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Abstract

Antimicrobial resistance poses a global public health crisis, yet environmental thresholds for antimicrobial-
resistant bacteria remain underdeveloped. In this study, a quantitative microbial risk assessment (QMRA)
approach was applied to derive environmental thresholds and evaluate the health risks of (i) third-generation
cephalosporin-resistant Escherichia coli (3CEC); (ii) carbapenem-resistant Escherichia coli (CREC); (iii) methicillin-
resistant Staphylococcus aureus (MRSA); (iv) fluoroquinolone-resistant Salmonella typhi (FRST), along with the
corresponding general pathogens, i.e., Escherichia coli, Staphylococcus aureus and Salmonella typhi, in recreational
waters at bathing beaches in the Yangtze Estuary. Using an acceptable disease burden of 1 x 10 disability-adjusted
life years (DALYs) per person per case, the derived environmental thresholds for 3CEC, CREC, MRSA and FRST were
6.95 x 107, 3.95 x 107, 4.10 x 107, and 2.85 % 10" copies/mL, respectively. Seasonal variations in health risks were
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evident: risk levels for 3CEC, CREC and FRST were higher in the low-flow season than in the high-flow season
[median hazard quotients (HQs) = 3.80 x 107, 6.70 x 107, 0.629 in high-flow season and 1.00, 1.77, 4.38 in low-
flow season], whereas the opposite trend was observed for MRSA (median HQ = 37.5 in high-flow season and 1.01
in low-flow season, P < 0.001). These patterns were consistently supported by infection probabilities and disease
burden (DALYSs). Sensitivity analysis revealed that pathogen abundance was the most influential part in the QMRA
models, while other parameters showed low sensitivity. These results validated the thresholds derived and
highlighted the necessity of frequent surveillance and accurate detection in practice.

Keywords: Quantitative microbial risk assessment, environmental threshold, Yangtze Estuary, antibiotic resistance,
burden of disease

INTRODUCTION

Antimicrobial resistance (AMR) has been designated as a global public health crisis by the World Health
Organization (WHO), requiring urgent management'. Antibiotic resistance genes (ARGs) are the
molecular basis of AMR". The burden of ARGs in the environment has a serious impact on human health
due to the horizontal gene transfer of ARGs from the environment to the human body, which leads to
infections with antibiotic-resistant bacteria (ARBs) and compromises the therapeutic efficacy of clinical
antibiotic treatment.

Recreational water exposure to pathogenic bacteria has been identified as a significant risk factor for
gastrointestinal infections and other diseases'”. The primary exposure pathway involves fecal-oral
transmission of enteric pathogens, with human sewage discharge, agricultural runoff, and wildlife fecal
deposition constituting the dominant contamination sources”. Global surveillance has documented the
presence of multiple waterborne pathogens in recreational settings, including Escherichia coli (EC)
O157:H7, Staphylococcus aureus (SA), Salmonella, Campylobacter jejuni, Legionella spp., Pseudomonas

il6.7]

aeruginosa, and Shigella sonnei'*”.

To address this health threat, quantitative microbial risk assessment (QMRA) has emerged as the
predominant approach for evaluating health risks of aquatic microbials and ARBs™’. Through its
probabilistic modeling framework, QMRA demonstrates superior sensitivity in identifying minor risk
factors than traditional epidemiology approaches"”. This methodology employs disability-adjusted life years
(DALYs) as its primary outcome metric, providing a comprehensive measure of disease burden that
incorporates both mortality and morbidity impacts"'. Recognized by the WHO as a key tool for water
pollution management"”, QMRA has been implemented worldwide to evaluate health risks associated with
various pathogenic bacteria, including EC""'?, SA¥, Salmonella", Listeria"*, Klebsiella pneumoniae", and
Pseudomonas aeruginosa">', in a variety of environmental media, including water. Moreover, culture-based
selection and quantification have recently been incorporated into several QMRA frameworks to identify the
additional health risks posed by ARBs compared to antibiotic-sensitive microbes""'**¥. Some other studies
employed sequencing-based or computational approaches to quantify ARGs and ARBs, which are emerging
alternatives that are more efficient and convenient than culture-based methods"**?. Given the
methodological advancements and distinct advantages, a QMRA-based framework offers a scientifically
rigorous, cost-effective, and efficient approach to deriving environmental thresholds for ARGs/ARBs.

Shanghai, a megacity located at the Yangtze Estuary with a population exceeding 24 million and a 211 km
mainland coastline, faces unique water environment challenges”’. The marine economy contributes
approximately 30% to the regional gross product, while tourism generates 6% of the city’s gross domestic
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product (GDP)™. These economic drivers have intensified anthropogenic pressures on coastal ecosystems,
particularly affecting drinking water reservoirs and recreational beaches, as evidenced by elevated microbial
indicator levels and increased pathogen detection rates">*. Consequently, regulatory limits have been
established for several pathogens in recreational waters (e.g., coliforms and fecal coliforms)”"; however, no
such regulations currently exist for ARBs in the region, despite their emerging public health relevance.

To bridge the gap between environmental surveillance of ARBs and public health safeguarding, this study
aimed to: (1) develop environmental thresholds for ARBs using a QMRA framework; and (2) apply these
thresholds and a sequencing-based quantification approach to assess health risks in the Yangtze Estuary.
The target pathogens and ARBs were selected from the clinically relevant ARBs identified in the estuary
through monitoring. By integrating QMRA with site-specific monitoring data, this work provides a novel
framework for establishing science-based ARB thresholds and offers practical management strategies for
mitigating AMR risks in aquatic environments.

EXPERIMENTAL

Sampling sites

Surface water samples were collected in triplicates from eight sampling sites along the Yangtze Estuary
[Figure 1A and BJ]: (1) Xupu (XP, a tidal flat); (2) Qiyakou (QYK, the junction of Qipu River and the
Yangtze River); (3) Liuhekou (LHK, the junction of Liu River and the Yangtze River); (4) Wusongkou
(WSK, the junction of the Huangpu River and the Yangtze River); (5) Shidongkou (SDK, Shidong
Harbor, near a wastewater treatment plant outfall); (6) Sanchakou (SCK, a tidal flat); (7) Dazhihe
(DZH, the junction of Dazhi River and the Yangtze River); and (8) Luchaogang (LCG, Luchao Harbor).
Sampling was conducted in two seasons in 2024: the high-flow season (April) and the low-flow season
(November). All samples were stored on ice in sterile containers. Once transported to the
laboratory, water samples were filter-concentrated onto 0.22 um pore-size filters [Water-phase,
SCBB-207, ANPEL Laboratory Technologies (Shanghai) Inc., China], which were used to extract
DNA for target genes analysis and metagenomic sequencing.

Selection and quantification of target pathogens

According to the manufacturer’s protocols, the total genomic DNA of the water samples was extracted from
the membranes using the Ezup Column Soil DNA Purification Kit (Sangon Biotech, Shanghai). The
concentration and purity of the extracted DNA were determined using an ultraviolet-visible (UV-Vis)
Spectrophotometer (SMA4000, Merinton, Beijing, China), and then the DNA solution was stored at -20 °C
until undergoing metagenomic analysis and quantitative polymerase chain reaction (qPCR). Target
pathogens and their resistant ratios (r) were determined through metagenomic analysis, as described in our
previous work®. The resistant ratio (r) was defined as the quotient of CARD (Comprehensive Antibiotic
Resistance Database, https://card.mcmaster.ca/)-identified abundance divided by Kaiju (http://kaiju.binf.ku.
dk/)-identified abundance for each pathogen. In brief, the microbial taxon was annotated by using the
Kaiju, and three WHO priority pathogens - EC, SA and Salmonella typhi (ST)"*” - were detected and then
selected as the target pathogens in this study. The ARGs were predicted by mapping sequences to the CARD.

EC (ATCC 700728, Testobio, Zhejiang) was cultured in Nutrient broth, whereas SA [CMCC(B) 26003,
Biaomai Biotechnology, Zhejiang] and Salmonella paratyphi B [CMCC(B) 50094, Biaomai Biotechnology,
Zhejiang] were cultured in LB broth. All strains were incubated at 37 °C, 200 rpm for 48 h, and DNA was
extracted using the Rapid Bacterial Genomic DNA Isolation Kit (Sangon Biotech, Shanghai)®. Functional
genes of the target pathogens, i.e., rfbE (NCBI GenBank: AF163332.1) of EC, rpoB (NCBI GenBank:
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Figure 1. Sampling sites in (A) high-flow season and (B) low-flow season in the Yangtze Estuary of this study, with size of points
representing combined concentration of EC,SA and ST; and quantification of (C) general pathogens and (D) resistant ratios. The base
map used in this figure was obtained from National Catalogue Service For Geographic Information™ (https://www.webmap.cn). EC:
Escherichia coli; SA: Staphylococcus aureus; ST: Salmonella typhi; h: high-flow season; I: low-flow season; XP: Xupu; QYK: Qiyakou; LHK:
Liuhekou; SDK: Shidongkou; WSK: Wusongkou; SCK: Sanchakou; DZH: Dazhihe; LCG: Luchaogang; IQR: interquartile range.

KY086782.1) of SA, and invA (NCBI GenBank: M90846.1) of ST, were amplified and verified by polymerase
chain reaction (PCR) [Supplementary Tables 1-3]", and the reaction production was sent to Map Biotech
(Shanghai) for plasmid construction. The plasmid solution was stored at -20 °C until standard curves for
qPCR were established [Supplementary Figure 1, Supplementary Tables 4 and 5], which were used to
determine the absolute quantities of the functional genes of the target pathogens in the water samples. A

gamma distribution was applied to simulate pathogen abundance"”.

QMRA
Swimming in contaminated water primarily leads to infections of the gastrointestinal tract, ears, and eyes""..

This study focused on gastrointestinal infections caused by EC and SA, while infections caused by ST were
classified by disease severity for further analysis. As reccommended by the WHO"), infections with third-
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generation cephalosporin-resistant Escherichia coli (3CEC), carbapenem-resistant Escherichia coli (CREC),
methicillin-resistant Staphylococcus aureus (MRSA) and fluoroquinolone-resistant Salmonella typhimurium
(FRST) were given particular consideration.

The assumed exposure scenario in this study was oral exposure to pathogens when swimming in inshore
water. The exposure dose (D) of pathogens was calculated as"":

D =1x conc Xk xr% (1

where I represents the unintentional water intake (mL) per person per case (minimum = 0.00 mL, most
probable value = 16.0 mL, maximum = 154 mL)"?; conc indicates the concentration of functional genes
(copies/mL); r is the resistant ratio (%); k signifies the copy number of functional genes in each cell. For the
definition of k, the “Number of Matches” parameter of each target gene was extracted using NCBI’s
Nucleotide BLAST and assumed to correspond to our k value?**%,

The probability of infection (P,,) was determined using D"*"":
Ping =1-(1+D/B)"" 2
where @ and g are constants for each pathogen. The g value for ST and the « values for all three pathogens

were obtained from references'***", while g for EC and SA was calculated using the median infection dose
(N,,, 2.11 x 10° for EC and 2.67 x 10* for SA""**)) according to"

N5
T S
All infections were conservatively assumed to develop symptomatic diseases as:
Pin = Pint “)

where P, represents the probability of illness. The outcome metric, DALYs, was used to characterize disease
burden®”:

DALYs =YLLs+YLDs ®)
where YLLs denotes years of life lost and YLDs is years lived with disability. YLLs was calculated as"":
YLLs = Pin X Pietha X Lyrr (6)

where P, represents patients’ probability of death, and L,,; indicates the length of years lost, determined
by the difference between life expectancy and the age at infection. YLDs of EC and SA was calculated as"":

YLDs = DW X Piy X Lc X (1 = Piethat ) + DW X Piyp X Lp X Plethal @)

where DW represents disability weight, L. indicates the course of disease, and L, stands for the course from
onset to death, which was estimated by the maximum L.. YLDs of ST was calculated as"®:
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YLDs = Z ratio Xx DW X Py X Lc ®)

where ratio represents the ratio of each degree of severity. All parameters above are shown in
Supplementary Table 6.

Derivation and application of environmental thresholds of ARBs
Environmental thresholds (T) of ARBs were derived by employing the QMRA framework, based on an
acceptable health burden of 1 x 10* DALYs per person per case, as recommended by the WHO and

previous studies"*.

DALYs per case was calculated in the same way with Equations (5-8) based on a given P,, = 1. Then, the
acceptable P, (P,,) and P, (P,,,) were calculated using DALY per case as'""**":

b 1x10* ©
T = DALY per case
Pint-a = Pill-a (10)

Finally, the acceptable dose (D-a) and the threshold (T) were calculated as"**":

1 1/a
D—a:(m) Xﬁ_ﬁ (11)
D-a
T= 71 (12)

Hazard quote (HQ) was applied for risk characterization as'*'":

HQ = COTHC (13)

An HQ <1 indicates an acceptable health risk level, whereas HQ > 1 signifies an unacceptable risk requiring
precautionary measures and intervention!*. Parameters above were set as Table 1.

Sensitivity and statistical analysis

Monte Carlo simulations (n = 10,000) were applied to simulate the probability distributions of the
parameters related to exposure levels and health effects. The contribution to variance was used to quantify
the influence of each parameter on the overall uncertainty in the QMRA model, thereby identifying the
most sensitive variables affecting risk outcomes.

Differences between groups were evaluated using the Mann-Whitney U test (two samples) and the Kruskal-
Wallis test (three or more samples). Rank correlation was analyzed by Spearman correlation. All tests were
two-sided with a type-I error rate of 0.05, and Bonferroni adjustment was applied for multiple comparisons.
Analyses were conducted using SPSS Statistics 27 (IBM Corp., Armonk, NY, USA) and R version 4.4.0.

RESULTS

Concentrations and resistance of target pathogens in the Yangtze Estuary

In the study region, the median (Q1-Q3) concentrations (conc) of EC, SA, and ST were 6.00 x 107 (0.000-
0.330), 19.6 (17.6-23.0), and 12.0 (6.53-22.5) copies/mL in high-flow season, and 3.70 (2.25-4.90), 9.40 (2.82-
24.6), and 111 (76.0-310) copies/mL in low-flow season [Figure 1C and Supplementary Table 7]. Resistant
ratios (r) of EC, SA, and ST were 0.930% (0.450%-3.23%), 0.780% (0.00%-8.79%) in high-flow season, and
0.00% (2.07%-7.86%), and 1.91% (1.11%-13.1%), 0.00% (0.00%-0.00%), and 1.80% (0.950%-6.76%) in low-
flow season [Figure 1D and Supplementary Table 7].
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Table 1. Parameters in the derivation of environmental thresholds (in aquatic matrices) for four target ARBs

Parameters Value Unit Ref.
K 1 / [33]
I 154 mL [32]
Life expectancy 77.9 Year [42]
Age infected 30.0 Year [11]
Dose-response relationship
EC
0.155 / [11]
2.44 %10" / 1]
SA
o 0.400 / [35]
572%10° / [35]
ST
0.890 / [36]
4.40x10° / [36]
bW
EC 0.152 / [43]
SA 0.152 / [43]
ST
Moderate typhoid fever 510x107 / [38]
Severe typhoid fever 0.190 / [38]
Severe typhoid fever with gastrointestinal bleeding-bleeding 0.462 / [38]
Severe typhoid fever with gastrointestinal bleeding-fever 0.190 / [38]
Typhoid fever with other abdominal complications 0.442 / [38]
Piethar
3CEC 3.05 % [43]
CREC 538 % [43]
MRSA 4.74 % [43]
FRST 2.30 % [38]
Le
3CEC 0.0575 Year [43]
CREC 0.0740 Year [43]
MRSA 0.0521 Year [43]
FRST
Moderate typhoid fever 0.058 Year [38,44]
Severe typhoid fever 0.134 Year [38,44]
Severe typhoid fever with gastrointestinal bleeding-bleeding 1.00x 10 Year [38,44]
Severe typhoid fever with gastrointestinal bleeding-fever 0.125 Year [38,44]
Typhoid fever with other abdominal complications 0.134 Year [38,44]
Lp
3CEC 0.0575 Year [43]
CREC 0.0740 Year [43]
MRSA 0.0521 Year [43]
Ratio
Moderate typhoid fever 0.350 / [38]
Severe typhoid fever 0.430 / [38]
Severe typhoid fever with gastrointestinal bleeding 5.00 x 10 / [38]
Typhoid fever with other abdominal complications 0.170 / [38]

ARBs: Antibiotic-resistant bacteria; k: the copy number of functional genes in each cell; I: water intake; Escherichia coli; SA: Staphylococcus aureus;
ST: Salmonella typhi; DW: disability weight; P, probability of death; 3CEC: third-generation cephalosporin-resistant Escherichia coli; CREC:
carbapenem-resistant Escherichia coli; MRSA: methicillin-resistant Staphylococcus aureus; FRST: fluoroquinolone-resistant Salmonella typhi; L
course of disease; L, course from onset to death.
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Pathogen concentrations and resistant ratios exhibited minimal correlation with spatial or geographical
variables, as illustrated in Figure 1. Among the eight sampling sites, LHK exhibited a marked low-flow
season prevalence, with a pathogen concentration (ST) of 2.07 x 10° copies/mL, whereas WSK displayed
high-flow season dominance, registering a pathogen concentration (SA) of 65.1 copies/mL. Conversely,
SDK, located right between LHK and WSK, and in proximity to a wastewater treatment plant outfall, did
not manifest notably elevated contamination levels. Furthermore, no discernible pattern of contamination
was observed with respect to upstream or downstream positioning.

Seasonal dynamics of pathogen concentrations exhibited significant interspecies variability in the Yangtze
Estuary [Figure 1 and Supplementary Table 7]. EC and ST demonstrated pronounced low-flow season
predominance, with median concentrations of 3.70 and 111 copies/mL, compared to high-flow season levels
(median = 6.00 x 10” and 12.0 copies/mL, respectively; Mann-Whitney, P < 0.001). In contrast,
concentrations of SA showed no seasonal difference (median = 19.6 in high-flow season and 9.40 copies/mL
in low-flow season). The concentration of EC was lower than that of SA and ST in high-flow season
(Kruskal-Wallis, P = 0.001), and the concentrations of EC and SA were lower than that of ST in low-flow
season (Kruskal-Wallis, P = 0.002).

In contrast, the resistant ratios showed no seasonal difference [Figure 1D and Supplementary Table 7].
Similarly, no statistical difference was observed among the resistant ratios of EC, SA, and ST during the
high-flow season, with medians ranging from 0.000% to 0.930%. In low-flow season, however, the resistant
ratio of SA (median = 0.00%) was significantly lower than those of EC (median = 1.91%) and ST (median =
1.80%; Kruskal-Wallis, P < 0.001).

Environmental thresholds of ARBs and application in risk assessment

Environmental thresholds of the four target ARBs were derived based on an acceptable disease burden at 1 x
10* DALYs per person per case [Table 2]. The magnitude of FRST’s threshold (0.285 copies/mL) was one
order higher than that of 3CEC and CREC (6.95 x 107 and 3.95 x 10* copies/mL), and two orders higher
than that of MRSA (4.10 x 10° copies/mL), revealing significant variations of the disease burden per case
among the pathogens.

The environmental thresholds derived were further applied for risk assessment in the study region by
Monte Carlo simulations (# = 10,000). Risk levels differed substantially among the four ARBs, especially in
high-flow season, with median HQs ranging from 3.80 x 10” for 3CEC to 37.5 for MRSA. Notably elevated
risks were observed for MRSA in high-flow season (median HQ = 37.5) and for all four ARBs in low-flow
season (median HQs ranging from 1.00 to 4.38), indicating significant potential health risks [Figure 2].

Microbial risks assessment and their temporal trends in the Yangtze Estuary

Herein, we employed QMRA to evaluate risks of general pathogen and ARBs in the Yangtze Estuary and
assessed the consistency of the results with the previously calculated HQs based on the environmental
thresholds established in this study.
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Table 2. Environmental thresholds of ARBs based on an acceptable disease burden of 1% 10™ DALYs per person per case

ARBs Threshold (copies/mL)
3CEC 6.95x%107

CREC 3.95x 107

MRSA 410x107

FRST 0.285

ARBs: Antibiotic-resistant bacteria; DALYs: disability-adjusted life years; 3CEC: third-generation cephalosporin-resistant Escherichia coli; CREC:
carbapenem-resistant Escherichia coli; MRSA: methicillin-resistant Staphylococcus aureus; FRST: fluoroquinolone-resistant Salmonella typhi.
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Figure 2. HQs of ARBs in high-flow season and low-flow season. HQs: Hazard quotes; ARBs: antibiotic-resistant bacteria; 3CEC: third-
generation cephalosporin-resistant Escherichia coli; CREC: carbapenem-resistant Escherichia coli; MRSA: methicillin-resistant
Staphylococcus aureus; FRST: fluoroquinolone-resistant Salmonella typhi; h: high-flow season; I: low-flow season; IQR: interquartile range.

Notable disease burden was observed, as indicated by the P, ;s and DALYs [Figure 3]. The P,,s values of SA
(median = 2.71 x 107 in high-flow season and 1.12 x 10” in low-flow season), low-flow season P, of ST
(median = 3.91 x 107, Q3 = 1.27 x 107?), high-flow season DALY of ST (median = 2.05 x 10™) and MRSA
(median = 1.47 x 10™), and low-flow season DALYs of ST (median = 1.77 x 107°) and FRST (median = 3.19 x
10°, Q3 = 2.42 x 10) were relatively high (P, > 0.01, DALY > 1 x 10***)). The disease burden of 3CEC,
CREC, and MRSA was not considered concerning based on P,;s or DALY in low-flow season, whereas their
HQs exceeded notable levels because the thresholds were derived under a worst-case assessment of
exposure and health effects.
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Figure 3. P, s and DALYs of general pathogens and ARBs in (A and C) high-flow season and (B and D) low-flow season. P, s: The
probabilities of infection; DALYs: disability-adjusted life years; ARBs: antibiotic-resistant bacteria; EC: Escherichia coli; SA: Staphylococcus
aureus; ST: Salmonella typhi; 3CEC: third-generation cephalosporin-resistant Escherichia coli; CREC: carbapenem-resistant Escherichia coli;
MRSA: methicillin-resistant Staphylococcus aureus; FRST: fluoroquinolone-resistant Salmonella typhi; IQR: interquartile range.

The P,s and DALYs of EC and ST were significantly higher in low-flow season (median P,s = 4.68 x 10"
and 3.91 x 107, median DALYs = 6.82 x 107 and 1.77 x 107, respectively) than in high-flow season (median
P,s=6.62%10°and 4.45 x 10™, median DALYs = 9.68 x 10” and 2.05 x 10™, respectively; Mann-Whitney, P
<0.001). In contrast, P,,s and DALYs of SA were significantly higher in high-flow season (median P, ;= 2.71
x 107, median DALYs = 3.93 x 10”) than in low-flow season (median P, =1.12 x 107, median DALY = 1.68
x 10°; Mann-Whitney, P < 0.001). The seasonal trends of ARBs’ disease burden were consistent with those
of the corresponding general pathogens. The P,,s and DALY's of 3CEC, CREC, and FRST were significantly
higher in low-flow season than in high-flow season (median P,,s = 3.01 x 10%, 3.01 x 10°, 6.82 x 10* in high-
flow season and 7.61 x 10, 7.61 x 10, 4.56 x 10 in low-flow season; median DALYs = 1.42 x 10*, 5.00 x
10, 2.56 x 10° in high-flow season and 3.50 x 10, 6.38 x 10, 3.19 x 10~ in low-flow season), while those of
MRSA were quite the contrary (median P,,s = 1.90 x 10 in high-flow season and 5.14 x 10* in low-flow
season; median DALYs = 1.47 x 10 in high-flow season and 3.85 x 10 in low-flow season; Mann-Whitney,
P < 0.001). The observed seasonal fluctuations in disease burden exhibited strong concordance with the
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aforementioned HQs, where 3CEC, CREC, and FRST demonstrated significantly elevated risk profiles
during low-flow season compared to high-flow season, while MRSA exhibited a pronounced seasonal
inversion (Mann-Whitney, P < 0.001).

Sensitivity analysis

Sensitivity analysis was performed for a total of 14 QMRA models, including those for three general
pathogens and four ARBs in both seasons [Figure 4]. Exposure level, characterized by parameters such as
pathogen concentration (conc), resistant ratio (r), and water intake (I), was the main source of variation.
The conc parameter was the most influential factor for EC and ST models in high-flow season (contribution
to variance = 0.920 and 0.610), and for SA and ST models in low-flow season (contribution to variance =
0.770 and 0.810). In contrast, water intake (I) was the most influential factor for the SA model in the high-
flow season and the EC model in the low-flow season (contribution to variance = 0.630 and 0.530). Among
the four ARBs, either pathogen abundance (conc) or the resistance ratio (r) emerged as the dominant
explanatory variables, collectively accounting for 75.9%-94.5% of the total variance observed. Contrary to
the exposure level, parameters related to health effects, such as probability of death (P,,,,), disability weight
(DW), course of disease (L.), efc., contributed no more than 10% to the total variance. These findings
confirmed the low sensitivity of the QMRA models developed in this study, demonstrating their ability to
reliably assess health risks under defined contamination scenarios. Moreover, the results provide strong
evidence supporting the scientific validity of the derived exposure thresholds, reinforcing their applicability
in risk management frameworks.

DISCUSSION

This study employed QMRA to derive environmental thresholds, quantify health risks, and estimate disease
burden associated with 3CEC, CREC, MRSA, and FRST. The health risk metrics (HQs) demonstrated strong
concordance with disease burden indicators (P,,s and DALYs), although the HQs-based assessment yielded
more stringent evaluations compared to burden-based approaches. Seasonal monitoring in the Yangtze
Estuary revealed that the general EC and ST concentrations were significantly higher in low-flow season
than in high-flow season. Pathogen-specific seasonal patterns emerged: MRSA exhibited high-flow season
dominance across all three metrics (HQs, P,,s, and DALYs), whereas the other three ARBs showed low-flow
season dominance. Notably, high-flow season DALYs for MRSA and low-flow season DALYs for FRST
exceeded the threshold of 1 x 10* DALYs per person per case, while the HQ-based framework identified
significant health risks (HQs > 1) for MRSA in high-flow season and for all four ARBs in low-flow season.

Quantification of the pathogens and ARBs in the literature

In our results, the abundance of the general EC, SA and ST ranged from 6.00 x 10” to 111 copies/mL.
Relatively high health risks from both ARBs and general pathogens were detected in the Yangtze Estuary
(P,;>0.01, DALY > 1 x 10 per person per case), indicating a substantial pathogen and ARB load in the
region. The abundance of EC (median = 6.00 x 10 copies/mL in high-flow season and 3.70 copies/mL in
low-flow season) was comparable to a previous study, which reported 1.00-1.90 x 10* colony-forming unit
(CFU)/100 mL of EC in water sources of the Yangtze Estuary during 2022-2023"”. Rodrigues et al.
documented a wider concentration range of EC in recreational beaches of Brazil, spanning from < 1 to 912
CFU/100 mL, which exceeded the levels observed in the present study“”. In the 1970s, Regnier and Park
reported that coliforms’ resistance ratios ranged from 0.00% to 60.0% in river water, which is not lower than
the values observed in our study, indicating that ARBs have long posed a threat”. Furthermore, they
hypothesized that horizontal transfer of resistance determinants from EC to ST might occur, a notion
supported by our seasonal analysis showing a significant positive correlation between the resistant ratios (r)
of EC and ST in low-flow season specimens (Spearman’s p = 0.738, P = 0.037), whereas no such correlation
was detected in high-flow season samples. Consequently, it is recommended that future studies incorporate
a larger sample size and longitudinal data to robustly validate the observed correlation, thereby enhancing
the generalizability of these findings.
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Figure 4. Sensitivity analysis of QMRA models of EC, SA, ST, 3CEC, CREC, MRSA, and FRST in (al-a7) high-flow season and (b1-b7) low-
flow season. QMRA: Quantitative microbial risk assessment; EC: Escherichia coli; SA: Staphylococcus aureus; ST: Salmonella typhi; 3CEC:
third-generation cephalosporin-resistant Escherichia coli; CREC: carbapenem-resistant Escherichia coli; MRSA: methicillin-resistant
Staphylococcus aureus; FRST: fluoroquinolone-resistant Salmonella typhi; conc: concentration of target pathogen; I: water intake; k: the
copy number of functional genes in each cell; DW: disability weight; L.: course of disease; P,,,,: probability of death; age-inf: age infected;
r: resistant ratio.

Spatial-temporal trends of aquatic pathogens and ARBs in the Yangtze Estuary

In this study, contamination by target pathogens and ARBs was jointly characterized using general
pathogen concentrations (conc) and resistant ratios (7). As detailed in Section “Concentrations and
resistance of target pathogens in the Yangtze Estuary”, WSK and LHK exhibited pronounced high-flow
season dominance in pathogen concentrations, whereas WSK and LHK displayed elevated resistant ratios in
high-flow season, with WSK, SDK, and QYK showing higher low-flow season prevalence of resistance
[Figure 1]. Notably, these high-contamination sites, all located on the northern coasts of Taicang and
Shanghai, are spatially associated with agricultural lands (QYK and LHK) and major ports (SDK and WSK),
either at river-estuary confluences (WSK, LHK, QYK) or adjacent to wastewater treatment plant outfalls
(SDK). These findings strongly suggest that anthropogenic activities serve as the primary contamination
source, with land-use patterns and hydrological connectivity jointly modulating seasonal contamination
dynamics"**.
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A slight seasonal variation of pathogen abundance was found in this study, with concentrations of EC and
ST significantly higher in low-flow season (median = 3.70 and 111 copies/mL, respectively) than in high-
flow season (median = 6.00 x 10° and 12.0 copies/mL, respectively; Mann-Whitney, P < 0.001), whereas SA
concentrations did not vary seasonally. According to previous literature, the abundance of various aquatic
pollutants, including bacteria*”, antibiotics”, ARGs"", and heavy metals"”, was generally higher in low-
flow season than in high-flow season. The seasonal discrepancy might be attributed to the reduction in river
water volume and the presence of unique pollution sources specific to the low-flow season (winter)"*?. For
example, studies on sewage indicated that the abundance of ARGs discharged in winter (low-flow season)
was relatively high™, while the discharge level of antibiotics was comparatively low in summer (high-flow
season)"”". Our results for EC and ST were consistent with these seasonal trends, whereas SA suggested that
the inherent characteristics of pathogens also played an important role in determining their abundance. SA,
which belonged to the phylum Firmicutes and could adapt to high-salinity environments, was widely
distributed in seawater and had been reported to increase sharply in a tidal estuary during summer (high-
flow season), while Proteobacteria bacteria such as EC and ST did not'**. Hence, it could be postulated that
these opposing effects together resulted in the present observation that there was no significant difference in
the abundance of SA between high- and low-flow seasons. However, inconsistent findings have been
documented across studies including the present investigation regarding surface water contamination’®"*!
and sediment contamination®*), with temporal patterns of antibiotic resistance remaining insufficiently
characterized and warranting further systematic investigation.

Health risks of aquatic pathogens and ARBs in the literature

In this study, QMRA was employed to evaluate severe health risks associated with recreational water use, a
method that has been predominantly utilized for assessing pathogen-mediated health risks across diverse
aquatic environments. A study by Pan revealed that under a 5-log removal efficiency, the maximum P, of
EC for direct drinking in the Yangtze Estuary’s water sources was 3.41 x 10°, whereas Pseudomonas
aeruginosa under a 4-log removal efficiency had a maximum P, of 8.01 x 10°"”.. Schoen et al. applied
QMRA to model the risk and disease burden for healthy adults exposed to MRSA or antibiotic-susceptible
SA through residential and municipal non-potable and potable uses of reclaimed water, highlighting the
influence of pathogen removal efficiency, as also reported by Pan". Chen et al. evaluated the health risks to
workers exposed to EC and SA bioaerosols in wastewater treatment plants and concluded that personal
protective equipment could significantly reduce these risks to acceptable levels"”. These studies collectively
warned of the specific risks in recreational water use, when pathogenic elimination and personal protection
were usually absent.

As a matter of fact, our assessment was based on specimens collected from eight junctions of tributaries or
ports along the Yangtze Estuary, at least one of which (SDK) was near a wastewater treatment plant outfall.
The median P,,s of general pathogens in this study were estimated to range from 6.62 x 10 to 2.71 x 10~
For EC, P,,s were 6.62 x 10° in high-flow season and 4.68 x 10 in low-flow season, close to values reported
for Brazilian beaches (P,,s of diarrheagenic EC ranged 2.83 x 10°-3.43 x 10" during 2005-2007)"*. P, s
attributable to wildlife (gull) feces and sewer discharge at bathing beaches were estimated at 1.00 x 10°-1.00
x 10" and 1.00 x 10*-1.00 x 102 respectively”™. Moreover, epidemiological evidence revealed that
swimming in unhygienic water led to eye infection, skin infection and gastrointestinal diseases including
diarrhea™*". These results revealed the notable health risks and outcomes in recreational water use, and risk
assessment for recreational water held particular significance.
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Challenges in ARB’s QMRA and the deviation of thresholds

In this study, sensitivity analysis demonstrated that the parameters conc and r were the primary contributors
to output variability, indicating robust model performance in other components and supporting the validity
of QMRA-derived thresholds for recreational water safety management. Besides, the influential role of conc
and r also suggested the necessity of frequent surveillance and accurate detection in practice. It is important
to acknowledge that, unlike culture-based QMRA studies which rely on CFU counts for dose-response
assessment, our molecular approach (qQPCR and metagenomic sequencing) does not directly generate this
established metric"*'*"”. This distinction, however, reflects an ongoing methodological evolution in
exposure assessment, wherein genetic markers from qPCR and metagenomics are increasingly employed as
validated surrogates for traditional culture-based quantification*”. Given this constraint inherent to
molecular quantification, we sought to strengthen the external comparability of our results through cross-
validation with an independent study from a geographically analogous region, thereby bolstering confidence
in the robustness of our findings"”. Moreover, the methodological advantages are evident: it enables high-
throughput processing, operational efficiency, and rapid turnaround times, thereby offering a superior
alternative to culture-based approaches for frequent surveillance due to its capacity to meet time-sensitive
demands. Furthermore, its compatibility with archived specimens facilitates retrospective risk assessment,
allowing for the integration of longitudinal data to enhance the granularity and predictive power of
epidemiological models.

Despite the exposure assessment, another challenge lies in the dose-response relationship. Most QMRA
studies of ARBs to date have assumed that the dose-response parameters of ARBs and antibiotic-susceptible
strains are identical.”'*'>*”. It has been suggested that the pathogenicity of ARBs may exceed that of
antibiotic-susceptible strains'®”’. However, a previous study suggested that antibiotic resistance and virulence
were not independent traits but could be negatively or positively correlated*. Nevertheless, the direction
and strength of these correlations remain poorly understood, and empirical data on the dose-response
relationship in humans are still lacking. Thus, the dose-response modeling framework for ARBs in aquatic
environments remains subject to critical methodological uncertainties. Specifically, two unresolved issues
significantly affect the accuracy of risk estimation: (1) dose metric selection: whether to use ARBs-specitic
concentrations (as implemented in this study) or general pathogen loads (including susceptible strains) as
the exposure input®'; and (2) resistance ratio integration: the extent to which the population-level r
modifies the dose-response relationship of the general pathogen consortium remains poorly quantified.
These methodological ambiguities create a risk estimation paradox of ARBs: while ARBs-specific models
may underestimate true infection risks by excluding susceptible strains that could acquire resistance in situ,

general pathogen models risk overestimation by assuming uniform virulence across strains [Figure 3].

Moreover, meticulous hazard identification is imperative when conducting QMRA to establish scientifically
robust thresholds for ARBs. In this study, we supposed gastrointestinal infections to be the main source of
disease burden in bathing beaches, as a previous study did*"’.

However, alternative infections including bloodstream infections, respiratory infections, and urinary tract
infections may be more relevant for hazard identification under specific exposure scenarios, such as surfing
(where cutaneous exposure to marine pathogens is elevated) or occupational exposure in wastewater
treatment plants (where aerosolized pathogens pose inhalation risks)""*”. This context-dependent
prioritization aligns with the overarching principle of “fit-for-purpose” QMRA, which emphasizes tailoring
analytical frameworks to exposure-pathway-specific risks"”.

Study strengths and limitations

In this study, QMRA was conducted for risk assessment, and we applied a qPCR-metagenomics approach
to quantify general pathogens and ARBs. This method is high-throughput, efficient, and rapid, making it
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suitable for frequent surveillance and applicable to archived specimens, thereby enabling a more
comprehensive risk assessment. We characterize risks using threshold-based HQs, as well as P,,s and
DALYs. Comparison of these results demonstrated that the HQs approach was consistent with the P,,s-
DALYs approach, while being slightly more conservative. To enhance the spatial-temporal
representativeness of the case study and provide robust empirical support for the derived exposure
thresholds, longitudinal sampling was conducted across high- and low-flow seasons in the Yangtze Estuary.
This design enabled the capture of seasonal variations in the target pathogens’ prevalence. Our results
indicated that current MRSA exposure levels in the estuarine environment pose an urgent public health
threat, necessitating immediate implementation of evidence-based risk mitigation strategies.

This study also identifies several limitations. First, exposure assessment via QPCR-metagenome may be less
reliable than culture-based quantification. We addressed this by validating our results through comparison
with studies using identical methods in similar spatiotemporal contexts. Second, the dose-response
relationship might not fully account for virulence differences between ARBs and susceptible strains. We
conducted sensitivity analysis using worst-case virulence assumptions and explicitly highlighted this
uncertainty in our risk interpretations. Finally, due to limited China-specific data, we had to extrapolate
health effects from European Union (EU) populations. We minimized this limitation by restricting our
study population to the Yangtze River Delta where socioeconomic conditions and healthcare infrastructure
are comparable to those in the EU reference populations. Despite these limitations, our study establishes a
novel framework for deriving ARB thresholds and provides critical insights for diverse stakeholders,
including policy-makers, risk assessment professionals, public health researchers, and environmental
scientists, offering a science-based foundation for AMR management and public health decision-making.

CONCLUSIONS

Environmental thresholds of ARBs were derived based on an acceptable burden of 1 x 10* DALY per
person per case in the framework of QMRA, and HQs were employed to characterize the risks. Health risks
and disease burden of ARBs were noteworthy in the Yangtze Estuary, especially MRSA. Sensitivity analysis
revealed that the abundance of pathogens was the most influential factor on QMRA models, highlighting
the necessity of frequent surveillance and accurate detection in practice.
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