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Abstract

The unregulated release of heavy metals and antibiotics into rivers has the potential to significantly impact human health.
Infections caused by healthcare-associated pathogen, carbapenem-resistant Klebsiella pneumoniae (CRKP), present a critical
challenge to clinical practitioners due to its resistance to last-line antibiotics. In this study, we investigated co-contamination
of heavy metals (As, Cd, Cr, Mn, and Pb) and CRKP isolates in water samples from multiple sites along the river receiv-
ing wastewater discharge from urban areas of twin-city, Odisha. We used a composite risk scoring framework integrating
chemical risks (based on hazard indices (HI) of heavy metals) and biological risks (based on the proportion of CRKP isolates
exhibiting multidrug-resistant phenotypes and their multiple antibiotic resistance (MAR) index. Furthermore, Spearman’s
correlations and redundancy analysis (RDA) were employed to assess the association between heavy metals and antibiotic
resistance genes (ARGs). From the total CRKP isolates identified (n=91), 90.1% and 9.89% exhibited multidrug resistant
(MDR) and extensively drug-resistant (XDR) phenotypes, respectively. Sites D2 and C2 were flagged as high-risk sites
based on their composite risk scores of 0.735 and 0.699, respectively. Positive correlations were observed between heavy
metals and ARGs (blagx.ag, blatgy, and blagyy). The findings raise concern regarding the potential threat of CRKP and
heavy metal pollution in river water while also emphasizing the need for integrated assessment to control their release into
the environment.

Keywords Heavy metals - Carbapenem-resistant Klebsiella pneumoniae - Antimicrobial resistance - Risk assessment -
Virulence - River water

Introduction

River water plays a vital role in the functioning of eco-
systems and offers essential services that benefit human
well-being. However, the proper functioning of rivers is
disturbed due to the impact of anthropogenic activities,
thus affecting the surface water quality. The discharge of
partially treated/untreated wastewater directly into the riv-
ers has resulted in the release of heavy metals, antibiotics,
and various opportunistic pathogens into the environment.
Heavy metals (HMs) enter the river through both natural and
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anthropogenic sources, including metals released from rock,
animal farming, treated and untreated household wastes,
urban runoff, mining and industrial discharges, and agricul-
tural wastes [1, 2]. Certain heavy metals at low concentra-
tions are crucial for various biological macromolecules and
cellular processes; however, chronic exposure to increased
HM concentrations has adverse outcomes on micro and
macro organisms [3, 4]. Heavy metals like Cd, Pb, Cr, and
As can cause nephrotoxicity and chronic kidney diseases,
while excessive Mn has been linked to neurotoxicity [5].
Residual antibiotics persist in the environment, fostering the
growth of antibiotic-resistant bacteria (ARB) and accumu-
lation of antibiotic resistance genes (ARGs) which can be
horizontally transferred to other pathogens, posing a signifi-
cant health risk.

Klebsiella pneumoniae is a leading cause of hospital
and community-acquired infections, such as pneumonia,
urinary tract infections, wound infections, and bloodstream

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00248-025-02562-9&domain=pdf
http://orcid.org/0000-0002-4491-4168

62 Page 2 of 19

P.P. Swain et al.

infections, being listed as a priority pathogen by the World
Health Organization (WHO) [6]. The rising incidence of
carbapenem-resistant K. pneumoniae (CRKP) is associated
with high mortality rates reaching up to 40-50% in non-
native infections [7, 8]. Moreover, the spread of CRKP into
the aquatic environments is particularly worrisome due to
the risk posed to human health from exposure to the con-
taminated rivers [9]. Besides, HM contamination in the envi-
ronment poses a substantial risk to the selection and emer-
gence of ARB through co-resistance and cross-resistance
mechanisms [10]. Recent studies have reported the emer-
gence and persistence of antimicrobial resistance (AMR) in
pathogens due to heavy metal contamination in the environ-
ment [11]. Resistance to antibiotics and heavy metals often
co-exists on mobile genetic elements (MGESs) such as plas-
mids, integrons, and transposons that facilitate horizontal
gene transfer (HGT) among bacteria. Such co-occurrence
patterns have been reported in diverse environments, such
as rivers, wastewater treatment plants, and areas associated
with agricultural, industrial, and clinical activities [12].
Mechanisms such as overexpression of efflux pumps and
reduced membrane permeability have been implicated in
both antibiotic and heavy metal resistance [13]. Given this
significant overlap between metal and antibiotic resistance
mechanisms, studying the CRKP and heavy metal pollution
in water systems may offer insights into potential associa-
tions relevant to antimicrobial resistance monitoring.

Antibiotic resistance is notably high in regions such as
Africa and Southeast Asia mostly due to poor hygiene, insuf-
ficient healthcare facilities, and the absence of robust pollu-
tion control regulations [14]. Despite the growing concern,
there remains limited research on the co-occurrence and spa-
tial distribution of heavy metals and CRKP in river systems
receiving urban wastewater. Importantly, there is a need to
assess the spatial co-occurrence of these contaminants and
their potential association that may support the persistence
of ARGs. Therefore, in this study, we focused on two popu-
lated and urban twin cities in the eastern part of India, sur-
rounded by over 500 hospitals, nursing homes, and clinics.
We hypothesized that the co-occurrence of heavy metals and
CRKP in wastewater-contaminated rivers may result in con-
ditions conducive to ARG persistence. By using redundancy
analysis (RDA) and integrating chemical (hazard indices)
and biological risk assessments (MAR indices), we aim to
explore their associations and provide novel insights into the
public health risks associated with wastewater discharge into
the riverine ecosystems.
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Methodology

Description of the Study Area and Water Sample
Collection

The Mahanadi River system is the third most extensive river
system in Peninsular India, following the Godavari and
Krishna rivers. It is also the largest river with an approximate
length of 494 km in the state of Odisha. The sampling sites
encompass the Mahanadi River and its tributaries (Kathajodi,
Kuakhai and Daya), spanning two adjacent Tier-II cities in
India, viz. Cuttack and Bhubaneswar (Fig. 1). Both cities are
considered health capitals and industrial hubs of the eastern
part of India, with an estimated population of 1.8 million.
These cities are rapidly evolving metropolitan hubs, with
Bhubaneswar (State capital of Odisha) specifically recog-
nized as a Smart City under the Government of India’s smart
city project. The rivers Kathajodi, Kuakhai, and Daya serve
as critical water sources for the twin city, supporting recrea-
tional activities, agriculture, and livestock farming. However,
multiple reports highlight the severe public health concerns
associated with these water bodies. Notably, contaminated
water from the Daya river has been linked to an outbreak of
acute diarrhea affecting over 90 people, with several deaths
[15, 16]. These incidents underscore the urgent need to moni-
tor and mitigate the environmental and public health risks
posed by polluted river water.

The water samples were taken during the post-winter
season March—April 2023, because it has low precipitation
and minimal runoff, which reduces the dilution impact. This
allows for a more precise characterization of the microbial
population and resistance profile in the river system. The col-
lection sites spanned a total distance of 70 km, covering both
rural and urban areas. Between upstream and downstream,
the midstream of the river system is exposed to human activi-
ties (also referred to as catchment areas) and received urban
wastewater (including domestic wastewater, industrial waste-
water, hospital wastewater, and sewage water) discharge.

Water samples in triplicates (one liter each) were col-
lected 0.5 m below the river surface in a clean sterile
amber glass bottle from nine sampling sites representing
river water (C1: Mahanadi River; C3: Kathajodi river; C5:
Kuakhai river; D1: Daya river; D3: Daya river at catchment;
and D4: Daya at downstream) and urban wastewater (C2:
wastewater discharge to Kathajodi; C4: wastewater discharge
to Kuakhai; and D2: wastewater discharge to Daya) (Sup-
plementary Table 1). Site C1 was chosen as the control site
for all the rivers due to its minimal anthropogenic influence
during water collection. A total of 27 water samples were
collected, transported in cooling conditions to the labora-
tory, and processed for the physicochemical, metal, and
bacteriological analyses on the same day of collection. The
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Fig. 1 Map showing sampling sites (red color) across the distributaries of River Mahanadi encompassing the district of Cuttack and Bhubane-

swar, Odisha, India

samples in triplicates were pooled as a single representative
sample from each site.

Physicochemical Parameters and Heavy Metal
Composition Analyses

The water parameters, pH, and temperature were measured
using a pH meter (Adwa AD12) and a digital thermometer
(MT-222 Digiflexi, Dr. Morepen, India), respectively. Addi-
tional parameters, including Biological Oxygen Demand
(BOD), Chemical Oxygen Demand (COD), and Dissolved
Oxygen (DO) were assessed according to the guidelines pro-
vided by American Public Health Associations [17], and
results were interpreted according to the United States Envi-
ronmental Protection Agency (EPA) [18], WHO, and Bureau
of Indian Standards (BIS) [19]. Furthermore, membrane

filtration technology was used to compute the total coliform
(TC) and fecal coliform (FC) [17].

Heavy metals, namely, arsenic (As), cadmium (Cd), chro-
mium (Cr), manganese (Mn), and lead (Pb), were analyzed
using an inductively coupled plasma-optical emission spec-
trometer instrument (ICP-OES, USA) (Agilent 7700 X ICP-
MS, USA). The results were interpreted according to the
standard limits established by the EPA, WHO, and BIS.

Heavy Metal Contamination Assessment

To understand the contamination of heavy metals in the sur-
face water of the river system, contamination factor (Cf) and
contamination degree (Cd) were measured by using Eq. (1)
and (2) as described by Pobi et al. [20]. The Cf values < 1,
1<Cf<3,3<Cf <6, and > 6 are classified as having a low,
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moderate, considerable, and very high level of contamina-
tion, respectively. Similarly, if the Cd values are <8, 8 < CD
<16, 16 <Cd <32, CD > 32, they are classified as low risk,
moderate risk, considerable risk, and high risk, respectively.

Cfi = Ci/Bi (1

Cfi represents the contamination factor of the ith metal;
Ci/Bi is the ratio of the measured concentration of metal
in the water sample and the background value of the metal
(mg/kg). The background concentration of heavy metals was
determined as described by Husain et al. (2020). The con-
centration of heavy metals at Rajim, an upstream station in
the Mahanadi River, was taken as the background values of
heavy metals [21]

=Y a @

The pollution load index (PLI) measures the cumulative
metal pollution load in the study area by using Eq. (3). The
obtained values were categorized as no pollution (PLI < 1),
moderate pollution (1 <PLI <2), heavy pollution (2 <PLI
< 3), and extremely heavy pollution (3 <PLI).

PLI = (Cf1 X Cf2 X --- X Cfn)/"th (3)

Cfn represents the contamination factor of nth metal, and
n is the number of metals.

Human Health Risk Assessment

Humans are usually exposed to heavy metals through three
major routes: ingestion, skin contact, and respiration. In
this study, the risk to human health due to metal exposure
through dermal contact and ingestion has been evaluated.
The EPA computations were used to carry out the health
risk evaluation where chronic daily intake (CDI) ingestion

and CDI dermal indicate the chronic daily intake of metals
by ingestion and dermal adsorption using Egs. (4) and (5),
respectively [22, 23]

@

CDI ingestion = <I—R X EF X ED )C

BW x AT

SAXET X Kp X EF X ED X CF
CDI dermal = < id >Cw

BW x AT
&)

where IR is the ingestion rate per unit time (L/day), EF is the
exposure frequency (days/year), ED is the exposure duration
(years), BW is body weight (kg), AT is the average exposure
time (days), and Cw refers to heavy metal concentration in
water (ug/L). The other variables are listed in Table 1.

The hazard quotient (HQ) was determined from CDI
ingestion and CDI dermal exposure using Egs. (6) and (7) as
described by Imran et al. (2019).

CDI ingestion

HO ingestion = ——2—"""""
Q ingestion iRID (6)
CDI dermal
HQd |l=—
Q derma dR/D 7

where iRfD and dRfD refer to reference dose for ingestion
and reference dose for dermal.

Table 1 represents the factors and assumptions used to esti-
mate the exposure to heavy metals through ingestion and der-
mal absorption, explicitly focusing on their non-carcinogenic
health impact.

Hazard index (HI) representing the potential non-carcino-
genic risk of heavy metals ingested and absorbed dermally
was evaluated for both adults and children by using the Eq.
(8) [24, 25]. HI > 1 denotes probable adverse effects of metals
on human health, and < 1 denotes no adverse effect on human
health.

Table 1 Parameter used for

calculating human health risk
assessment through ingestion
and dermal exposures

Parameters Unit Adult Children
Ingestion rate (IR) L/day 2 0.64
Exposure frequency (EF) Days/year 365 365
Exposure duration (ED) Years 70 6
Avg body weight (BW) kg 70 20
Avg time (AT) days 25550 2190
Skin area (SA) cm? 18000 6600
Exposure time (ET) h/day 0.58 1
Permeability coefficient (Kp) cm/h 0.002 for Cr; 0.001 for other metals
Conversion factor (CF) L/cm? 0.001
Reference dose (RfD) pg/kg/day Ingestion (iRfD):As, 0.3; Pb, 1.4; Cr, 3; Mn, 20;
Cd, 0.5

Dermal (dRfD): As, 0.123; Pb, 0.42; Cr, 0.015;
Mn, 0.8; Cd, 0.005
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Isolation and Identification of CRKP Isolates

Water samples were passed through 0.22 pm (pore size) cel-
lulosic membrane filter (Himedia, India) and the membrane
was subsequently washed with 0.85% (w/v) NaCl solution.
The eluant was serially diluted up to 10~ times, and dilutant
(100 pL) spread on HiCrome™ Klebsiella Selective Agar Base
(HiMedia) plate supplemented with meropenem (4 mg/L) and
incubated at 37 °C for 24 h. The dark purple bacterial colonies
(in the range of 30 to 300) were proceeded for further char-
acterization. The DNA was extracted from overnight grown
pure cultures of Klebsiella sp. using the modified Rapid One
Step Extraction (ROSE) method [26]. Briefly, 1.5 mL of cul-
ture was centrifuged at 10,000 g for 10 min, and 500 pL of
ROSE buffer was added to the pellet and mixed by pipetting.
The mixture was incubated in a water bath at 85 °C for 1 h,
followed by the addition of phenol to chloroform to isoamyl
alcohol (PCI, 25:24:1) solution. After mixing the solution, it
was further centrifuged for 10 min. The aqueous layer was
transferred to another tube to which 2 volumes of chilled abso-
lute ethanol was added, followed by incubation for 1-2 h at
—20 °C. Following centrifugation for 5 min, the supernatant
was discarded, pellet air dried and dissolved in 50 pL of T (E,
buffer. The DNA quality and quantity were evaluated using
agarose gel electrophoresis and Nanodrop™, respectively. All
the carbapenem resistant Klebsiella sp. were further confirmed
as K. pneumoniae (CRKP) through the amplification of the
16S-23S internal transcribed spacer (ITS) region and using
K. pneumoniae ATCC13883 as a control strain. Polymerase
chain reaction (PCR) was conducted in a 25 pL reaction mix-
ture containing 12.5 pLL of Taq PCR master mix (2X) (Qiagen,
Germany), 1 pL each of forward and reverse primer (10 pM),
1 L template (25 ng), and 9.5 pL of nuclease-free water. PCR
conditions were as follows: initial denaturation at 94 °C for
3 min; 35 cycles of 94 °C for 1 min, 51.3 °C for 45 s, and 72
°C for 1 min; and a final extension at 72 °C for 10 min. Primers
used in this study are listed in Supplementary Table 2.

Molecular Typing of CRKP Isolates

The clonal relatedness of the CRKP isolates was determined
using (GTG)s-PCR, a repetitive extragenic palindromic
sequence-based PCR method [27]. The template DNA from
CRKP isolates confirmed through ITS-PCR amplification was
amplified using (GTG); primer (Supplementary Table 2). The
temperature profile for (GTG)5-PCR was as follows: 7 min of
initial denaturation at 94 °C; 30 cycles of denaturation at 95
°C for 30 s, annealing at 45 °C for 1 min, and elongation at 65

°C for 8 min; and a final extension at 65 °C for 16 min. The
unique fingerprinting pattern of the CRKP isolates and the
identical fingerprinting pattern of isolates from different sites
were selected for downstream analysis.

Antimicrobial Susceptibility Study and Multiple
Antibiotic Resistance (MAR) Index

The phenotypic screening for antimicrobial susceptibility of
all CRKP isolates was performed by Kirby-Bauer disk diffu-
sion test. The antibiotic disks and their concentrations used are
mentioned in Supplementary Table 3. The polymyxin (colis-
tin) resistance was tested by broth microdilution method as
described by Das et al. [28]. The E. coli ATCC 25922 was
used as a reference strain, and results were interpreted as per
the Clinical & Laboratory Standards Institute (CLSI, 2020).
Based on resistance phenotype, isolates were classified into
either multi-drug resistant (MDR; resistant to at least one anti-
biotic in three or more classes of antibiotics) or extensively-
drug resistant (XDR; resistant to at least one antibiotic in all
but two or fewer antibiotic classes) categories [29]. The MAR
index was calculated using the formula as mentioned by Singh
et al. [30]:

No. of antibiotics to which the isolate was resistant
Total number of antibiotics tested

MAR index =

Molecular Detection of Resistance Genes

To determine the presence of carbapenem resistance
genes (blaypy, blagpe, and blagya_4g), €xtended-spectrum
B-lactamases (ESBLs) (blacrxs blagyy, and blapgy,), and
outer-membrane porins (ompK35, ompK36, and ompK37),
PCR was carried out. The PCR reaction mixture and con-
ditions were the same as mentioned for 16S-23S ITS in the
“Isolation and Identification of CRKP Isolates” section. The
annealing temperature and primer sequences are listed in Sup-
plementary Table 2.

Determination of Virulence Factors (VFs)
and Virulence Index

The presence of genes encoding VFs such as siderophores
(ybtS, iroB, iucA, iutA, and entB), host adherence (fimH and
mrkD), capsule (magA), metabolite transporter (peg344), and
capsular serotype K2 was detected by PCR. The primers with
the annealing temperature of each gene are mentioned in Sup-
plementary Table 2. The virulence index was calculated using
the following formula:

Sum of all positive virulence genotype exhibited by the isolate
Total number of virulence genes tested

Virulence Index =

@ Springer
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Data Analysis

Statistical analyses were performed using R (R version
4.3.2). The normality of the data was verified by a Shap-
iro—Wilk test (Supplementary Table 4). Differences in MAR
indices were determined using a Kruskal-Wallis test fol-
lowed by Dunn’s post hoc pairwise test with a Bonferroni
correction for multiple comparisons.

To assess the genomic antibiotic resistance and virulence
genes of each isolate, the presence and absence of genes
were assigned a value of one and zero, respectively. Spear-
man’s rank correlation coefficients (r;) were computed to
establish the relationship between water parameters, met-
als, and resistance genes, and their nullity was evaluated.
Furthermore, redundancy analysis (RDA) was performed to
assess the influence of heavy metals on ARGs. The concen-
trations of all heavy metals were taken as the constrained
variables, and the abundance of ARGs (blaypy, blagxa_ag
blatgy;, and bla-rx.\) Was taken as response variables. The
analysis was done using scaled data, and statistical signifi-
cance was tested using permutation tests (p < 0.05).

The band profiles for each isolate obtained from (GTG)s-
PCR were converted to a binary matrix (1 and 0), 1 repre-
senting presence and 0 indicating absence of a characteristic
band. Pairwise distances were computed using Jaccard dis-
tance metrics in R’s dist function. Hierarchical clustering
was performed on this computed distance matrix using the
“hclust” function with the average linkage method. The opti-
mal number of clusters was determined using the Gap Statis-
tic method via the fviz_nbclust function from the factoextra
package, with 1000 bootstrap iterations. The dendrogram
was visualized and annotated using the online iTOL v6 web
server (https://itol.embl.de).

To study the association between MAR index and Viru-
lence index for different sites, a scatter plot was generated
using ggplot2 in R. Each point on the plot represents a data
point, showing how the MAR index corresponds to the Viru-
lence index for that particular isolate.

Additionally, a composite risk score analysis for the sites
was performed by combining the chemical (reflected by the
HI from both ingestion and dermal pathways) and biologi-
cal risk indicators (as represented by the MAR indices and
MDR phenotype) from each site. Both variables were nor-
malized to a scale of 0-1 and combined using equal weights
(0.5 for each) to obtain a composite risk score for each site.
The sites were then ranked based on the composite risk
scores.

Equal weights were assigned based on the assumption
that both variables contribute equally to the overall site
risk, justified by their distinct roles in ecological and health
concerns. It serves as a neutral approach, avoiding arbitrary
prioritization without additional evidence. To test the robust-
ness of this assumption, sensitivity analysis was conducted
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using alternative weights for chemical and biological risks
(0.3:0.7, 0.6:0.4). Spearman’s rank correlation coefficients
were computed to assess rank stability. To further assess the
relationship between the chemical and biological risks, a
linear regression analysis was performed with the composite
chemical risk as the independent variable and the composite
biological risk as the dependent variable. To check for the
robustness of the linear-model assumptions, a set of standard
residual-diagnostic plots (residuals vs. fitted, Normal Q—Q,
scale—location, Cook’s distance) was examined.

Results

Physiochemical and Microbiological Parameters
of River Water

The distribution of water parameters is shown in Supple-
mentary Table 5. Levels of pH, temperature, DO, BOD, and
COD varied from 7.0 to 7.7, 22 to 25 °C, 1.74 to 11.87
mg/L, 0.64 to 6.42 mg/L, and 64 to 224 mg/L, respectively.
The pH of all water samples was slightly alkaline. BOD lev-
els were elevated in the catchment (C3 and D3) and down-
stream (D4) sites of the river system, with the highest value
at the C2 site. COD levels were elevated in all sites, exceed-
ing the international standard limit (WHO, 2011). DO plays
a vital role in supporting aquatic life in surface waters and
had the highest value in the upstream region (C1) and the
lowest value in the midstream of the Daya river (D3) where
wastewater from Bhubaneswar city is discharged via Gangua
Nallah (D2). The lower DO values indicate its consumption
for organic matter oxidation. The TC and FC count in all
water samples exceeded > 200 colonies, indicating the water
unfit for human consumption.

Heavy Metal Distribution in River Water

Table 2 summarizes the average concentrations of metals
in the water samples from the study sites. The concentra-
tions of heavy metals including As, Cd, Cr, and Pb at all
sites were within the prescribed limit as per EPA, BIS, and
WHO, whereas the concentration of Mn exceeded recom-
mended guidelines Table 2. The mean heavy metal concen-
trations of the water samples followed the decreasing order
Mn > Cr > As >Pb > Cd, with the highest mean value of
273.851 mg/L for Mn and lowest of 0.101 mg/L for Cd. The
highest concentrations of Cr and Pb were found at the D3
site where wastes from Bhubaneswar city are discharged
from Gangua nallah (D2). Mn concentration was highest in
the downstream Daya river (D4). Cd had the highest value
recorded at the site where Cuttack city effluent (C2) gets
discharged into Kathajodi river (C3). All the metals had their
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Table 2 Metal concentration across sampling sites and relevant standards for metals in water

Recommended limits

(pg/mL)

Sampling sites

Metals (ug/mL)

BIS WHO EPA

c2 C3 C4 C5 D1 D2 D3 D4

Cl

10

10
3

0.09 +£0.003 3

5.287 +£0.029 6.978 +0.103 10
0.026 £0.003  0.061 +0.003

0.065 +£0.002  0.052 +£0.003  0.004 +0.001

3.567 +0.012 3.965 £0.045 5474 £0.063 4449 +0.018 5.222+0.057 0.446+0.122 7.439 +0.011

0.002 +0.000
2.873 +0.006

As

8.891 +£0.012 11.33 £0.051 50

16.41 +1.366
277.7+£0.326  326.1 +0.603 386.2 +0.082

9.896 +0.011

0.354 +0.005
190.1 £0.138  276.3 +0.201

0.443 +0.008
316.1 +£0.987

0.544 +£0.014  0.063 +0.003
11.04 +0.082

Cd

100
50

50
100 NG

317.4 +0.148

0.037 £0.002 0.184 £0.002 0.491 £0.007 0.343 £0.004 0.344 +£0.020 10

1.018 +0.005

Cr

0.01 +0.005

0.254 +£0.005 0.0142 +0.001

4.159 +0.017 370.6 +0.458
0.034 +£0.003

Mn

@)
Z

10

Pb

BIS Bureau of Indian Standards, WHO World Health Organization, EPA Environmental Protection Agency, NG not given, mean =+ standard deviation

lowest concentration values detected in the upstream Maha-
nadi River (C1).

Heavy Metal Contamination and Risk Assessment

The results indicated that the surface water at all sites has
a moderate and considerable degree of pollution due to Mn
(1 <CF <6) (Fig. 2a, b). The PLI values represent the sta-
tus of comprehensive pollution caused by heavy metals and
showed sites C2, D2, D3, and D4 as heavily polluted (2
<PLI <3) (Fig. 2c).

The health risk assessment was determined to estimate
the non-carcinogenic risk of toxic metals including As, Cd,
Cr, Mn, and Pb in both children and adults. The hazard quo-
tient HQjoetion a1d HQ ey for both adults and children are
mentioned in Supplementary Table 6. It is important to note
that HQjpeeqtion aNd HQqermyr f As, Cd, Cr, Mn, and Pb in
both children and adults were under the acceptable range of
1. However, the HI;, cgi0n Values of all heavy metals detected
at sampling sites ranged from 0.374 to 1.342 for adults and
0.635 to 1.503 for children (Fig. 2d). The Hl;. . values
ranged from 0.0337 to 0.2339 and 1.13E-05 to 5.474 for
adult and children, respectively. The HI > 1 in sites C2, C3,
C5, D2, D3, and D4 indicates high health risk on long-term
exposure to the metals in these sites.

Identification and Genetic Relatedness of CRKP
Isolates from Various Sites

A total of 332 isolates identified as Klebsiella spp. were
obtained from HiChrome Klebsiella Agar (Himedia) plate
supplemented with meropenem. Among them, 217 (C2, n=
30; C3,n=17; C4, n= 38; C5, n= 25; D1, n= 24; D2,
n= 30; D3, n=28; and D4, n= 25) were identified as K.
pneumoniae (65.36%) by amplification of 16S-23S ITS-Kp
gene. Following GTG5-PCR screening, 91 distinct clones
of CRKP isolates (C2, n=18; C3, n="7; C4, n= 26; C5,
n=12;D1,n=8;D2,n=8;D3,n="7;and D4, n=5) were
obtained from all sites. The highest number of unique CRKP
clones was obtained from Gangua nallah of Cuttack city
(C4) and the least from downstream Daya river (D4). No
CRKP isolates were obtained from the upstream Mahanadi
River. The phylogenetic tree depicting the genetic diversity
of 91 CRKP isolates was divided into nine optimal clus-
ters (Fig. 3). The CRKP isolates identified from wastewater
sites were found to cluster together with the isolates obtained
from river water, indicating high clonal relatedness among
the isolates. In cluster 4, we observed the CRKP isolates
from wastewater C2, C4, and D2 as phylogenetically similar
to river water C3, C5, D1, D3, and D4. Likewise, in cluster
6, isolates from wastewater C4 were phylogenetically similar
to river water C3, C5, and D3.
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Fig.2 a Contamination factor (Cf); b Contamination degree (Cd); ¢ Pollution load index (PLI); d Hazard index (HI) of heavy metals in different

sampling sites

Antimicrobial Susceptibility and MAR Index

Based on the resistance profile, 90.1% (n= 82) of the iso-
lates were classified as MDR, and the rest 9.89% (n=9) as
XDR (Supplementary Table 3). The CRKP isolates exhib-
ited complete resistance (100%) to piperacillin (PI), pipera-
cillin-tazobactam (PIT), amoxicillin-clavulanic acid (AMC),
meropenem (MRP), and imipenem (IMP) (Supplementary
Fig. 1). Resistance rates exceeding 70% were also found
against the following antibiotics: ceftriaxone (CTR) (91.2%,
n= 83), aztreonam (ATM) (87.91%, n= 80), nalidixic acid
(NA) (82.41%, n= 75), trimethoprim-sulfamethoxazole
(SXT) (80.21%, n=73), nitrofurantoin (N) (80.21%, n=73),
tetracycline (TE) (78%, n= 71), amikacin (AK) (76.92%,
n= 69), azithromycin (AZ) (75.82%, n= 69), ciprofloxacin
(CIP) (74.72%, n= 68), ceftazidime (CAZ) (73.62%, n=
67), and fosfomycin (FOS) (73.62%, n= 67). Among the
91 CRKP isolates, 4.39% exhibited resistance to colistin,
while all were susceptible to tigecycline. The isolates from
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wastewater site C2 had the highest MAR index (0.84), fol-
lowed by Daya river, D1 (0.75), and wastewater D2 (0.744)
(Fig. 4a).

The average MAR indices of the sites differed from each
other. A Kruskal-Wallis test gave a value of test statistic
19.7089 with p= 0.01 indicating a significant difference
between at least two groups in terms of MAR index. Pair-
wise multiple comparisons by Dunn’s method revealed a
significant difference in MAR indices (p < 0.05) between
site D3 and C2.

Molecular Detection and Prevalence of Resistance
Genes

Figure 4b displays the prevalence of resistance genes in
CRKP isolates across the sample sites. The blaypy gene
was identified in 68.13% of isolates, followed by blagy a_ag
(67.03%). The carbapenemase genes blayp, blayy,, and
blagpc were not detected. Furthermore, 46.15% (n= 42)
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Fig.3 Heatmap supported by hierarchical clustering (dendro-
gram) based on (GTG)s-PCR fingerprints of CRKP isolates (n= 91)
depicting the distribution of carbapenemases, extended-spectrum
B-lactamases (ESBLs), outer membrane porins (OMPs), and viru-

isolates harbored both blaypy and blagxa 4 genes. The
maximum prevalence of blaypy, harboring isolates was
obtained from wastewater samples at CDA, Cuttack (C2,
94.44%), followed by Daya river at midstream (D1, 87.5%)
and downstream (D4, 80%). Similarly, the presence of
blagxa.4g Was detected in 100% of the isolates from D1,
followed by D4 (80%). In sites C3 and D3, which receive
wastewater from C2 and D2, blagy 4 45 Was found in 71.42%
of the isolates. The co-resistance gene blagyy, was identi-
fied in all isolates, while blargy, and blacrx.\ Were present
in 46.15% and 42.85% of isolates, respectively. Most genes
blaypy, blargy, and blagxa g (80%) were found to have

lence genes. Colors in the filled shapes indicate the presence of genes.
The CRKP isolates belonging to clusters (n= 9) were visualized as a
color strip

their highest prevalence in isolates from downstream Daya
river (D4). Furthermore, the outer membrane porin (OMP)
encoding genes ompK35 (79.12%) and ompK37 (34.06%)
were abundant; however, ompK36 was not detected in any
of the isolates.

VFs and Virulence Index
The VFs encoding genes mrkD, fimH, entB, ybtS, and
peg344 were prevalent in CRKP isolates from all tested

water sources (Fig. 5a). More than 50% of isolates from
wastewater (C2, D2) and river water (C3, C5, D3, D4)
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harbored mrkD, fimH, entB, ybtS, and peg344 virulence  significant differences (test statistic =18.633, p=0.01) in
genes. The ybtS gene was present in all isolates from sites VI across the sites. The virulence index between sites C2
C5, D1, and D2. A higher abundance of iucA and magA was  and C4 showed a notable significant difference (adjusted p=
found in isolates from C2, which discharges wastewater into 0.0372), indicating that the virulence characteristics in iso-
the Kathajodi river (C3). The presence of the iutA gene was  lates between these two sites are statistically distinct.

found only in the wastewater samples C2 (22.22%) and D2

(12.5%), while the iroB gene was detected in both wastewa-  Risk Assessment of CRKP Isolates Transmitted

ter (C2, 5.56%; C4, 26.92%; and D2, 12.5%) and river water ~ from Wastewater to Rivers

(C3, 14.24%; C5, 8.33%; and D4, 20%).

The capsular serotype K2, however, was exclusively =~ We examined the link between MAR indices and viru-
detected in CRKP isolates obtained from wastewater sam-  lence indices to estimate the public health risks of these
ples (C2, 5.55%; C4,23.07%; D2, 12.5%). The average viru-  isolates (Supplementary Fig. 2). Resistance levels are
lence index (VI) of all isolates was 0.36 and the maximum  usually assessed using a MAR index of 0.2, following
VI (0.475 and 0.45) was found in wastewater (D2 and C2), prior research [31]. However, the average MAR index
whereas the minimum VI (0.3) was observed in downstream  across our study sites was 0.753, indicating stronger
Daya river (D4) (Fig. 5b). The Kruskal-Wallis test revealed  resistance in our isolates, which is a potential threat to
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public health. Based on this, the isolates from site C2
were found to be of high potential threat as the MAR
index >0.753 and the VI >0.367 (used as reference
threshold based on the average virulence index across all
sites in this study). Sites C3, D2, and D3 had VI >0.367
but MAR index <0.753, indicating potential pathogenic-
ity despite lower resistance. This helps comprehend the
health concerns of antibiotic-resistant isolates in diverse
areas and emphasizes the need for tailored interventions
based on dual assessment of antimicrobial resistance and
virulence.

Our analysis between MAR index and VI revealed var-
ying degrees of association with the Spearman correlation
coefficients ranging from 0.621 (suggesting a moderate
positive association between the indices in D2 site) to
—0.674 (in site D3 indicating a moderate negative associ-
ation). All sites showed a positive association between the
MAR index and the Virulence index, except for sites C4
and D3, which showed a negative association. Although
not statistically significant (p > 0.05), these correlations
highlight a complex interaction between virulence traits
and antimicrobial resistance in different environmental
conditions.

Fig.6 Spearman correla-
tion analysis between water
parameters, heavy metals
concentration, and ARGs Q
features in CRKP isolates. The
colors represent the correlation
coefficient (red and green colors
indicating negative and positive
correlations, respectively). The
strength of the color represents
the numerical value of the cor-
relation coefficient
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Correlation Between Physicochemical Parameters,
Metals, and Resistance Genes

The analyzed parameters of five physicochemical char-
acteristics of the water (pH, temperature, DO, BOD, and
COD), five metals in the surface water (As, Cd, Cr, Mn
and Pb), two carbapenem-resistant genes (blaypy and
blagxa_4g) and three co-resistance genes (blacrxy, blargy
and blagyy,) were used to construct a Spearman correlation
matrix (Fig. 6). All metals showed negative correlation with
DO. Most metals (As, Cr, Mn, and Pb) positively correlated
with COD and Pb showed a significant positive correla-
tion with COD (p < 0.05). Pb correlated positively with all
metals, particularly Mn (p < 0.05) and Cr (p < 0.05). COD
showed a strong negative correlation with DO (p < 0.05).
The increased COD and reduced DO values indicate signifi-
cant organic matter pollution in the water. COD has a strong
positive correlation with blagy, (p < 0.05). All metals posi-
tively correlated with blagy, 43, blargy and blagyy genes.
As, Cr, and Pb showed negative correlation with blacrx -
Spearman’s correlation between ARGs and heavy metals in
river water showed that bla;g); was strongly correlated to
As (p< 0.05). The RDA explained 91% of the total vari-
ance in ARG distribution due to heavy metals collectively
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RDA: Heavy Metals vs ARGs
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Fig.7 Redundancy analysis (RDA) plot showing the relationship
between heavy metals and ARGs in studied sites. The arrows repre-
sent heavy metal concentrations, while the points correspond to ARG
profiles across different sites. The direction and length of the arrows
indicate the strength and influence of heavy metals on the distribution
of ARGs

Table 3 Composite risk score analysis of sites

Sites  Composite Composite Composite risk score  Rank
chemical risk  biological risk
D2 0.750023 0.719811 0.734917 1
C2 0.537138 0.861 0.699069 2
Cc3 0.594879 0.763208 0.679043 3
D4 0.626117 0.678302 0.65221 4
D3 0.557316 0.720755 0.639035 5
(6] 0.291321 0.641755 0.466538 6
D1 0.19657 0.685731 0.441151 7
C4 0.153465 0.64666 0.400062 8
Cl1 0.008374 0 0.004187 9

(total inertia =0.03703; constrained inertia =0.033702).
The effect size of each explanatory variable is visually rep-
resented by the length of their respective vectors. It is quan-
tified as the Euclidean norm of their scores on RDA1 and
RDA?2 axes. RDA1 explains 56.75% of the total variance,
while RDA2 explains 25.51% of it. As showed the strongest
influence on the variation in ARGs with an effect size of
~0.81 followed by Pb (~ 0.54), Cd (~ 0.51), Mn (~ 0.47),
and Cr (~ 0.30). The RDA model was statistically signifi-
cant based on permutation testing (F = 4.0513, p= 0.037,
999 permutations) (Fig. 7). In line with these findings, the
composite chemical risk, composite biological risk, and
overall composite risk scores for each site are presented in
Table 3. Sensitivity analysis indicated high correlation (p =
0.9) between equal weighted and alternative weighted com-
posite scores, suggesting results are not sensitive to minor
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variations in weighing (Supplementary Table 7). Notably,
the linear regression model indicated a significant positive
relationship between composite chemical risk and composite
biological risk (p = 0.0438, R*= 0.4627).The intercept was
estimated at 0.3630 (95% CI [0.0594, 0.6665]), and the slope
at 0.6596 (95% CI [0.0243, 1.2948]).The standard residual
diagnostics indicated approximate normality of residuals
(Shapiro—Wilk, p= 0.37) but showed evidence of hetero-
scedasticity (Breusch—Pagan, p= 0.03) and one influential
outlier (Bonferroni, p= 0.003).

Discussion

Anthropogenic activities have significantly impacted urban
rivers by their widespread release of industrial wastes,
domestic household effluents, hospital effluents, and
untreated wastewater containing antibiotics, heavy met-
als, biocides, and pesticides into the water bodies. This has
resulted in the proliferation and dissemination of ARBs and
ARGs, negatively impacting human health and the environ-
ment. The present study examines the potential health haz-
ards linked to the heavy metals and CRKP contamination
resulting from the release of wastewater into the river and
understanding the relationship between the water parameters,
metal concentration in water, and abundance of ARGs in the
CRKEP isolates. The high BOD and low DO values in the
river indicate significant domestic sewage contamination,
suggesting substantial pollution levels, rendering the river
water in the twin city unsuitable for drinking or domestic
use. Similarly, high COD values observed in our study sites
may be due to partially treated sewage and industrial efflu-
ents getting discharged into the river [32]. Although C1 was
selected as a control site due to its distance from major urban
discharge points, we acknowledge its limitations as a pristine
reference. The elevated COD level in C1 may suggest minor
anthropogenic influences such as the presence of organic
pollutants primarily originating from agricultural activi-
ties in the vicinity, as well as algal-derived organic matter.
Agricultural runoff can transport organic compounds from
crop residues, fertilizers, and animal manure into the river.
Additionally, the decay of algal material releases substantial
amounts of cellular debris, which subsequently accumulates
and undergoes decomposition [33]. All the water samples in
the current investigation were found to be contaminated with
coliform bacteria, including TC and FC, and their levels were
above the recommended value set by the WHO. The presence
of FC in river water indicates contamination by fecal material
from both human and animal sources. According to Joshi and
Mishra (2017), the contamination of Kuakhai river and Daya
river with FC bacteria is owing to the discharge of untreated
wastewater, sewage water, and open yard defecation still in
practice along the riverside [34].
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The contamination factor (Cf) indicated that the river water
is highly contaminated with As and Mn heavy metals. The
catchment (C3, C5, and D3) and downstream (D4) sites were
moderately contaminated by As and Mn with the highest PLI
This may be due to anthropogenic activity in the Kuakhai river
(C5) and Daya river (D3 and D4), where the total untreated
wastewater and domestic wastes produced in the cities are
directly discharged into the river through the main drainage
system. Thus, the presence of metals can be attributed to the
discharge of municipal and domestic wastes, excessive runoff
of fertilizers from agricultural regions, or certain small-scale
industries [35]. The Bhubaneswar city contained 88 indus-
tries, 34 of which are susceptible to directly contaminate the
nearby rivers. The liquid wastes, consisting of wastes from
residential, biomedical, and industrial wastes, are connected
to Gangua Nala (C3 and D2), which is discharged to Kuakhai
river (C5) and Daya river (D3 and D4) [34]

Based on HQj,gqiions the potential health hazards due to
exposure to As, Cd, Cr, Mn, and Pb are often higher for chil-
dren compared to adults. In addition, the HI;, .., Values for
adults and children at river sites (D3 and D4) were higher
than 1, indicating that both adults and children are prone to
experience adverse health risks from ingesting river water at
these sites. The findings of our study are consistent with simi-
lar studies conducted on surface waters polluted with heavy
metals in Egypt [36]. Children had high HI values compared
to adults, suggesting a greater chance of non-cancer risks
posed by heavy metals to children. This outcome aligns with
previous studies conducted in Bangladesh [37] and Iran [38],
which reported elevated HI values and associated health risks
among children exposed to contaminated water.

The high genetic heterogeneity among CRKP isolates
from various water sources was revealed through (GTG)s-
PCR fingerprinting. The isolates from wastewater sites (C2,
C4, and D2) showed clonal similarity to those from river
water sites (C3, C5, D1, D3, and D4), indicating potential
dissemination from wastewater to the river. This observa-
tion is consistent with findings from Sahoo et al. (2023),
who reported genetically similar strains exhibiting diverse
antibiotic resistance profiles in the river water [39]. Inter-
estingly, the variation in (GTG)5 patterns among isolates
did not strongly correlate with the presence of resistance
or virulence genes. The river catchment areas serve as an
ideal environment for the transfer of genetic material both
within and between the bacterial species. Among the CRKP
isolates examined for susceptibility, 90% exhibited the MDR
phenotype, while the remaining isolates were categorized as
XDR. The MDR isolates have been identified in various riv-
ers worldwide, including India (75.62%) [40], South China
(87.5%) [41], and Nigeria (65.8%) [42]. Results observed in
our study also corroborated with Chaturvedi et al. (2021),
who observed the highest frequency of isolates resistant
to p-lactams, cephalosporins, and sulfonamides groups of

antibiotics in Indian river systems [40]. This is likely linked
to the frequent prescription of these medications in the treat-
ment of nosocomial infections in India, owing to their clini-
cal efficacy and low toxicity [43]. High concentrations of
these antibiotics are released from hospital effluents into the
river, potentially facilitating multi-drug resistance in river
water isolates [44]. The CRKP isolates exhibited over 65%
resistance to aminoglycosides, fluoroquinolones, tetracy-
cline, and phenicol groups. Several investigations have also
reported the high occurrence of resistance to these antibiot-
ics in environmental isolates [40, 45, 46]. The MAR index
> (.2 for our sites aligns with the findings of Chaturvedi
et al. (2020) in the Ganga river, indicating a pronounced
risk of antibiotic pollution in the river system [47]. Together,
these insights emphasize the necessity to tackle and mitigate
the growing threat of antibiotic pollution in Indian rivers.

We observed the co-existence of carbapenemases and
ESBLs in the CRKP isolates, which is in agreement with a
previous study conducted by Zhang et al. (2020) in hospital
sewage, treated effluents, and receiving rivers in China [48].
The high prevalence of blayp,, (68.13%) in the CRKP isolates
has also been identified in several Indian rivers, Mutha and
Ganga, as well as Ter and Ebro rivers in Spain [49]. ESBL
genes have also been detected in the Yamuna River in New
Delhi [50], various water supplies in Coimbatore [51], and
wastewater treatment plant effluents in Ireland [52]. This
coexistence of carbapenemases and ESBLs in the MDR and
XDR CRKP isolates is indicative of the increasing threat
posed by these bacterial infections in the community. Moreo-
ver, the absence or point mutations in genes encoding OMPs
(ompK35, ompK36, and ompK37) may have contributed to
resistance against cefoxitin, carbapenems, ciprofloxacin, and
chloramphenicol antibiotics in the CRKP isolates [53].

In addition to MDR and XDR phenotype, the CRKP iso-
lates in our study also harbored several virulence genes. The
prevalence of fimH (type 1 Fimbriae) and mrkD (type 2 Fim-
briae) responsible for attachment to host mucosal surfaces
and the development of infection [54] was found in 41.75%
and 43.95% of the isolates, respectively. Similarly, magA
encoding for capsular polysaccharides was observed in both
wastewater and river water, whereas K2 capsular serotype
was found only in wastewater. These findings align closely
with Barati et al. (2016), who observed a similar frequency of
these virulence genes in the Matang mangrove estuary [55].
The predominant VF identified in CRKP isolates was sidero-
phore ybtS (84.61%), which plays a crucial role in chelating
iron from the host and inhibiting host immune defenses [56].
This finding aligns with the results of Rolbiecki et al. (2021),
who observed ybtS as the most commonly occurring sidero-
phore in environmental CRKP isolates [57]. The iucA gene,
responsible for aerobactin synthesis and a key component in
siderophore production in some hypervirulent strains, was
detected in 54.94% of CRKP isolates [58, 59]. The isolates
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from both river water (C3, C5, and D4) and wastewater (C2,
C4, and D2) contained the iroB genes encoding salmochelin,
a laboratory marker for accurately identifying hypervirulent
K. pneumoniae [60]. The magA gene encoding for capsular
polysaccharides was observed in isolates from both waste-
water (C2, C4, and D2) and river water, whereas K2 cap-
sular serotype was only found in wastewater. These genes
are mostly responsible for higher resistance to phagocytosis
and lead to metastatic septic complications [61]. In addition,
48.35% of CRKP isolates from both wastewater and river
water harbored peg344, a metabolite transporter responsible
for increased RNA abundance when grown in human ascites
[62]. Based on existing literature, isolates possessing aero-
bactin (iucA) along with any of the hypermucoid phenotype
genes (magA, K2, and rmpA) are considered potentially
hypervirulent [57, 63]. In our study, we found that 20% (n=
19) of CRKP isolates from wastewater (C2, C4, and D2) and
river water (C3 and C5) harbored both magA and iucA genes.
Although we did not perform phenotypic confirmation for
hypervirulence, the presence of these genotypic markers sug-
gests their potential for heightened virulence. These geno-
typic profiles indicate the possible emergence of strains with
both resistance and virulence traits.

Multidrug-resistant (MDR) and hypervirulent pathotypes
of K. pneumoniae (hvKp) were earlier believed to be dis-
tinct, with the MDR phenotype mostly linked to classical
K. pneumoniae strains, and hvKp exhibiting lower antibiotic
resistance [64, 65]. However, recent reports on MDR-hvKp
strains suggest an association between antibiotic resistance
and hypervirulence, raising concerns over severe infections
among both immunocompromised and healthy individuals
due to limited treatment options [66]. In our study, a positive
association between the MAR index and virulence index
was observed at sites C2, C3, C5, D1, D2, and D4 [67, 68],
whereas an inverse association occurred at sites D3 and C4
[69]. Both indices are used to approximate the burden of
antibiotic resistance and pathogenicity and therefore serve
as proxy indicators of health risk. Nonetheless, such asso-
ciation studies may signal sites that warrant closer surveil-
lance. Given the potential for these CRKP isolates harbor-
ing MDR and virulence genes to enter human populations
via contaminated water, proper wastewater treatment prior
to their discharge into river systems is essential to prevent
their spread in aquatic environments. Several strategies have
been reported for effective ARG removal, including anaero-
bic—aerobic treatment reactors, activated sludge processes,
membrane bioreactors, constructed wetlands, and various
disinfection techniques such as ozone treatment, chlo-
rination, and UV radiation [70]. Additionally, innovative
approaches involving nanomaterials, coagulation, biochar,
and clay-based absorbent have shown promise in reducing
the release of heavy metals and antibiotic-resistant bacte-
ria into aquatic ecosystems [70, 71]. Furthermore, stringent
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industrial regulations and antibiotic stewardship programs
should be implemented to ensure routine monitoring of
industrial effluents before their discharge into river systems
and minimize the indiscriminate use of antibiotics, thereby
mitigating the emergence of resistant strains. Collaborative
efforts between environmental and public health agencies
are imperative to establish integrated frameworks aimed at
addressing these risks and ensuring sustainable actions to
protect public health and environmental integrity.

Besides antibiotics, heavy metals have the potential to
exert a sustained selection pressure, hence facilitating the
persistence of ARGs [72]. Co-selection of heavy metals has
been a concern for decades, and several studies have also
observed that contamination with heavy metals may have a
substantial impact on the dissemination of antibiotic resist-
ance across various habitats [11, 73, 74]. In this study, we
observed a notable correlation between heavy metals (As,
Cd, Cr, Mn, Pb) and resistance genes including blagy a_sg.
blargy, and blagyy, suggesting that heavy metals may play
a substantial role in facilitating the spread of ARGs [75].
Results from this study showed that bla|p), has a strong
positive correlation with As (Spearman’s correlation, p <
0.05) suggesting a potential association between heavy metal
concentrations and ARG distribution. The RDA (p=0.034)
model further supported this association, indicating that
heavy metals collectively explained a statistically significant
portion of the variance in ARGs. These findings highlight
the importance of considering both water metal concentra-
tions and ARG abundance when assessing the environmen-
tal risks for antibiotic resistance [76]. Previous studies have
reported similar patterns, where arsenic exposure showed
increased resistance patterns and enhanced horizontal trans-
fer of ARGs in isolates [77, 78].

Our previous research by Sahoo et al. (2023) also
observed significant correlations between ARGs spe-
cifically blargy, and heavy metals As, Cd, and Pb [39].
Although these associations do not establish causation,
they align with previously proposed mechanisms that may
link heavy metal exposure to increased ARG abundance,
such as activation of the SOS response and alterations in
cell membrane permeability [79]. According to Li et al.
(2021), the persistence and spread of ARGs can be facil-
itated by heavy metals, whether present in high or low
concentrations [80]. A similar study reported by Palm
et al. (2008) demonstrated that metals directly trigger the
selection of tetracycline resistance genes, including tetA,
tetC, and tetG [81]. These genes encode proteins that func-
tion as part of an efflux pump system, thereby facilitat-
ing resistance through the active extrusion of tetracycline
from bacterial cells. Recent transcriptomic analyses of
hexavalent chromium-stressed MDR E. coli and antibi-
otic-susceptible E. coli ATCC25922 revealed a notably
higher expression of ARGs, insertion sequences, DNA
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and RNA methyltransferases, and toxin-antitoxin systems
in MDR E. coli compared to control [82]. These find-
ings underscore the adaptive transcriptional responses in
MDR strains under heavy metal stress, highlighting their
potential role in enhancing survival and resistance mecha-
nisms. Therefore, while our findings suggest a correla-
tion between heavy metals and ARGs, further mechanistic
studies are needed to confirm a direct role of heavy metals
in resistance proliferation [75]. Our composite risk analy-
sis suggested that site D2 had the highest composite risk
score (0.735) followed by C2 (0.699). Notably, although
site C2 had a moderate chemical risk of 0.537, the over-
all risk was primarily driven by the presence of CRKP,
contributing to the highest biological risk (0.861) in the
site. Site C1 had no detectable biological risk and a lowest
composite chemical risk (0.008) resulting in a composite
risk score of 0.004. This suggests that site C1 is relatively
uncontaminated with minimal contribution from chemical
and biological hazards. The distribution of composite risk
scores in several sites such as D2, C2, and C3 suggests
that both chemical and biological risks contribute substan-
tially to the overall risk. The observed correlation between
chemical and biological risks demonstrates the utility of an
integrated composite scoring framework for environmental
risk assessment. This could further aid in the identifica-
tion of hotspots for site-specific monitoring strategies. The
sites with higher composite scores could be prioritized for
frequent sampling to identify source contamination, which
can help wastewater treatment facilities adopt advanced
disinfection technologies to reduce the contamination
load. Furthermore, collaborative efforts can be under-
taken by the Pollution Control Board and stakeholders in
implementing upstream source control measures, such as
pretreatment of industrial and hospital effluents, drainage
management, etc. However, despite its utility, temporal
fluctuations and lack of direct linkage to health outcomes
are the major constraints. The linear regression analysis
indicated that 46% of the variability in composite biologi-
cal risk can be explained by the presence of heavy metals.
The moderate R? value may reflect the limited sample size
or the influence of other environmental variables in con-
tributing to AMR. While earlier studies from our group
identified a metal-ARG association, our composite scoring
advances this understanding by demonstrating how these
interactions may amplify the overall risk in specific loca-
tions. This holistic perspective may serve as a foundation
for future environmental surveillance programs in assess-
ing environmental health risk in river systems.

Conclusion and Future Research Directions

In this study, we estimated the concentration of heavy metals
in river waters and evaluated the health risks posed by its
exposure through ingestion and dermal contact. The heavy
metal risk assessment showed that the river water from
Kathajodi (C3), Kuakhai (C5), and Daya (D3 and D4) is
unfit for domestic as well as farming purposes. The presence
of As and Mn in river water poses significant environmen-
tal pollution and non-carcinogenic health risks. The hazard
indices of heavy metals were found to be higher for children
compared to adults. In addition, the high prevalence of MDR
and XDR CRKP isolates in the river water raises concern.
The CRKP isolates from wastewater are the major carriers
of antibiotic resistance and hypervirulence determinants, and
their improper discharge into the river water results in a high
incidence of these strains in the river system. In addition,
the heavy metals were found to correlate with ARGs. To
comprehensively assess the combined impact of chemical
and biological risk, we developed a composite risk score that
could aid in future environmental surveillance and targeted
mitigation efforts.

While the study sheds light on the prevalence and dissem-
ination of CRKP isolates from wastewater to river, the non-
carcinogenic risk posed by heavy metals, and the correla-
tion of heavy metals and ARGs, improvements to this study
are worth considering. A more comprehensive health risk
assessment, including exposure assessment, dose—response
evaluation, and risk characterization, is essential to have
a complete understanding of the potential public health
impact. Future research should include mechanistic stud-
ies on the co-selection of heavy metals and ARGs and a
detailed phenotypic characterization of hvKp strains from
the environment.
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