 (n = 31) S3 (n = 31) S4 (n = 22) S5 (n = 26)
blaggy © & ™ 66.6 (8) 67.7 (21) 54.8 (17) 31.8 (7) 57.6 (15) 55.7 (68)
blacrxp ® ¢ © & ™ 25 (3) 12.9 (4) 22.5 (7) 4.4 (1) 15.3 (4) 15.5 (19)
sulg & & e i 25 (3) 45.1 (14) 19.3 (6) 45.4 (10) 46.1 (12) 36.8 (45)
sul2 & B i 16.6 (2) 25.8 (8) 12.9 (4) 27.2 (6) 26.9 (7) 22.1 (27)
tetA & P & & 33.3 (4) 58 (18) 48.3 (15) 54.5 (12) 69.2 (18) 55.7 (68)
tetB ™ P ¢ e 8.3 (1) 38 (12) 25.8 (8) 31.8 (7) 34.6 (9) 30.3 (37)
strA ® ¢ e g h b 50 (6) 29 (9) 45.1 (14) 27.2 (6) 15.3 (4) 31.9 (39)
aphA2 > e defe 25 (3) 22.5 (7) 6.4 (2) 9.0 (2) 7.6 (2) 13.1 (16)
cat1 > o & b1 8.3 (1) 6.4 (2) 0(0) 0(0) 7.6 (2) 4(5)
dhfr1 > & ™3 0(0) 6.4 (2) 3.2 (1) 13.6 (3) 3.8 (1) 5.7 (7)
dhfr7 © 1 0 (0) 3.2(1) 0 (0) 4.5 (1) 0(0) 1.6 (2)

2.6. Antibiotic susceptibility test

Antibiotic resistance patterns of E. coli isolates (n = 300) were de-
termined by the disc diffusion method (Bauer et al., 1966) on Mueller-
Hinton agar (Hi-Media, India). The antibiotics and concentrations are
listed in Suppl. Table 3A. One of the MAR (multiple antibiotic-resistant)
isolates (CUSMBES11) was further analyzed using additional antibiotics
disks (Suppl. Table 3B). The isolates were classified as sensitive, in-
termediate, or resistant according to the Clinical Laboratory Standards
Institute guidelines (CLSI, 2012), after 24 h of incubation at 37 °C. MAR
index was calculated by dividing the number of antibiotics to which the
isolate was resistant by the total number of antibiotics used
(Krumperman, 1983).

2.7. Detection of antibiotic resistance genes and integrase genes

Eleven primer pairs were used for target genes encoding resistance
to: B-lactams [blargy (Marynard et al., 2003), blacrx.ar (Batchelor et al.,
2005)], tetracycline [tetA and tetB (Marynard et al., 2003)], gentamicin
[aphA2 (Marynard et al., 2003)], streptomycin [strA (Rosengren et al.,
2009)], sulphonamide [sull and sul2 (Marynard et al., 2003)], tri-
methoprim [dhfr]1 and dhfr7 (Navia et al., 2003)], and chloramphenicol
[catl (Marynard et al., 2003)]. The presence of integrons was analyzed
through PCR amplification of intl (Kraft et al., 1986), int2, and int3
integrase genes (Goldstein et al., 2001). PCR mixes of 25 pL final vo-
lume were prepared with 1 puL of total DNA, 0.2 uM of each primer, and
12.5 uL of EmeraldAmpE GT PCR Master Mix (Takara, Japan). The PCR
reactions were carried out using ProFlex™ 3x32-Well PCR system (Ap-
plied Biosystems, United States) under conditions as follows: initial
denaturation at 94 °C for 5 min, followed by 30 cycles of 94 °C for 30,
annealing (varied temperature, given in Suppl. Table 2) for 30s, and
72 °C for 1.5 min, with a final extension at 72 °C, 5 min. The primers are
shown in Suppl. Table 2. PCR products were analyzed by electrophor-
esis on a 1.5% agarose gel (Sigma-Aldrich, United States) stained with
ethidium bromide (Sigma-Aldrich, United States) and visualized by gel
documentation system (BioRad Gel Doc™ EZ Imager, United States).

2.8. Phylogenetic analysis

E. coli isolates positive for at least one virulence gene or ARG was
analyzed for phylogenetic groups. Phylogenetic grouping of the isolates
was determined by using the recently-developed quadruplex PCR pro-
tocol by Clermont et al. (2013). This method led to the assignment of an
E. coli isolate to one of the seven phylogenetic groups (A, B1, B2, C, D,
E, and F) and Escherichia cryptic clades I to V. All PCR reactions were
carried out in a final volume of 25 L containing 1 pL of total DNA,
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0.2 uM of each primer, and 12.5 pL of EmeraldAmp° GT PCR Master Mix
(Takara, Japan). PCR reactions were performed under the following
conditions: denaturation 4 minat 94 °C, 30 cycles of 5sat 94 °C and
20sat 57 °C (group E) or 59 °C (quadruplex and group C), and a final
extension step of 5minat 72 °C, on a ProFlex™ 3x32-Well PCR system
(Applied Biosystems, United States). The primers are shown in Suppl.
Table 2. PCR products were analyzed by electrophoresis on a 1.5%
agarose gel (Sigma-Aldrich, United States) stained with ethidium bro-
mide (Sigma-Aldrich, United States) and visualized by Gel Doc-
umentation System (BioRad Gel Doc™ EZ Imager, United States).

2.9. ERIC fingerprinting

ARGs-harboring E. coli isolates were analyzed using the en-
terobacterial repetitive intergenic consensus polymerase chain reaction
(ERIC-PCR) with primer ERIC-2 (Meacham et al., 2003). PCR mixes of
25uL final volume were prepared with 1L of total DNA, 0.2uM of
primer, and 12.5 yL of EmeraldAmp” GT PCR Master Mix (Takara, Japan).
The cycling conditions were as follows: 1 cycle of initial denaturation at
94 °C for 5min, followed by 30 cycles of denaturation (94 °C, 305s), an-
nealing (60 °C, 1 min), extension (72 °C, 1 min) and final extension (72 °C,
5min) on a ProFlex™ 3x32-Well PCR system (Applied Biosystems, United
States). The primer is shown in Suppl. Table 2. PCR products were ana-
lyzed by electrophoresis on a 2% agarose gel (Sigma-Aldrich, United
States) stained with ethidium bromide (Sigma-Aldrich, United States) and
visualized by gel documentation system (BioRad Gel Doc™ EZ Imager,
United States). Fingerprint data analysis Gelcompare II version 6.0 soft-
ware (Applied Maths, Texas) was used to analyze the ERIC-PCR finger-
prints of the E. coli isolates. Dendrograms were constructed using the
unweighted pair group method with arithmetic means (UPGMA).

2.10. Statistical analysis

Pearson's Chi-squared test was used to test whether antibiotic re-
sistance, ARGs-harboring E. coli isolates, EXPEC and VGs were evenly
distributed among sampling stations. It was also used to compare the
prevalence of ARGs between intl-positive and intl-negative multiple
antibiotic-resistant E. coli isolates. One-way Analysis of Variance
(ANOVA, Games-Howell) was applied to test whether MPN load was
evenly distributed among sampling stations. It was also applied to test
the frequency of distribution of different ARGs in E. coli isolates from
Cochin estuary. Pearson's correlation test was used to investigate the
positive and negative relationships of the physico-chemical parameters
with the occurrence of ARGs-harboring E. coli. Statistical analysis of the
results was carried out using IBMSPSS version 22 (IBM Corporation,
United States). Statistical significance was set at a p-value of < 0.05.
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B3 Psm-2011
B3 Psm-2012
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Fig. 2A. Fecal coliform concentration during monsoon, pre- and post-monsoon during the study period (2009-2012) at different stations in Cochin estuary. X-axis
labels indicate different sampling stations, n = no. of sample, Y-axis label indicates log,o (MPN/100 ml). S1, Chitoor; S2, Bolgatty; S3, Off Marine Science Jetty; S4,
Thevara; S5, Barmouth. The Box plot representing (from top to bottom), the maximum, upper-quartile, median, lower-quartile and minimum values of the data. Pre-
monsoon (PRM [n = 4], February to May); Monsoon (MON [n = 4], June-September); Post-monsoon (PSM [n = 4], October-January). Data of the sampling period
2013 (January [n = 1, PSM] - February [n = 1, PRM]) are not shown in Fig. 2A. Data of the sampling period PSM-2009 are not included in Fig. 2A, because sample

number is low, n = 3 (October, November and December).

3.3. Antibiotic resistance

Among E. coli isolates, 64% were resistant to at least one of the 15
antibiotics tested. The highest prevalence of antibiotic resistance was
observed for ampicillin (44%), followed by tetracycline (31%), and
nalidixic acid (27%). Furthermore, between 20% and 10% of E. coli
isolates were resistant to cefoxitin (20%), co-trimoxazole (20%), tri-
methoprim (20%), streptomycin (16%), and cefpodoxime (15%). The
prevalence of ciprofloxacin, gentamicin, cefuroxime, chloramphenicol,
cefotaxime, ceftriaxone, and ceftazidime resistance was low, with 8.6%,
5%, 4%, 3.6%, 3.3%, 2.3%, and 1.3%, respectively. Significant differ-
ences were observed in the prevalence of antibiotic resistance except
cefotaxime, cefoxitin, cefpodoxime, and ceftazidime among the dif-
ferent stations (p < 0.05) (Table 1). Station 2 had significantly highest
prevalence of ciprofloxacin, co-trimoxazole, chloramphenicol, genta-
micin, and nalidixic acid resistant isolates (p < 0.05). Whereas, S3 had
the highest prevalence of streptomycin resistant isolates (p < 0.05).
Furthermore, the prevalence of cefuroxime resistant isolates was sig-
nificantly high in S4 and S3 than those S1 (p < 0.05).
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Approximately, 37.6% of E. coli isolates were multiple antibiotic-
resistant. The MAR index ranged as follows: 0.2-0.6 (S1 and S4), 0.2-1
(S2), 0.2-0.8 (S3), and 0.2-0.7 (S5).

3.4. Prevalence of antibiotic resistance genes

Among the 300 tested isolates, 40.6% (n = 122) of E. coli had an-
tibiotic resistance genes (ARGs). More than 69% of ARGs-harboring
isolates had two or more ARGs. The isolate (CUSMBES11) had multiple
ARGs (all eleven ARGs tested). ARGs-harboring E. coli isolates mainly
belonged to phylogenetic group A (36.8%), B1 (23.7%), B2 (19.6%) and
to a lesser extent, to phylogenetic group D (8.9%), E (4.9%), C, and F
(3.2%) (Fig. 3). The characteristics of the ARG-harboring E. coli isolates
are shown in Table 2.

Significant differences were found in the frequency of different
ARGs from Cochin estuary (ANOVA, p < 0.05) (Suppl. Table. 6A-C).
The B-lactamase gene, blarg,, was detected more frequently among E.
coli isolates. Games-Howell analysis showed that the percentage of
distribution of blargy,, and tetA genes was significantly higher than to

ﬁﬁﬁﬁm

$3(n=3)

S4(n=3) $5(n=3)

Fig. 2B. Fecal coliform concentration at different stations in Cochin estuary during 2009 post-monsoon (PSM) period.
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Fig. 3. Phylogenetic group distribution of ARGs-harboring E. coli isolates. ARG
EC indicates ARGs-harboring E. coli isolates. Filled bars (ARG ExPEC) indicate
the percentages of ARGs-harboring EXPEC isolates.

blacrx.m, aphA2, catl, dhfrl, and dhfr7 (p < 0.05). Among tetracycline-
resistant strains (n = 94), 72.3% and, 39.3% had tetA, and tetB, re-
spectively (Suppl. Table 7). The blacrx.a harboring E. coli isolates were
dominated in phylogenetic group D. (Suppl. Fig. 2). The dominant gene
encoding sulphonamide resistance was sull. Among trimethoprim-re-
sistant isolates (n = 60), 11.6%, and 3.3% had dhfrl, and dhfr7, re-
spectively. Among streptomycin-resistant isolates (n = 47), 81.2% had
strA gene. Among gentamicin-resistant isolates (n = 17), 94.1% had
aphA2 gene. The sull, sul2, and strA were absent in phylogenetic group
F. Among chloramphenicol-resistant isolates (n = 11), 45.4% had cat1
gene. Significant differences were observed in the prevalence of ARGs
among five different stations (p < 0.05) (Table 3). Moreover, the
prevalence of sull, tetA, tetB, and dhfr]l was significantly higher in S2
compared to S1 (p < 0.05). Conversely, the prevalence of blacrx.y and
strA was significantly higher in S1 compared to S2 (p < 0.05). The
prevalence of aphA2 harboring E. coli isolates was significantly higher
in S1 and S2 than that of other stations (p < 0.05). The prevalence of
blargy and blacrx.p harboring E. coli isolates was significantly lower in
S4 (p < 0.05) than that of other stations. The prevalence of sull and
sul2 harboring E. coli isolates was significantly lower in S3 than that of
S2, S4, and S5 (p < 0.05).

Pearson's correlation results showed that the physico-chemical
parameters had no effects on the year-wise occurrence of ARGs-har-
boring E. coli. Conversely, a significant negative correlation with nitrite
concentration and the occurrence of ARGs-harboring E. coli was evident
during the monsoon period.

3.5. Prevalence of integrase

The prevalence of int1-harboring E. coli isolates was 7.6% (23/300).
Moreover, two E. coli isolates had both int1 and int3 genes. No int2 gene
was detected. Among int1-positive isolates, 94% (20/23) were multiple
antibiotic-resistant. A significant positive association was observed
between the occurrence of ARGs (blacrx.a, sull, sul2, aphA2, catl,
dhfrl, and dhfr7) and the occurrence of int] among multiple antibiotic-
resistant E. coli isolates (Suppl. Table. 8A). Station 1 had a significantly
lower prevalence of int1 than that of other stations (p < 0.05) (Suppl.
Table. 8B).

3.6. Prevalence of ExPEC and STEC

Extraintestinal virulence genes (papAH, papC, sfa/focDE, kpsMT II,
and iutA) were screened in 300 E. coli isolates. Isolates were classified as
ExPEC if they were found to be positive for two or more VGs such as
papAH, papC (P fimbrial assembly), sfa/focDE (S and F1C fimbriae), iutA
(aerobactin receptor) and kpsMT II (group II capsule). Extraintestinal
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Fig. 4A. Prevalence of EXPEC among five different stations in Cochin estuary.
S1, Chitoor; S2, Bolgatty; S3, Off Marine Science Jetty; S4, Thevara; S5,
Barmouth.
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Fig. 4B. Prevalence of virulence genes among five different stations in Cochin
estuary. S1, Chitoor; S2, Bolgatty; S3, Off Marine Science Jetty; S4, Thevara; S5,
Barmouth.

virulence genes were detected in 52 E. coli isolates and 16.3% (49/300)
were EXPEC. EXPEC isolates mainly belonged to phylogenetic group B2
(57.1%) followed by D (20.4%), B1 (8.1%), A (6.1%), E (4.1%), F,
(2.1%), and E (2.1%). The prevalence of ExPEC and virulence genes
among different stations is shown in Fig. 4A. The prevalence of EXPEC
isolates was significantly higher in S2 than that of other stations
(p < 0.05) (Suppl. Table 9A). The iutA (aerobactin acquisition), papC
(P fimbriae) and kpsMT II (group 2 capsule synthesis) genes were fre-
quent among ExXPEC isolates (Fig. 4B). The prevalence of virulence
genes except for stx1, papAH, and sfa/focDE was varied between 9% and
13% (Suppl. Table. 9B). The iutA and kpsMT II was the most frequent
combination of virulence genes detected. Twenty-five strains showed
this combination. Significant differences were observed in the pre-
valence of papC, kpsMT II, and iutA among five different stations
(p < 0.05). S2 had the highest prevalence of virulence genes such as
kpsMT 1II, iutA, and papC (p < 0.05). The prevalence of stx1 was low
(0.3%). Only one isolate had stx1 gene. This STEC isolate (CUSMBES11)
also had extraintestinal virulence genes.

3.7. Co-occurrence of antibiotic resistant genes and virulence genes

Fifty-five percent (27/49) of the EXPEC isolates were resistant to at
least one antibiotic, and approximately 26.5% (13/49) were multiple
antibiotic-resistant. Resistance to ampicillin, nalidixic acid, sulphona-
mides, and cefoxitin was relatively frequent among ExPEC. More than,
34% (17/49) of ExPEC had ARGs. Furthermore, between 14 and 27% of
ExPEC had strA, blargy, tetA, sul2, tetB, and aphA2. A statistically sig-
nificant association was observed between six virulence genes (papAH,
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papC, sfa/focDE, kpsMT II, iutA, and stx1) and ARGs (catl, dhfr, and
dhfr7) (p < 0.05) (Table 4). All the virulences genes except kpsMT II
showed a statistically significant association with aphA2 (p < 0.05).
ARGs-harboring pathogenic E. coli isolates were significantly high in
stations (S2 and S3) close to Cochin City (p < 0.05) (Suppl. Table. 9C).
The kpsMT II, papAH, sfa/focDE, and stx1 showed a significant positive
association with the blacrx.p gene (p < 0.05). Moreover, iutA showed a
positive association with tetB, whereas papC associated with strA
(@ < 0.05).

3.8. ERIC fingerprints

ARGs-harboring E. coli isolates were characterized by ERIC PCR to
determine the genetic diversity among the strains. All the isolates were
typeable and produced amplicon size ranging from 150 to 1400 bp. E.
coli isolates were grouped in eleven different clusters (Fig. 5). In ERIC-
PCR, ES11 yielded amplicon sizes of 150, 275, 350, 500, 700, 800, and
1400 bp and clustered separately (Suppl. Fig. 3).

3.9. Detection of a hypervirulent E. coli

Isolate CUSMBES11 had the highest number of resistance to tested
antibiotics (n = 35, antibiotic classes: penicillins, cephalosporins, van-
comycin, aminoglycosides, tetracyclines, macrolides, chloramphenicol,
quinolones, rifampin, sulfonamides, and trimethoprim). Furthermore,
the isolate had multiple ARGs (blargy, blacrx.u, tetA, tetB, sull, sul2,
strA, aphA2, catl, dhfrl, and dhfr7), integrase (intland int3), Shiga toxin
gene (stx1), and extraintestinal virulence genes (papAH, papC, sfa/
focDE, kpsMT II, and iutA). The isolate belonged to the B2 phylogenetic
group. Moreover, this most potentially pathogenic strain was isolated
from S2. The GenBank accession number of the strain is JX183942.1.

4. Discussion

We sampled estuarine water to investigate the involvement of es-
tuary in the emergence of ARGs-harboring hypervirulent E. coli. E. coli
are one of the possible indicators to assess the antibiotic resistance
status in environmental settings, as these are the most frequent carriers
of acquired ARGs (Berendonk et al., 2015). In India, only 12.45% waste
is scientifically processed and remaining sewage flows into the water
bodies or the ground without any treatment (CPCB, 2013). Only two
sewage treatment plants are operational (STPs) in Cochin City and rely
upon activated sludge tanks to reduce the organic load of the primary
effluents (CPCB, 2015b). Municipal sewage treatment plants are con-
sidered as “hotspots” for horizontal gene transfer and the release of ARB
and ARGs into the aquatic environment (Bibbal et al., 2018; Reinthaler
et al, 2010; Um et al.,, 2015). Because of the inadequate sewage
treatment facility, Cochin estuary receives 1.04 X 10°m? of untreated
industrial effluents and 260 m> of domestic or sewage waste (Gupta
et al., 2016). The major polluting industries in the region include
Hindustan Insecticides Ltd., Fertilizers and Chemicals Travancore Ltd.,
Mercham Ltd., Indian Rare Earth Ltd., and Binamizinc. The products
include dichlorodiphenyltrichloroethane (DDT), endosulfan, dicofol,
thiazoles, sulphamides, and zinc ingots (CPCB, 2015a).

The remarkably low salinity during the monsoon period indicated
the freshwater influx in the study area (Jyothibabu et al., 2006). The
high amount of organic material is responsible for the decrease of dis-
solved oxygen in the backwaters (Babu et al., 2006). Industrial and
domestic sewage that reach directly into Cochin estuary may contribute
to the prevailing high nutrient concentration in the study area (CPCB,
2015a; Jyothibabu et al., 2006). The present study found that the MPN
load of FC exceeded by far the maximum limits recommended by
standards (USEPA, 2003). Station 2 and 3, close to Cochin City had high
MPN load. The fecal contamination is predominantly due to the lack of
modern and efficient sewage treatment facilities in the Cochin City
(CPCB, 2015b). Biomedical waste treatment facilities are not available

244

International Journal of Hygiene and Environmental Health 222 (2019) 235-248

in Cochin City (CPCB, 2016). Fish markets in Cochin City and adjacent
area are dumping 27.5% of seafood solid waste into canals and back-
waters (Sasidaran and Saleena, 2011). Seafood processing units in Co-
chin City and adjacent area are equipped with effluent treatment plants
for the discharge of liquid waste effluents into the backwaters
(Sasidaran and Saleena, 2011).

E. coli isolates were showed resistance against critically important
and highly important class of antibiotics listed by the World Health
Organization (WHO, 2017). WHO has categorized antibiotics into 3
categories (critically important, highly important, and important) based
on their importance to human medicine. According to the latest revised
edition of the document (WHO, 2017), cefotaxime, cefpodoxime, cef-
tazidime, ceftriaxone, ciprofloxacin, nalidixic acid, gentamicin, strep-
tomycin, and ampicillin are ranked as critically important, while ce-
furoxime, cefoxitin, chloramphenicol, co-trimoxazole, tetracycline, and
trimethoprim, feature among the highest important, highlighting the
relevance of the antibiotic resistance detected in the current study. The
antibiotic resistance of E. coli isolates was higher than those previously
reported from the Seine estuary in France (Laroche et al., 2009). The
prevalence of antibiotic resistance against tetracycline, cefotaxime, and
ciprofloxacin was higher than those previously reported from Tagus
estuary in Portugal (Pereira et al., 2013). Station 2 had the highest
prevalence of antibiotic resistance. This report supports the finding of
the previous study in which isolates from wastewater receiving sites
showed higher antibiotic resistance (Korzeniewska et al., 2013).

The prevalence of ARGs-harboring E. coli isolates was higher than
those previously reported from the Tagus estuary in Portugal (Pereira
et al., 2013). In their study, the prevalence of blargy,, tetA, tetB, and sull
was 45.5%, 46.1%, 40%, and 30%, respectively. The B-lactamase gene,
blargy was predominant in the present study. The findings presented
here were consistent with previously reported results from the hospital
and municipal sewage in Poland (Korzeniewska et al., 2013), municipal
wastewater treatment plant in France (Diallo et al., 2013), and sewage
sludge in Austria (Reinthaler et al., 2010). The extended spectrum [3-
lactamase gene, blacrx. was detected more frequently among cefo-
taxime-resistant E. coli isolates. This is in agreement with other studies
showing that blacrx s gene was predominant in E. coli from the aquatic
environment (Leonard et al., 2018; Tacao et al., 2012).

Our data showed that the tetA gene was more frequently detected
than tetB among tetracycline-resistant isolates. This is consistent with
previously reported results from aquatic environments in Portugal
(Tacao et al., 2014), and Japan (Hu et al., 2008). In sulfonamide-re-
sistant E. coli, sull was predominant. Sulfonamides resistance genes
could be transferred from commensal bacteria, via integrons, transpo-
sons or plasmids, into more virulent bacteria in the human intestine
(Guerra et al., 2003). Sull gene is one of the most commonly detected
sulphonamide-resistant genes in the environment (Pei et al., 2006). The
prevalence of strA, and aphA2 was high among streptomycin-resistant
and gentamicin-resistant isolates, respectively. Diallo et al. (2013) re-
ported the presence of strA gene from City wastewater in France. The
catl gene showed a moderate prevalence among chloramphenicol-re-
sistant isolates. The prevalence of aphA2 and catl was higher than those
previously reported from Lake Ontario in Canada (Hamelin et al.,
2006). Trimethoprim resistance genes, dhfrl and dhfr7 were highly
detected from S2 and S4. This is consistent with previously reported
results from the United States in which isolates from effluents receiving
sites had dhfr genes (Suhartono et al., 2016). The ARGs (blargy, blacrx.
M, Sull, sul2, aphA2, and int1) monitored in the current study have been
listed as possible candidate genes, frequently occurring in environ-
mental settings (Berendonk et al., 2015). Significant differences were
found in the distribution of different ARGs among different stations.
This result is in agreement with other studies showing that the release
of wastewater into the aquatic environment has resulted in a high
prevalence of ARGs-harboring E. coli in surface water (Czekalski et al.,
2014; Rodriguez-mozaz et al., 2015).

No significant correlation was found between different physico-
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chemical parameters and year-wise occurrence of ARGs-harboring E.
coli. However, a significant negative correlation was found between
nitrite concentration and occurrence of ARGs-harboring E. coli during
the monsoon period. Although physico-chemical parameters have the
potential to enhance the effect of selective pressures and promote
bacterial evolution towards antibiotic resistance, there is still a poor
understanding of the environmental factors that may alleviate the
spread of antibiotic resistance (Berendonk et al., 2015). Na et al. (2018)
reported that antibiotic-resistant strains were less successful with in-
creases of salinity and nutrient availability. Sabri et al. (2018) reported
a positive correlation with ammonium concentration and ARGs and a
negative correlation with DO and ARGs in a wastewater effluent-re-
ceiving river in the Netherlands.

The prevalence of int1 positive E. coli (7.6%) was low in Cochin
estuary, which was similar to previous observations (Laroche et al.,
2009; Pereira et al., 2013). Our results showed a strong correlation
between intl positive isolates and ARGs in agreement with previously
reported results from various environments in the People's Republic of
China (Ma et al., 2017) and wastewater treatment plants in Tunisia
(Rafraf et al., 2016). The gene cassettes of class 1 integrons could carry
diverse antibiotic resistance genes (ARGs) and conduct horizontal gene
transfer among microorganisms (Ma et al., 2017). Class 1 integrase
(intl) has considered as a good proxy for anthropogenic pollution
(Berendonk et al., 2015; Ma et al., 2017).

The prevalence of EXPEC isolates was 16.3%. The presence of EXPEC
in Cochin estuary is a matter of concern, because it is known to be
detected from clinical settings (Chakraborty et al., 2016). The pre-
valence of papAH and sfa/focDE was low (0.3%, 1/300). This result is in
agreement with other studies showing that papAH and sfa/focDE posi-
tive isolates have been isolated from extraintestinal infections
(Chakraborty et al., 2016; Martinez-Medina et al., 2009). Similar to our
findings, several authors reported the occurrence of extraintestinal
virulence genes in E. coli isolated from wastewater (Biswal et al., 2014;
Diallo et al., 2013). The increasing ARG-harboring E. coli would make
the future management of extraintestinal infections more challenging
(Chakraborty et al., 2016).

The prevalence of stxI gene was very low. The isolate CUSMBES11
had the stxI gene. Our results are in agreement with other studies
showing a lower prevalence of stx genes from City wastewater and
slaughterhouse wastewater in France (Bibbal et al., 2018; Diallo et al.,
2013). Moreover, the STEC was multiple antibiotic-resistant and had
multiple ARGs and extraintestinal virulence genes. This is, to our
knowledge, for the first time a hypervirulent strain detected from the
estuarine water. This pathogenic strain might have acquired antibiotic
resistance genes either horizontal gene transfer or continuous exposure
to antibiotic agents (Kristiansson et al., 2011; Li et al., 2009). This is of
particular concern because certain strains of E. coli are emerging as a
pathogen of global significance with an increased number of disease
outbreaks and consequent deaths. The causative agent of one of the
world's largest outbreak was a hypervirulent strain harboring ESBL
genes blacrx.a1s and blargy,; (Beutin and Martin, 2012; Grad et al.,
2013; Mellmann et al., 2012; Muniesa et al., 2012).

ERIC-PCR analysis revealed high genetic diversity among the ARGs-
harboring E. coli isolates. The high genetic diversity in E. coli isolates
might be due to a different source of pollution or difference in the rate
of horizontal gene transfer (Luna et al., 2010). ERIC-PCR can be ex-
tremely useful for understanding the genetic diversity and improve our
knowledge of potentially pathogenic strains. The prevalence of anti-
biotic resistance, ARGs, EXPEC and VGs was high in S2 and S3, stations
close to Cochin City. The present study highlighted the fact that stations
close to the urban region contribute to the dissemination of antibiotic-
resistant and pathogenic E. coli in the aquatic environment. The Cochin
estuary is used for different recreational and sporting activities and also
for swimming. Direct contact with the polluted estuarine water can lead
to colonization or infection (Leonard et al., 2018). Thus, using the
Cochin estuary for recreational purposes might result in potential
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health hazards.

The present study forms one of the most important records from this
region depicting antibiotic resistance. It is very important to take ne-
cessary steps towards the control of antibiotic resistance in environ-
mental settings. International organizations such as World Health
Organization (WHO, 2015), European Union (EU, 2017), and United
States Center for Disease Prevention and Control (US-CDC, 2015) have
proposed several guidelines and recommendations to curb antibiotic
resistance. These recommendations and action plans can aid in sys-
tematizing ARB and ARGs containment in India and make it compar-
able to global efforts. Given the public health threat posed by antibiotic
resistance, the national and international policy and management op-
tions should be prioritized to tackle antibiotic resistance in the en-
vironment.

5. Conclusion

e This is the first report of an environmental multiple antibiotic-re-

sistant STEC harboring multiple ARGs and extraintestinal virulence

genes.

Prevalence of ARG-harboring E. coli in estuarine water could be a

cause for concern because E. coli has high potential to disseminate

ARGs.

Co-occurrence of ARGs and VGs could lead to a serious problem in

the treatment of human ExPEC infections.

Stations close to the City (S2 and S3) had the high prevalence of

antibiotic-resistant E. coli, ARGs, and VGs.

Anthropogenic interactions play a major role in the emergence of

new resistant hypervirulent bacterial strains.

The findings confirm the need for a better wastewater treatment

facility and proper control measures to reduce the discharge of

sewage and wastewater into the aquatic environments.

e Continuous monitoring of the estuarine environment is necessary for
future studies.
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