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Abstract

Decentralized wastewater treatment systems afford a unique opportunity to implement a One Water
paradigm through water reuse and resource recovery. Simultaneously, poorly managed on-site
wastewater treatment systems (OWTSs) pose significant threats to human health, although their role
in environmental antimicrobial resistance (AMR) is understudied. We deployed culture-based
methods adapted from the World Health Organization’s Tricycle Protocol to assess the potential role
of OWTSs in discharging third generation cephalosporin-resistant E. coli (3GCR-Ec) and extended-
spectrum beta lactamase-producing E. coli (ESBL-Ec). We detected 3GCR-Ec in 74% of ATU effluents
(geometric mean of 440 CFU/100 mL) and ESBL-Ec in 19%. E. coli isolates in these effluents were
resistant to an average of 4.11 antibiotic compounds. ESBL-Ec were detected in up to 19% of surface
water samples from rivers known to be impacted by OWTS discharges. Human sewage marker
abundance was significantly higher in samples containing 3GCR-Ec (p = 0.0026) and ESBL-Ec (p =
0.0121) and the proportion of samples positive for 3GCR-Ec was strong correlated with river
discharge percentile (r > 0.67, p < 0.0292). Our findings emphasize the unique human-environment
interface of decentralized wastewater treatments systems must be carefully considered in both One
Health and One Water paradigms to safely and sustainably meet our needs.:

Keywords: extended-spectrum beta-lactamase; third generation cephalosporin; on-site wastewater
treatment; aerobic treatment units; Louisiana

Introduction

The proliferation of antibiotic-resistant bacteria (ARB) is an ever-increasing threat to public
health. The United States (U.S.) Centers for Disease Control and Prevention (CDC) has estimated that
more than 2.8 million ARB infections occur each year in the U.S,, resulting in at least 35,000 deaths?
and costing an estimated $4.1 billion to $5.1 billion in annual healthcare costs.? Globally in 2019, an
estimated 4.95 million deaths were associated with antibiotic resistance, including 1.27 million deaths
that were directly attributable to bacterial AMR.* Despite the harrowing statistics and the declaration
of AMR as a top ten global health threat’, a comprehensive “One Health” response is complicated by
the interlinked, yet disparate, venues for AMR dissemination, which include humans, animals, and
the environment.»¢ The aquatic environment, in particular, is believed to play a crucial role in the
propagation of AMR, as horizontal gene transfer (HGT) between bacteria can be induced by high
microbial diversity and the presence of selective pressures, such as sub-lethal concentrations of
antibiotics and heavy metal concentrations in surface waters and at groundwater/sediment
interfaces.”® ARB and antibiotic resistance genes (ARGs) can be introduced to environmental waters
through fecal contamination from human and animal sources.” Numerous studies have established
that antibiotic compounds and resistant bacteria are ubiquitous in municipal wastewater treatment
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plant (WWTP) influent'?, with treatment often selecting for ARB leading to the discharge of both ARB
and ARGs in the final effluent'’2 and enrichment of AMR in receiving waterbodies.’3!* Much less is
known about the contribution of non-point source fecal pollution from decentralized wastewater
treatment systems to AMR, especially in high-income settings. In the U.S. alone, roughly 25% of
households rely on decentralized (i.e., on-site) wastewater treatment systems.!> Such systems are
expected to play an increasingly important role in implementing a “One Water” paradigm by
enabling water reuse and resource recovery at the site of production.'¢ Despite their promise for a
water-scarce future, on-site wastewater treatment systems (OWTSs), including septic tanks and
mechanical units, such as aerobic treatment units (ATUs), can also pose a significant threat to water
quality and human health owing to poor maintenance and operation practices'’, extended service
life’s, and utilization at high densities.

The governance challenges associated with OWTSs strongly suggest they could
disproportionally contribute to AMR in downstream waterbodies. Antibiotic compounds have been
documented in septic system influent® and effluent?, and downstream groundwaters?>? and surface
waters.2* ARGs have also been detected in OWTS influent and effluent.?? Several studies have found
associations between OWTSs and environmental AMR. For example, in a watershed in the state of
Georgia, USA, ARG abundance in presumed effluent receiving waters strongly correlated with
human fecal marker abundance.?” Similarly, in a Lake Michigan watershed, USA with high septic
system density, ARG presence was correlated with human sewage marker concentration.?® A study
using culture-based methods in Australia found that the proportion of antibiotic-resistant E. coli
isolates from humans increased significantly in surface waters from urbanized areas with high OWTS
utilization.? While each of these studies infers a relationship between OWTS and environmental
AMR, direct observations of domestic OWTS effluent (i.e., non-hospital settings) remain scarce,
particularly studies using culture-based methods, as is crucial for health risk assessment.3

To further investigate the role of OWTSs in environmental AMR, we deployed three variations
of the environmental component of the World Health Organization’s (WHO) Tricycle Protocol® for
screening of extended-spectrum beta-lactamase-producing E. coli (ESBL-Ec) in OWTS effluents and
surface waters in coastal Louisiana, USA. ESBL-Ec are among the third-generation cephalosporin-
resistant (3GCR) and ESBL-producing Enterobacterales, which the WHO and CDC have identified as
a significant threats to public health.323 A previous study of recreational surface waters in coastal
Louisiana detected E. coli and Enterobacter spp. resistant to some antibiotic compounds, although no
isolates were 3GCR and ESBL status was not assessed.3* In coastal Louisiana, decentralized
wastewater treatment systems, particularly ATUs, are widely used for onsite treatment of individual
household domestic wastewater with prevalent dysfunction reported.®® The Louisiana Department
of Environmental Quality (LDEQ) estimates 1.3 million households utilize ATUs with failure rates as
high as 50%.3 Notably, most of these ATUs discharge their effluent directly to the surface providing
a unique opportunity for sampling. We hypothesized that ESBL-Ec and 3GCR-Ec would be widely
detectable in ATU effluents and receiving waterbodies at concentrations relevant to public health and
that their level in environmental waters would be associated with human sewage markers.

Materials and Methods

Study Setting and Sample Collection

In the current study, surface water grab samples were collected monthly for 18 months (February
2023 to July 2024) along two OWTS-impacted rivers in Tangipahoa Parish, Louisiana, USA — the
Natalbany River (4 sites) and the Yellow Water River (4 sites) (Figure S1). The Natalbany River (NR)
is in western Tangipahoa Parish and is 30.7 miles in length with a 50.8 mi? ex-urban watershed and
99 Louisiana Pollutant Discharge Elimination System (LPDES)-permitted discharges and meets water
quality criteria for both primary and secondary contact recreation.’” LPDES-permitted dischargers to
NR including two publicly owned treatment works (POTWs) that had a combined average discharge
of 0.115 million gallons per day (MGD) over the study period. The average discharge of the Natalbany

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1737.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 February 2026 d0i:10.20944/preprints202602.1737.v1

3 of 18

River in cubic feet per second was calculated each day of the sampling period using data from the
Natalbany River at Baptist, LA station (USGS 07376500). The Yellow Water River (YW) is in central
southern Tangipahoa Parish draining peri-urban portions of Hammond, Louisiana. The YW River is
12.9 miles long with 120 LPDES-permitted discharges in its 19.5 mi? watershed and does not meet
water quality criteria for primary contact recreation (fecal coliform counts). LPDES-permitted
discharges to YW include one POTW with an average flow of 0.380 MGD over the study period.
Discharges from individual home ATUs are not LPDES-permitted and therefore the exact number of
ATUs discharging to each river is unknown. However, parish level data indicates that Tangipahoa
parish had 19,394 OWTSs in 2016, the second highest number of any parish in the state of Louisiana.
Previous inspection programs found that 48% of ATUs in the region did not have functioning
aerators.®> ATU effluent grab samples were collected monthly from two anonymized ATUs in
Tangipahoa Parish from February 2023 to July 2024 and January 2025 to December 2025 (n = 30 per
ATU). Effluent grab samples were also collected from a convenience sample (i.e., flow from discharge
pipe upon visit) of 70 individual ATUs in the region. During each sampling event, one liter of surface
water or effluent was collected in a sterile HDPE bottle. After collection, samples were immediately
placed on ice and transported to the laboratory at Louisiana State University where they were stored
at 4 °C and processed within 24 h.

Generic E. coli by Membrane Filtration

Duplicates of each sample were membrane filtered to enumerate generic E. coli by vacuum
filtering 1 to 100 mL of well-mixed sample through a 47 mm diameter, 0.45 pm mixed cellulose ester
(MCE) membrane (HAWP04700, MilliporeSigma, Burlington, MA, USA) using a sterile funnel and
column. Membrane filters were aseptically transferred onto Chromocult Tryptone Bile Glucuronide
(TBX, ISO 16649) (MilliporeSigma, Burlington, MA, USA) agar plates for the selective growth of E.
coli. Per the manufacturer’s instructions, each TBX plate was incubated for 24 hours at 44.5 °C and E.
coli colony forming units (CFUs) were counted. For ATU effluents sampled from January 2025 to
December 2025, membrane filters were cultured on CompactDry (CD) E. coli plates (Hardy
Diagnostics, Santa Maria, CA, USA) incubated at 35 °C for 24 h with colonies counted per the
manufacturer’s instructions. Plates yielding more than 150 colonies were recorded as too numerous
to count (TNTC) and plates yielding no growth were recorded as non-detect (ND). E. coli CFUs per
100 mL of the sample were calculated for each replicate and averaged for each sample.

3. GCR E. coli by Membrane Filtration

Both ceftriaxone (CRO) and cefotaxime (CTX) were used to facilitate a head-to-head comparison
for screening environmental samples. From February 2023 to October 2023, aliquots of each sample
were membrane filtered and then plated on TBX amended with 4 pg/mL of CRO (TBX-CRO) (C2226,
Ceftriaxone Disodium salt, Tokyo Chemical Industry, Co., Tokyo, Japan) with incubation and E. coli
enumeration as described previously. From November 2023 to July 2024, aliquots of each sample
were membrane filtered in parallel and plated on TBX amended with 4 pug/mL of CTX (TBX-CTX)
(C7912, Cefotaxime sodium salt, MilliporeSigma, Burlington, MA, USA) with incubation and E. coli
colony enumeration as previously described. For ATU effluents sampled from January 2025 to
December 2025, aliquots of each sample were membrane filtered and then plated on CD rehydrated
with a sterile water solution containing 4 pg/mL of CTX (CD-CTX) with incubation and enumeration
as previously described. To benchmark the performance of CD-CTX relative to TBX-CTX, a serial
dilution series of raw influent from a municipal WWTP was tested in parallel by each screening
method. E. coli colonies growing on TBX-CRO and TBX-CTX or CD-CTX plates were referred to as
CRO-resistant or CTX-resistant, respectively, or collectively as 3GCR-Ec. One randomly selected
colony from each antibiotic amended plate yielding growth was used to prepare a 1 mL bacterial
suspension in a saline solution (8.5 g NaCl/L) prepared to a 0.5 MacFarland standard. This suspension
was then streaked onto a TBX agar plate and incubated as previously described to produce an isolate
for ESBL and antibiotic susceptibility testing (AST). Additionally, 50 randomly selected isolates were
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streaked on 100 mm Blood Agar plates (Hardy Diagnostics, Santa Maria, CA, USA), incubated per
the manufacturer’s specification, and subjected to species level confirmation by Matrix-Assisted
Laser Desorption/Ionization-Time-of-Flight (MALDI-TOF) mass spectrometry® performed on a
MALDI Biotyper (Bruker, Billerica, MA, USA) via direct transfer identification.

E. coli Isolate ESBL Phenotype Testing

Presumptive ESBL-Ec isolates from TBX-CRO, TBX-CTX, and CD-CTX plates was subjected to
confirmatory testing using the combination disk test (CDT) as detailed elsewhere.?® The test was
performed on 100 mm Mueller Hinton agar (MH) plates using ceftazidime (CAZ, BD231632, Franklin
Lakes, NJ, USA), ceftazidime/clavulanic acid (CAZ/CLA, BD231754), cefotaxime (CTX, BD231606)
and cefotaxime/clavulanic acid (CTX/CLA, BD231751) Sensi-Discs (Becton Dickinson, BD; Franklin
Lakes, NJ) with 18 h of incubation at 35 °C. The zone of inhibition around each disk was measured to
the nearest millimeter and the ESBL status determined per Table 3A “Tests for Extended-Spectrum
[-Lactamases in Klebsiella pneumoniae, Klebsiella oxytoca, Escherichia coli, and Proteus mirabilis” of the
M100 Performance Standards for Antimicrobial Susceptibility Testing.4 Four American Type Culture
Collection (ATCC) strains (Table S1) were used for quality control during testing. Control strain
suspensions were prepared to 0.5 MacFarland standard and subjected to the same testing as
presumptive ESBL-Ec isolates. In each case the control strains yielded the expected results.

E. coli Isolate Antibiotic Susceptibility Testing

Each presumptive ESBL-Ec isolate was also subjected to AST via Kirby-Bauer Disk Diffusion*!
performed with 8 antibiotic compound Sensi-Discs (Table S2): ampicillin (AM-10, BD231264),
azithromycin (AZM, BD231682), ciprofloxacin (CIP, BD231658), ceftriaxone (CRO, BD231634),
meropenem (MEM, BD231704), sulfamethoxazole with trimethoprim (SXT, BD231539), streptomycin
(510, BD231328), and tetracycline (TE, BD230998). Isolates were streaked onto MH agar plates, Sensi-
Discs were applied using an 8-place Sensi-Disc Dispenser (BD260660) and then the plate was
incubated at 35 °C for 18 h. Zones of inhibition were measured to the nearest millimeter and isolates
were classified as susceptible, intermediate, or resistant per M100 Table 2A, “Zone Diameter and MIC
Breakpoints for Enterobacterales” .4

Human Fecal Marker Testing by Digital PCR

Human fecal contamination in surface water samples positive for 3GCR E. coli and/or ESBL-Ec
and a matching number of surface water samples negative for both was measured by HF183/BacR287
using a protocol adapted to digital PCR (dPCR) from US EPA Method 1696.1.42 An aliquot of each
sample was filtered using a 0.4 um pore size polycarbonate membrane (HTTP04700, MilliporeSigma,
Rockville, MD, USA) and was then aseptically rolled into a 7 mL SK-38 Soil Grinding Lysis Tube
(P000936-LYSKO-A, Bertin Technologies, Montigny-le-Bretonneux, France) and stored at -80 °C. Lysis
tubes were thawed at room temperature and homogenized using 3 cycles at 10,000 rpm for 15 s with
a 10 s pause between each one on a Precellys 24 Homogenizer (Bertin Technologies, Montigny-le-
Bretonneux, France) followed by centrifugation at 4,000 rpm for 4 minutes (Eppendorf 5810R,
Hamburg, Germany) The supernatant was transferred into a sterile 2 mL microcentrifuge tube and
DNA was extracted using a DNeasy PowerWater Kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions with a final elution volume of 100 pL. The purified DNA was stored at -
80 °C until assayed by dPCR using the HF183/BacR287 assay and thermal cycling conditions listed in
Table S3 (optimized as detailed elsewhere).#> The primers and probe (MGB Eclipse Probe, FAM
channel) used in the experiments were purchased from Integrated DNA Technologies (Coralville, IA,
USA). All dPCR experiments were performed on a QIAcuity One, 5-plex system (Qiagen) using 26k
24-well Nanoplates (Qiagen). Reaction mixes were prepared with primer and probe concentrations
as listed in Table S2, 10 pL of 4x QIAcuity Probe PCR Mastermix (Qiagen), and 5 uL of purified
nucleic acid then amended with molecular-grade water to achieve a total volume of 40 uL. Thermal
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cycling was per the manufacturer’s recommended conditions (Table S2). Each dPCR experiment
included two no-template controls (NTCs) with 5 uL of molecular-grade water as template and two
positive controls containing 5 pL of level 3 SRM 2917 (NIST, Gaithersburg, MD, USA). Thresholding
was performed manually based on the separation between positive and negative partitions in
positive and negative control reactions such that all partitions in NTCs were classified as negative for
the target using the QIAcuity Software Suite v. 2.1.7.182. All NTCs across all dPCR experiments were
negative for the target of interest.

Statistical Analysis

All figures and statistical analyses were prepared using Prism 10 for macOS (Version 10.5.0 (673),
GraphPad Software, Boston, MA, USA). Qualitative agreement between ESBL-Ec screening methods
and between ESBL confirmation by each method were assessed a Kappa statistic.# Differences in
proportions were assessed using Fisher’s exact test with confidence intervals calculated via the
Wald interval.* Quantitative agreement between logio-transformed E. coli enumerations by various
methods and associations between river discharge percentiles and the proportion of sample replicates
positive for resistant E. coli of various types were assessed using Pearson correlation coefficients and
linear regression.*” Associations between antibiotic resistance and human sewage were assessed by
comparing HF183 abundance in samples that were positive and negative for various types of resistant
E. coli via the Mann-Whitney U test. Differences in the average resistance count between categories
of E. coli isolates from two locations were also assessed by Mann-Whitney while differences among
multiple locations were assessed by Kruskal-Wallis with Dunn’s correction.* In the case of highly
censored E. coli count data (> 50% of observations), maximum likelihood was used to estimate the
best-fit parameters (mean, standard deviation) for a normal distribution fit to the logio-transformed
data with the analysis performed in Python 3.10.0 (Python Software Foundation, Beaverton, OR).
Significant differences between log-normal models were assessed using likelihood ratio tests
(independent means and standard deviations versus common mean and standard deviation) with
the p-value estimated via the chi-squared statistic.

Results and Discussion

Method Comparisons for ESBL-Ec Screening from Water and Wastewater

A total of 180 membrane filtration replicates from 90 samples (72 surface water samples, 18 ATU
effluent samples) were subjected to ESBL-Ec screening using both TBX-CRO and TBX-CTX. Of these
39 were positive for putative ESBL-Ec by both while 101 were negative by both leading to 77.8%
concordance. The Kappa statistic (0.498, 95%CI: 0.365 — 0.631) indicates moderate agreement between
the two methods. When stratified by sample type, the two methods demonstrated fair agreement for
surface water samples (K = 0.338, 95%CI: 0.169 — 0.601) but almost perfect agreement (K = 0.880,
95%ClI: 0.653 — 1.00) for ATU effluent samples. The proportion of samples testing positive for 3GCR-
Ec by each method was not significantly different for surface water (p = 0.4422) or ATU effluent (p >
0.9999). Among the samples yielding concordant detections, 3GCR-Ec counts from each method were
moderately correlated (r = 0.4996, p = 0.0058). Screening with TBX-CRO resulted in 17 presumptive
ESBL-Ec isolates, of which 11 were confirmed, while CTX-CRO yielded 12 ESBL-Ec confirmations
among 19 presumptive, indicating no significant difference in the screening efficacy (p > 0.9999).
Although CLSI classifies CTX and CRO as “equivalent agents”# for susceptibility testing of E. coli,
the WHO prescribes the use of CTX in the Tricycle protocol.?! While previous studies have used either
CTX* or CRO® for surface water testing, to our knowledge there has been no head-to-head
comparison. Our analysis indicates TBX amended with either CRO or CTX are functionally
equivalent yielding similar detection rates for 3GCR-Ec from surface water and ATU effluent, similar
counts of 3GCR-Ec in the same, and similar ESBL-Ec confirmation rates.

We also assessed the performance of CD plates amended with CTX for 3GCR-Ec enumeration
and ESBL-Ec screening. CD plates provide a field-friendly dehydrated media format that is already
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in use for water quality testing as part of the WHO/United Nations Children’s Fund (UNICEF) Joint
Monitoring Program (JMP) and the UNICEF Multiple Indicators Cluster Surveys (MICS).5! During
preliminary testing with an ESBL TEM-10 positive control (ATCC BAA-196), a dilution series of lab
grown bacteria plated onto CD-CTX yielded blue colonies as expected with the resulting isolates
confirmed as ESBL-Ec by CDT (Table S4). In a second experiment with a dilution series of municipal
wastewater (Table S5), CD-CTX yielded CTX-resistant E. coli down to a 1:1,000 dilution compared to
a 1:100 dilution for TBX-CTX. Randomly selected isolates from each CD-CTX plate were confirmed
as ESBL-Ec by CDT. These observations suggest with a lower sensitivity for TBX compared to CD,
which has been observed previously compared to Quanti-Tray and MacConkey agar.? Given the
strong performance of CD-CTX relative to TBX-CTX during the two preliminary experiments, we
used CD-CTX to screen ATU effluents for 3GCR-Ec and ESBL-Ec. Two ATUs (ATU 1 and ATU 2)
were screened for 18 months using TBX-CTX followed by another 12 months using CD-CTX. Over
the first period, TBX-CTX yielded a 3GCR-Ec prevalence of 7/18 samples while over the second period
CD-CTX yielded a statistically similar (p = 0.7639) prevalence of 11/22. The ESBL confirmation rate
among the isolates resulting from TBX-CTX and CD-CTX when testing effluent from ATU 1 and ATU
2 were not significantly different (p = 0.4893). Previous studies have established the comparability of
CD EC plates and TBX for the enumeration of E. coli in food products, including liquids such as
pasteurized milk.5® Here, our pilot testing suggest that CD EC plates could provide a field-friendly
format for ESBL-Ec screening from environmental samples. Notably, 50 randomly selected
presumptive E. coli isolates across all screening methods were all confirmed as E. coli via MALDI-
TOF analysis.

3. GCR E. coli and ESBL-Ec in OWTS Effluent

During the study, a total of 70 individual ATUs were tested for 3GCR-Ec and ESBL-Ec in their
effluents by three different screening methods (TBX-CRO, TBX-CTX, and CD-CTX). ATU 1 and 2
were tested monthly for 29 months while all others were tested once. As shown in Table S6, 3GRC-
Ec detections in ATU 2 effluent samples (range: 55% - 91%) were significantly higher than ATU 1
effluent (range: 9% - 11%) by TBX-CRO (p = 0.0116), TBX-CTX (p = 0.0498), and CD-CTX (p = 0.0003).
Nonetheless, the detection rate of ESBL-Ec (range: 5% - 18%) was not significantly different between
the two by either screening method (p > 0.9999, p = 0.4762). Log-normal models fit to count data
indicate that 3GCR-Ec abundance in ATU 2 effluent was significantly higher than ATU 1 (Table 57),
with best-fit geometric means for ATU 1 ranging from 0.03 to 2.3 CFU/100 mL and ATU 2 from 3.5 to
93,000 CFU/100 mL (Figure S2). Among all 70 ATUs, 3GCR-Ec were detected in the effluent from
74.3% (95%CI: 62.9 — 83.2) while ESBL-Ec were detected in the effluent from 18.6% (95%CIL: 11.1 —
29.4). A log-normal model fit to the pooled count data from all the ATUs indicates the geometric
mean of 3GCR-Ec in effluent is 440 CFU/100 mL (95%CI: 100 — 1,900) (Figure S2).

ESBL-producing Enterobacteriaceae, including ESBL-Ec are known to survive typical secondary®,
and even tertiary wastewater treatment®, and are nearly ubiquitous in discharged effluent from
municipal wastewater treatment plants (WWTPs) at average concentrations from 200 to 500 CFU/100
mL. %5 3GCR-Ec are also prevalent and abundant in typical treated effluent from municipal
WWTPs.?® However, in wastewater, the prevalence and abundance of biological analytes is
dependent on the carriage rate and shedding among the relevant human population.® In the case of
decentralized wastewater treatment systems, we should expect larger variations in prevalence and
abundance from system to system due to the much smaller contributing population (in this study
individual households). Effluent from ATU 1 contained 3GCR-Ec less frequently and at lower
abundances than ATU 2 and ESBL-Ec at lower frequency. Our field observations (turbidity and
suspended solids in effluent) suggest that ATU 2 faces operational challenges compared to ATU 1.
Unfortunately, we cannot isolate the effects of system functionality versus household carriage rates,
although both could contribute to 3GCR- and ESBL-Ec concentrations in the discharged effluent.
Notably, in Louisiana individual households are not required to disinfect their ATU effluent prior to
discharge, although chlorination could enrich resistant populations.®® Across the region, ESBL-Ec
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were detected in 18.6% of ATU effluents. Based on an average household size of 2.6 in Tangipahoa
and St. Tammany parishes (U.S. Census data), the ATU effluent detection rate implies an individual
carriage rate of roughly 7.6% [ 1 — (1 —0.186)"2¢ ], which is slightly higher than carriage rates reported
recently for a cohort of health U.S. residents (4.5%).5" Across the same sample of ATUs, 3GCR-Ec were
detected in 74% of effluent samples implying a 40% carriage rate among the contributing human
population. The 3GCR-Ec geometric mean across all ATU samples suggests that ATU 1 most likely
represents a best case while ATU 2 represents the worst. Our findings demonstrate the potential role
of decentralized wastewater systems in emitting ESBL-Ec and 3GCR-Ec into environmental waters at
densities approaching municipal WWTP effluent. Additionally, water reuse and resource recovery
efforts from decentralized wastewater systems in a One Water paradigm'é must carefully consider
the unique risks posed by antibiotic resistant bacteria.6263

3. GCR E. coli and ESBL-Ec in Surface Waters

During the study a total of 144 surface water grab samples were tested for 3GCR-Ec. On the NR,
the proportion of samples positive for CRO-resistant, CTX-resistant, and ESBL-Ec increased from
upstream to downstream sites (Table S8), although the differences between sites were not significant.
For YW, the proportion of samples positive for each resistant E. coli type did not demonstrate any
definitive spatial pattern with the lowest positivity rates at the most downstream site, where tidal
influence may dilute upland inputs. Overall, the proportion of samples positive for CRO-resistant (p
<0.0001), CTX-resistant (p = 0.0329), and ESBL-Ec (p = 0.0212) were significantly higher on YW than
NR. The ESBL-Ec positivity rate on NR was 5.6% (95%CI: 2.3 — 12.0) compared to 19.4% (95%CI: 13.0
— 28.0) on YW. Positivity rates for 3GCR-Ec ranged from 54.2% (CRO-resistant) to 66.7% (CTX-
resistant) on YW and 19.4% (CRO) to 38.9% (CTX) on NR.

The prevalence of ESBL-producing and 3GCR-Ec in the environment varies by context as a
function of population carriage rate, antibiotic usage, and water and sanitation functionality.®+¢5
Among studies from 19 countries piloting the WHO Tricycle Protocols, ESBL-Ec prevalences in
surface water have ranged from 100% in Madagascar®’ and Indonesia® to 98% in Ghana.* Our
previous investigations using methods equivalent to the current study found 50% of surface water
samples contained ESBL-Ec in Ahmedabad, India while 17% to 100% contained 3GCR-Ec, depending
on the waterbody.* Environmental AMR in high-income countries, especially in the context of non-
point sources of fecal contamination, remains less explored. Studies in Raleigh, North Carolina, USA,
found 7.2% of surface water samples positive for ESBL-Ec® and detected 3GCR-Ec in 63% of
samples.5? As summarized in Table S9, the overall ESBL-Ec prevalence in surface waters during our
study (12.5% to 13.9%) was notably higher than what has been observed in North Carolina. In the
case of YW, the positivity rates for ESBL-Ec (19.4%) and 3GCR-Ec (54.2 — 66.7%) approached those
observed for some lakes in India.?® While YW is impaired for swimming due to bacteria, NR meets
boating and swimming conditions. Even still, NR is not free of ESBL-Ec or 3GCR-Ec, implying some
level of exposure risk. The minimal influence of large municipal WWTP discharges relative to
decentralized systems in the NR (exurban) and YW (peri-urban) watersheds along with the
confirmed presence and abundance of antibiotic-resistant E. coli in ATU effluent strongly implicates
the potential role of onsite wastewater systems in emitting the antibiotic-resistant bacteria in these
waterbodies. LDEQ acknowledges “on-site treatment systems” as the probable source of
contamination for dissolved oxygen depletion in NR and fecal coliform bacteria in YW, so their
potential role in ESBL-Ec and 3GCR-Ec contamination is also plausible.

3GCR-Ec counts on NR ranged from 0.5 to 8 CFU/100 mL by TBX-CRO and 0.5 to 24 CFU/100
mL by TBX-CTX while TBX-CRO counts on YW ranged from 0.5 to 78 CFU/100 mL and TBX-CTX
ranged from 0.5 to 27.0 CFU/100 mL (Figure S3). The percentage of censored observations was
extreme, up to 87% on NR and 56% on YW (Table 1). Normal distributions fit to the logio-transformed
counts (Figure 54) suggest the geometric mean for CRO-resistant E. coli on NR is 0.02 CFU/100 mL
compared to 0.13 CFU/100 mL for CTX-resistant E. coli. Likelihood ratio tests indicate higher
geometric means on YW compared to NR for CRO-resistant E. coli (0.62 CFU/100 mL), CTX-resistant
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E. coli (0.83 CFU/100 mL) and total E. coli (245 CFU/100 mL). Taking the ratio of the geometric means
of 3GCR and generic E. coli for each river indicates that on NR between 1 in 2,000 to 1 in 300 E. coli
are 3GCR (0.05% to 0.33%) while on YW between 1 in 400 to 1 in 300 E. coli are 3GCR (0.25% to 0.33%).

A recently published risk assessment suggests that E. coli count data, including ESBL-Ec, are
vital for quantifying the risk of environmental transmission of ARBs to humans via recreational
contact.”® Here we have produced log-normal probability density functions for 3GCR-Ec counts on
two coastal waterbodies with distinct fecal contamination profiles and compliance with recreational
use criteria. During the current study the ratio of 3GCR to total E. coli ranged from 0.05% to 0.33%,
which is comparable to a study of sediment and surface waters in Raleigh, North Carolina, USA,
where the ratio never exceeded 2%.52 Conversely, in highly impacted settings, 3GCR to total E. coli
ratios in waterbodies have been measured from 1% to as high as 29% using comparable methods.*
When the average ESBL-Ec confirmation rates among 3GCR isolates from surface water (49% 95%Cl:
37 - 61) are applied, the result implies ESBL-Ec to total E. coli ratios between 0.025 to 0.16%, which is
in the lower range of ratios observed in waterbodies in Norway (0 to 3.8%)7' and the Netherlands
(0.05 to 1.0%)* and well below what has been reported in a Indonesia (4.2 to 30.2%).%¥ Compared to
data used in the previously mentioned risk assessment, our observed ESBL-Ec fraction (Fe) was
roughly an order of magnitude lower while the total E. coli geometric mean on the most impacted
river was only 2 times greater, suggesting that the risk of a UTI attributable to ESBL-Ec from
recreating in the waterbodies may be quite low.”” However, the reliability of such risk assessments,
given the large quantitative uncertainties in the relevant mechanisms, is largely unknown.

Table 1. 3GCR E. coli abundance in two rivers as estimated by a normal distribution fit to the logio-transformed

count data using maximum likelihood estimation including both left and right censored values.

3GCRE. coli by 3GCRE. coli by E. coli
River TBX-CRO TBX-CTX by TBX
(log CFU/100 mL) (logo CFU/100 mL) (logo CFU/100 mL)
LC (<0): 125 LC (<0): 55 LC (<0)=17
RC (>2.176): 0 RC (>2.176): 0 RC (>2.176) =25
Natalbany (NR) UC: 18 uc: 17 UC: 96
u=-1.77 w=-0.89 u=154
0=154 =124 0=0.98
LC (<0): 80 LC (<0): 37 LC (<0):9
RC (>2.176): 0 RC (> 2.176): 2 RC (>2.176): 73
Yellow Water (YW) UC: 62 UC: 33 UC: 55
u=-0.21 w=-0.08 u=2.39
0=1.05 0=1.10 =114
NR vs. YW p =4.85x10* p = 0.0089 p=191x10%

LC = left-censored (< logio detection limit); RC = right-censored (> logi upper limit); UC =

uncensored.

Associations between 3GCR E. coli, Human Sewage and, River Discharge

To assess the association between resistant E. coli and human sewage, we also measured human
sewage marker HF183 in samples testing positive for resistant E. coli and a randomly selected and
equal number of negative samples. As indicated in Figure 1A, HF183 abundance in samples positive
for CRO-resistant E. coli was significantly higher than in negative samples (p = 0.0026). HF183
abundance was also significantly higher in surface water samples that were positive for ESBL-Ec (p
=0.0121, Figure 1C). However, for CTX-resistant E. coli (Figure 1B) there was no association between
HF183 abundance and positivity for CTX-resistant E. coli, although this could be attributable to a
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decrease in sample size since (n = 48 samples compared to 78 for CRO). Despite some associations
with 3GCR-Ec presence/absence, HF183 abundance was only weakly correlated with the abundance
of CRO-resistant E. coli (p = 0.3249, p = 0.0436) by culture and was not correlated with the abundance
of CTX-resistant E. coli (p = 0.01686, p = 0.9377) (Figure S5).

We also examined associations between the proportion of surface water samples testing positive
for CRO-resistant, CTX-resistant, and ESBL-Ec and the average discharge percentile over the 18-
month sampling period. In the absence of a stream gauge for YW and given the adjacency of the NR
and YW watersheds (within a few miles on each other), we assumed the discharge on NR was highly
likely to correlate with flow conditions on the YW and pooled the total number of replicate samples
(n = 16) for each sampling event. The proportions of samples positive for CRO-resistant E. coli (r =
0.6743, p =0.0021) and CTX-resistant E. coli (r = 0.7185, p = 0.0292) were strongly correlated with river
discharge percentile (Figure 1D). On average, a one-percentile increase in discharge increased the
CRO-resistant positivity rate by 0.59% (95%CI: 0.25 - 0.93, r2 = 0.4546) and the CTX-resistant positivity
rate by 0.56% (95%CI: 0.07 — 1.1, r2 = 0.5162). For ESBL-Ec, on the other hand, there was not a
statistically significant correlation between the proportion of samples positive and discharge (r = -
0.2587, p =0.2999).
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Figure 1. HF183/Bac287 abundance in surface water samples positive for CRO-resistant E. coli versus not (A),
CTX-resistant E. coli versus not (B), and ESBL-Ec versus not (C). The proportion of sample replicates positive
(X/16) for CRO-resistant E. coli, CTX-resistant E. coli, and ESBL-Ec as a function of the average daily discharge

percentile on the day of sampling over the sampling period.

Decentralized wastewater systems, as non-point fecal pollution sources originating from small
human populations, represent a unique human-environment interface in the One Health framework.
Studies of large municipal WWTPs have clearly established the role of large point source discharges
in increasing the concentrations of antibiotic-resistant bacteria relative to upstream.® As exemplified
by our data, such spatial trends are less clear for waterbodies impacted by non-point sources. Others
have noted that the proportions of human-derived ARBs isolated from surface waters increased
significantly in urban areas where OWTS use was prevalent” and correlations between human
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sewage markers and ARGs in watersheds where septic system density was high?® or where known
point-source outfalls could not explain contamination.”? We add to this body of knowledge by
establishing the presence of 3GCR-Ec and ESBL-Ec in OWTS effluent, the presence of such E. coli in
waterbodies impacted by OWTS, and finally the association between the presence of such bacteria in
surface water and human sewage markers. Taken together our data further elucidate the meaningful
role of non-point source human fecal pollution in environmental AMR at the watershed scale. We
also find evidence of a positive relationship between river discharge and 3GCR-Ec presence in peri-
urban and ex-urban surface waters. Previous studies of non-point sources have established positive
correlations between E. coli concentration, beta-lactamase gene prevalence and rainfall intensity for
urban stormwater runoff’® and beta-lactamase gene concentrations and runoff from agricultural
lands.” In the context of our study, we hypothesize that rainfall events mobilize fecal pollution,
including 3GCR and ESBL-Ec, from upland ditches where ATUs discharge into downstream
receiving waters. Thus, combined sewer overflows, which have previously been characterized as an
urban phenomenon, may in fact be the de facto and continuous mode of operation for open channel
stormwater systems receiving effluent from decentralized wastewater treatment systems in ex-urban
settings. The link we observe between rainfall and ARBs also implicates the potential role of extreme
weather, such as flooding and hurricanes, to amplify the impact of OWTSs on environmental AMR
in certain settings.”> Such events in combination with rising ambient temperatures in subtropical
climates such as Louisiana may drive increased dissemination of resistance determinants among
environmental bacteria and infections among humans.”>”¢ Recent thinking around One Health
strategies for combating AMR emphasizes the need to manage interfaces to reduce AMR.! Our
findings add further evidence that the unique interface between decentralized wastewater systems
and the environment cannot be neglected in such efforts.

Antibiotic Susceptibility Among 3GCR and ESBL-Ec Isolates

Over the study period 135 3GCR-Ec isolates were tested against 8 compounds and the total
number of compounds to which an individual isolate was resistant, which we refer to as the resistance
count, was tabulated. When considering 3GCR-Ec isolates by sampling location (Figure S6), ATU
isolates (n = 72) had a significantly higher (p = 0.0338) average resistance count (4.11, 95%ClI: 3.65 —
4.57) than isolates from YW (n = 38, 3.11 95%CI: 2.45 — 3.75) but not from NR (n = 7). ESBL-Ec isolates
did not have a significantly different resistance count from non-ESBL-Ec isolates overall (p = 0.1497)
or when stratified by ATU effluent (p = 0.1070) or surface water (p = 0.1201) (Figure S7). However,
when stratified by both sampling location and ESBL status, non-ESBL isolates from ATU effluent had
a significantly higher (p = 0.0072) average resistance count (3.93) than non-ESBL isolates from surface
water (2.65). As shown in Figure 2, environmental isolates (i.e., from ATUs and surface water) had a
higher prevalence of ampicillin and ceftriaxone resistance than clinical E. coli isolates in Louisiana
from 2000 to 201677 (p < 0.0001 for each). Surface water isolates exhibited a lower prevalence of
ciprofloxacin and higher prevalence of tetracycline resistance compared to clinical isolates (p =0.0072,
p = 0.0035, respectively). Compared to surface water and clinical isolates, ATU isolates exhibited
higher prevalence of resistance to azithromycin (p < 0.0001), meropenem (p < 0.0001), and
trimethoprim/sulfamethoxazole (p < 0.0100).

Wastewater has been proposed as an opportunity for surveillance of AMR among human
populations.” Such efforts have primarily emphasized sampling influent at large municipal
WWTPs.” ARGs in wastewater from WWTPs in Europe mirrored clinical antibiotic resistance trends
across multiple countries.® In our study, we observed distinct resistance patterns among
environmental and clinical E. coli isolates. In the case of the environmental isolates, we applied
selective pressure via media amended with third generation cephalosporins, so unsurprisingly, E.
coli isolates from our samples exhibited higher frequencies of resistance to ceftriaxone than clinical
isolates. These same environmental isolates also exhibited higher rates of ampicillin resistance
compared to clinical isolates, although ampicillin resistance was recorded at the highest frequency
among E. coli isolates from all three settings. Simultaneously, 3GCR-Ec isolates from surface waters
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exhibited resistance to ciprofloxacin at lower frequencies than clinical E. coli isolates but to
tetracycline at higher frequencies. 3GCR-Ec isolates from ATUs exhibited notably higher frequences
of resistance to azithromycin (51%), trimethoprim/sulfamethoxazole (65%), and meropenem (46%)
than surface water or clinical isolates. The prevalence of meropenem resistance among 3GCR-Ec form
ATU effluent is particularly striking as it is much higher than the 27% observed in municipal
wastewater influent in Pakistan® and more comparable to meropenem resistance rates reported for
bacteria in hospital wastewater in Morocco.8? Using the exact same AST procedures, we observed
meropenem resistance frequences among surface water isolates (8%) that were comparable with
clinical E. coli isolates from Louisiana (10%). High levels of resistance among wastewater isolates
compared to surface water isolates has been reported®® and beta-lactamase genes have been
implicated in conferring resistance to Cefiderocol, a last-line antibiotic, among environmental
isolates.#* Our findings suggest selective pressures in environmental waters may select for the
persistence of different phenotypes than are found in decentralized wastewater system effluent.
Ultimately, our exclusive use of culture-based methods precludes us from attributing directionality
of transmission between ATUs, surface waters, and clinical isolates or examining phylogenetic
associations between the three compartments.

ATU1(n=2)4 1.00 1.00 1.00 1,00

o‘“
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Figure 2. Prevalence of resistance to eight antibiotic compounds (AM, AZM, CIP, CRO, MEM, S, SXT, TE) among
3GCR E. coli isolates from on-site wastewater treatment system effluent (ATUs), surface waters (NR, YW) and

clinical isolates as reported in the 2016 Louisiana Antibiogram.

Study Limitations

Admittedly, there are many limitations that should be considered when interpreting our
findings. We studied two watersheds in coastal Louisiana where decentralized wastewater treatment
systems are prevalent, and their effluents have measurable impacts on surface water quality. These
watersheds may not be representative of decentralized wastewater use cases at large. The ATUs we
studied provide unique access but may not be representative of septic systems where effluents are
subject to further biological treatment in drain fields. The convenience sample of ATUs included in
the study may not be broadly representative of the population. For example, households with older
or younger members at home during the day might be more likely to produce flow during the
daytime hours when we were sampling. We only deployed culture-based methods adapted from a
harmonized surveillance strategy and cannot assign directionality between the compartments we
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studied. Instead, we rely on the associations implied by statistical significance. Our lack of
phylogenetic or ARG data precludes our ability to definitively link E. coli isolates in the environment
to clinical isolates from humans. Despite its limitations, our study adds robust evidence concerning
the likely impacts of decentralized wastewater treatment systems on environmental AMR for
clinically relevant resistance types, which has been vastly understudied compared to large municipal
wastewater systems.

Conclusions

The role of decentralized wastewater treatments systems in environmental AMR has been vastly
understudied compared to municipal WWTPs, despite the promise of such systems for water reuse
and resource recovery at the point of production and use. In our study, we found antibiotic resistant
E. coli, including those producing ESBL, in up to three quarters of on-site wastewater treatment
system effluents at mean densities exceeding 100 CFU per 100 mL. These isolates were frequently
multi-drug resistant. In surface waters receiving effluent from these systems, ESBL-Ec were present
in up to 19% of samples comprising an average of up to 0.16% of total E. coli. The presence of
antibiotic-resistant E. coli in these same surface waters was associated with human sewage and
increased discharge suggesting that stormwater runoff plays an important role in mobilizing human
fecal pollution into these ex-urban waterbodies. Despite their diffuse and non-point source nature,
decentralized wastewater treatment systems can be an important source of environmental AMR at
watershed scales. Both One Water and One Health paradigms must better incorporate such systems
to remediate the risks they pose will simultaneously leveraging their full potential for resource
recovery and reuse.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Surface water sampling map; control strains; AST compounds; HF183 assay
details; CD-TBX results for BAA-196 dilution series; TBX-CTX vs. CD-CTX for wastewater dilution series; 3GCR
and ESBL-Ec prevalence for ATU effluent; ATU effluent 3GCR abundance models; ATU effluent log-normal
PDFs; 3GCR and ESBL-Ec prevalence for surface waters; Resistant E. coli count data for surface waters; Surface
water log-normal PDFs; HF183 vs resistant E. coli count scatterplots; Resistance count histogram for ATU, NR,
and YW; resistance count histogram for ESBL versus non-ESBL Ec; ESBL-Ec prevalence in surface waters from

different settings.
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