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Abstract

Monitoring of antimicrobial resistance (AMR) in the environment is needed, but standard-
ized methods are lacking. This study evaluated a cost-efficient, kit-based approach for
detecting antibiotic-resistant Escherichia coli (AR-E. coli) and predicting multidrug-resistant
E. coli (MDR-E. coli) in concentrated animal feeding operations (CAFO)-impacted surface
waters in Tulare, California, and Clayton, Michigan. Eighteen Tulare and six Clayton
samples were analyzed using modified IDEXX Colilert-18 kits with selective antibiotics. In
Round 1 of the study, 702 isolates were tested against 12 antibiotics using disk diffusion
to identify ideal additions. No and low resistance to AMP was seen at the unimpacted
and less-impacted sites, respectively, while up to 34% of isolates at impacted sites were
resistant to AMP. The percentage of isolates resistant to erythromycin was 16% or lower at
less-impacted sites, but it ranged up to 64% at impacted sites. In Round 2, 1002 isolates
(1704 total) were characterized to compare modified IDEXX results with culture-based
results. Resistance to ampicillin (AMP-E. coli-col) detected by IDEXX strongly correlated
with MDR prevalence in Clayton (R2 = 0.71, p = 0.00197), while extended-spectrum beta-
lactamase-producing E. coli (ESBL-E. coli-col) correlated with MDR prevalence in Tulare
(R2 = 0.70, p < 0.0001). This observation appears to be site-specific. Findings suggest both
IDEXX- and culture-based methods can serve as AMR screening tools at CAFO-impacted
sites. This work supports community-based monitoring and informs standardized ap-
proaches for tracking AMR in inland waters.
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1. Introduction
Antimicrobial resistance (AMR) is a critical public health threat. The role of the envi-

ronment as a reservoir and transport pathway for AMR is well-documented. Numerous
studies have shown elevated levels of antibiotic-resistance genes (ARGs) near concentrated
animal feeding operations (CAFOs) in different regions and countries [1], with effluent
runoff, manure application on crops, and accidental contamination all serving as poten-
tially important sources [2–5]. In addition to increased AMR, several studies have reported
elevated multidrug-resistant Escherichia coli (MDR-E. coli) in CAFO-impacted waters [6–8].
Recent global metagenomic studies of livestock manure show that intensive animal pro-
duction systems contain a large diversity of antibiotic resistance genes, supporting the
role of CAFOs as important environmental reservoirs of AMR [9]. Documented health
issues associated with living in proximity to livestock operations [10,11], fields with manure
applications, and impacted waterways [12] include increased risk of skin and soft-tissue
infections, exacerbation of chronic obstructive pulmonary disease (COPD) [13], and colo-
nization with antibiotic resistant pathogens, including livestock-associated MRSA [14–17].

The Centers for Disease Control and Prevention (CDC) have called for increased
surveillance of AMR beyond clinical settings, including in environmental compart-
ments [18]. However, monitoring of AMR is quite challenging due to the large number
of possible target bacteria and antibiotic combinations to monitor. While routine moni-
toring exists for fecal indicator bacteria (FIB), including E. coli in coastal waters, there are
no standardized methods for evaluating AMR or MDR in recreational waters. Although
standardized antimicrobial susceptibility testing methods such as broth microdilution
and disk diffusion are well established for clinical isolates, no equivalent standardized
approaches exist for environmental monitoring and AMR surveillance in surface waters is
not routinely conducted.

To address the lack of standardized methods for AMR monitoring, the World Health
Organization (WHO) has chosen extended-spectrum beta-lactamase-producing E. coli
(ESBL-E. coli) as a proxy for monitoring AMR with a One Health approach, which recognizes
the interconnectedness of humans, non-human animals, and the environment [19]. The
WHO Tricycle Protocol enables spatial and temporal tracking of ESBL-E. coli in various
compartments, but its implementation is limited by cost, labor requirements, and Biosafety
Level 2 (BSL-2) lab facilities [20–24]. Recent work has demonstrated the feasibility of
using a simplified IDEXX Colilert-18 kits method for ESBL-E. coli monitoring, offering a
new approach in a resource-limited setting [25]. The IDEXX Colilert-18™ method detects
β-glucuronidase activity as an indicator of E. coli presence and by amending wells with
antibiotics, it can be adapted to screen for resistant phenotypes under selective conditions.

Despite the embrace of ESBL-E. coli as an AMR indicator, new evidence shows that
ESBL-E. coli may not by itself be adequate to characterize risk from other AMR bacteria and
ARG in the environment [26]. Our previous work near CAFO-impacted sites in Michigan
and Wisconsin found dramatically higher levels of AMR and MDR in CAFO-impacted
sites compared to less-impacted controls [26]. Notably, the ESBL-E. coli abundance did not
correlate with the MDR-E. coli detected using Kirby–Bauer susceptibility testing, while
resistance to specific antibiotics was more strongly associated with MDR [27]. These
findings suggest that simplified screening tools targeting selective antibiotics may improve
environmental AMR surveillance.
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Conventional culture-based techniques involving isolate recovery followed by antimi-
crobial susceptibility testing provide accurate resistance profiles but are resource-intensive,
require BSL-2 laboratories, and are impractical for routine environmental monitoring.
Therefore, there remains a critical need for low-cost, field-adaptable screening tools that can
identify AMR patterns in impacted surface waters, such as those in proximity to CAFOs.
The goals of this study were as follows: (1) characterize AMR and MDR in E. coli collected
from surface waters near dairy CAFOs in Michigan and California, and (2) provide a set of
tools that will enable low-cost monitoring of AMR and MDR in inland waters.

2. Materials and Methods
2.1. Field Sampling and In Situ Water Quality Parameters

Sample locations in Tulare County, California (CA), USA, and Clayton, Michigan
(MI), USA, were determined in collaboration with our community partner, the Socially
Responsible Agriculture Project. In both watersheds, surface waters downgradient of
CAFOs and fields where manure is sprayed were analyzed by lowering a sterile plastic 2 L
bottle into the water. Clean reference sites that were not influenced by CAFOs were sampled
in each watershed. In Michigan, a suspected human-wastewater-impacted site was also
sampled. The number of sampling replicates varied by site due to weather conditions and
seasonal changes in water availability, as some creeks and streams dried after the rainy
season, limiting repeated sampling at certain locations (TI1: 3 replicates; TI2: 2 replicates;
TI4: 3 replicates; TI5: 2 replicates; all other sites were sampled once) (Tables 1 and 2). Bottles
were immediately stored and transported in a cool box at 4 ◦C and processed the same
day in the laboratory. An Apera Instruments AI311 Premium Series PH60 multiparameter
probe (Columbus, OH, USA) was used to determine pH, temperature, conductivity, and
salinity in the field.

Table 1. Tulare site information table.

Site Type of Livestock Distance to Nearest
CAFO (km)

Size of Nearest
CAFO (Head)

CAFOs Within
Radius of 9 km

Total Livestock in
Radius 9 km (Head)

TI1 Turkeys 7.16 30,000 2 130,000

TI2 Heifers (non-dairy
affiliated) 1.01 375 17 14,322

TI3 Dairy cows 1.07 375 19 20,062
TI4 Dairy cows 0.79 1633 59 120,979
TI5 Dairy cows 2.14 1255 61 219,073
TI6 Dairy cows 4.4 2830 9 19,613
TI7 Dairy cows 1.38 2830 7 675,464
TI8 Dairy cows 10.79 1708 0 0

TLI Less Impacted 16.9 N/A 0 0
TUI Unimpacted 18.98 N/A 0 0

Table 2. Clayton site information table [27].

Site Type of
Livestock

Distance to Nearest
CAFO (km)

Size of Nearest
CAFO (Head)

CAFOs Within
Radius of 9 km

Total Livestock in
Radius 9 km (Head)

D1 Dairy cows 0.91 2400 4 8993
D2 Dairy cows 3.74 2400 4 8993

SD1 Swine and dairy 1.44 3495 3 13,314
SD2 Swine and dairy 1.07 6300 2 9795

UI Unimpacted 11.91 1340 0 0

WW Wastewater 83.18 2340 0 0
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Additional Information

The U.S. EPA defines CAFOs as animal feeding operations where animals are confined
and maintained for 45 days or more per year and no sustained crops or vegetation cover
the facility [28]. For dairy cows, fewer than 300 animals can be defined as a small CAFO;
medium CAFOs may confine 300–699 animals, while large CAFOs contain more than
1000 animals.

2.2. Fecal Indicator Bacteria Analysis

Levels of fecal indicator bacteria (FIB) [Total Coliform (TC), E. coli], ESBL-E. coli,
ampicillin-resistant E. coli (AMP-E. coli), and tetracycline-resistant E. coli (TE-E. coli), were
measured with Colilert-18TM (IDEXX, Westbrook, ME, USA) reagents and protocols [29] to
determine the most probable number (MPN) of cells per 100 mL of water. Milli-Q water
was used as a negative control during method validation and showed no detectable growth.

2.3. Isolate Selection, Purification, and AMR Testing (Figure 1)

Water samples were passed through gridded mixed ester cellulose membranes with
a pore size of 0.45 µm and incubated on modified mTEC agar (Difco, Becton Dickinson,
Sparks, MD, USA), which is selective for EC. Phosphate-buffered saline (PBS), prepared
using a standard recipe (0.58 g NaH2PO4, 2.5 g Na2HPO4, and 8.5 g NaCl per liter) and
autoclaved before use, was used as a blank and for diluting samples under 20 mL. The
dilution step using PBS was performed to enable even passage of small-volume samples
through the membrane filter. Plates were bagged and incubated first at 35 ◦C ± 0.5 ◦C
for 2 ± 0.5 h, then transferred to 44.5 ◦C ± 0.5 ◦C for 20 ± 2 h. Isolates were purified
with a minimum of three streaks on Tryptone Bile X-glucuronide (TBX) media (Oxoid,
Thermo Fisher Scientific, Basingstoke, United Kingdom) plates (also selective for E. coli)
and tested for resistance to a suite of antibiotics using the Kirby–Bauer method. The
antibiotics used were ciprofloxacin (CIP-5 µg), chloramphenicol (C-30 µg), cefotaxime
(CTX-30 µg), cefoxitin (FOX-30 µg), tetracycline (TE-30 µg), amoxicillin/clavulanic acid
(AMC-30 µg), imipenem (IPM-10 µg), ampicillin (AMP-10 µg), kanamycin (K-30 µg),
gentamicin (CN-10 µg), trimethoprim–sulfamethoxazole (SXT-25 µg) and erythromycin
(E-15 µg) (Oxoid, Thermo Fisher Scientific, Basingstoke, United Kingdom). The Indole
test was also performed, followed by the ASM protocol [30], for all isolates as a secondary
confirmation for E. coli identification.

Figure 1. Method diagram.
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2.4. Validation of Modified Colilert-18 Method

After determining which antibiotics’ resistance patterns correlated with MDR, we
conducted a second round of sampling in which samples were measured by both the
modified Colilert-18 method and the traditional approach involving colony purification
and testing with the Kirby–Bauer method. On the day of sampling, some water from each
site was filtered and plated onto mTEC media for traditional selection as described above.
The modified Colilert-18 test was also conducted by spiking ampicillin or tetracycline.
Cefotaxime was also added as it serves as the standard marker for detecting ESBL-E. coli.

2.5. Data Processing and Statistical Analysis

Colilert-18 MPN values were used to calculate the percentage of resistant E. coli for
each antibiotic by dividing the antibiotic-amended MPN by the total E. coli MPN for the
corresponding site.

MDR was defined as resistance to three or more types of antibiotics, based on the
Kirby–Bauer disk diffusion test results.

Correlation analyses between resistance to individual antibiotics and MDR prevalence
were conducted using linear regression. Coefficients of determination (R2) were calculated
from regression residuals. All data processing, statistical analyses, and figure generation
were performed using Python 3.13.5. Samples with insufficient values were excluded from
the correlation analyses.

3. Results
3.1. EC Results Detected by Colilert-18 (IDEXX) for All Sampling Days

For both Tulare, CA, and Clayton, MI, field work, levels of E. coli were determined with
Colilert-18 with no amendments. Unimpacted sites at both locations and the wastewater-
impacted site showed levels that were below the recreational standard (the U.S. EPA
recommended level for E. coli in recreational water is 2.61 log10MPN/100 mL), while some
CAFO-impacted sites showed E. coli substantially above the standard. Specifically, the
Tulare Impacted (TI) site 4 (TI4) had E. coli present at 2.87 log10MPN/100 mL (95% CI: 2.56,
3.17) on the first sampling day. In Michigan, one of the dairy sites had E. coli levels of
2.89 log10MPN/100 mL (95% CI: 2.74, 3.04) and the two sites with swine and dairy influence
had levels of 3.18 log10MPN/100 mL (95% CI: 3.05, 3.31) and 3.61 log10MPN/100 mL
(95% CI: 3.42, 3.79) (Figure 2).

3.2. Antibiotic Testing on E. coli Isolates with the Kirby–Bauer Method

A total of 1704 isolates (Tulare: n = 1267; Michigan: n = 437) were purified and tested
for resistance to 12 antibiotics using the Kirby–Bauer method (see Tables 3 and 4). In
Tulare, at the unimpacted site (TUI), 16% of the isolates were resistant to erythromycin,
but no resistance was seen for any of the other 11 antibiotics. Isolates from impacted
Tulare sites showed resistance ranging up to 64% for erythromycin, 34% for ampicillin,
26% imipenem, 31% tetracycline, and 31% for cefotaxime. Erythromycin resistance was the
most prevalent among all tested antibiotics, with the highest proportion observed at TI2 on
March 2 (64%). Tetracycline resistance was also frequently detected, reaching up to 31%
at TI1 on March 2, while only the unimpacted site (TUI) showed no resistance. Similarly,
ampicillin resistance was also notable, with the highest reading at TI6 on April 27 (34%),
followed by 33% at TI1 on March 2. The highest imipenem resistance was detected at TI6
on April 27 (26%). Resistance at the remainder of the sites ranged from 0 to 7%, with 0% on
clean sites. MDR was most pronounced on March 2, with 29% in TI1, while no MDR was
seen at the unimpacted site. The less impacted site (TLI) had 1% MDR-E. coli, and the rest
of the impacted sites ranged from 2 to 29% MDR.
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(a)

(b)

Figure 2. E. coli level (log MPN/100 mL) detected by modified IDEXX method in Tulare County,
CA (a) and Clayton, MI (b). The U.S. EPA recommended level for E. coli in recreational water is
410 CFU/100 mL (2.61 log10MPN/100 mL shown in dashed line).

Similarly, in Michigan, at the unimpacted site UI, 7% of the isolates were resistant to
erythromycin, but no resistance was seen for any of the other 11 antibiotics. E. coli from
impacted Michigan sites showed resistance ranging up to 22% for erythromycin, 17% for
ampicillin, and 25% tetracycline. MDR-E. coli ranged up to 7% at impacted sites but was
absent at the unimpacted site. Among all the isolates, amoxicillin/clavulanic acid-resistant
isolates were only detected at D1 (4%). Tetracycline-resistant isolates were most prevalent
in D1 as well (25%), followed by SD2 (5%) and SD1 (3%), while all other sites showed no
tetracycline resistance. Similarly to Tulare sites, erythromycin resistance was widespread.
D2 shows the highest prevalence (22%), CAFO-impacted sites (D1, SD1, SD2) exhibit 3–8%
resistance and unimpacted (UI) and wastewater (WW) sites show 7% and 10% resistance,
respectively. Notably, ciprofloxacin resistance was not detected at any sites. However, the
% MDR observed at this time point is substantially lower compared to findings from a
previous study at the same sampling sites but during different season. In all previously
mentioned impacted sites, MDR level exceeded 10%, with resistance reaching up to 89%
for erythromycin, 67% for ampicillin, and 62% tetracycline [27]. These findings suggest that
the AMR level has seasonal variations.
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Table 3. % Resistance table. Percent resistance to each antibiotic for E. coli isolates purified from surface waters in Tulare County, CA.

% Resistant (n = 1267)

Feb 2 Feb 23 March 2 (Rainy Day) April 27 May 17 CLEAN

Antibiotic
Drug Class Antibiotic

Abbreviation
of

Antibiotic

TI1
(n = 90)

TI4
(n = 87)

TI4
(n = 65)

TI5
(n = 87)

TI4
(n = 80)

TI1
(n = 52)

TI2
(n = 68)

TI1
(n = 75)

TI2
(n = 100)

TI6
(n = 74)

TI7
(n = 93)

TI8
(n = 45)

TI3
(n = 83)

TI5
(n = 83)

TLI
(n = 116)

TUI
(n = 58)

Quinolone
antibiotics ciprofloxacin CIP 0 0 2 0 6 2 0 0 1 0 0 0 0 6 0 0

Amphenicol
antibiotics chloramphenicol C 0 2 3 0 5 0 3 3 4 4 3 0 2 8 0 0

Cephalosporin
antibiotics cefotaxime CTX 1 0 3 1 5 2 4 1 0 1 2 0 31 8 0 0

Tetracycline tetracycline TE 6 5 5 3 10 31 16 7 11 5 6 4 7 13 7 0

Carbapenem
antibiotics Imipenem IPM 0 2 0 3 1 6 7 3 1 26 1 0 0 0 0 0

Penicillin Amoxicillin/clavulanic
acid AMC 6 2 0 3 1 19 6 1 0 9 2 0 0 2 9 0

ampicillin AMP 2 3 5 2 10 33 12 1 13 34 5 2 0 13 9 0

Sulfonamide
antibiotics

trimethoprim-
sulfamethoxazole SXT 3 1 2 1 8 4 3 0 8 4 0 2 2 8 0 0

Macrolide
antibiotics erythromycin E 20 30 43 24 41 46 64 28 16 5 38 14 25 23 9 16

Aminoglycoside
antibiotics

gentamicin CN 0 1 2 0 4 2 3 1 2 0 0 0 0 5 0 0

kanamycin K 1 3 3 0 6 4 4 0 5 4 2 0 0 8 0 0

% positive
Indole test 90 87 81 87 100 65 84 94 100 90 93 97 99 99 97 92

%MDR 3+ 2 5 2 2 11 29 6 3 7 9 4 2 6 11 1 0
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Table 4. % Resistance table. Percent resistance to each antibiotic for E. coli isolates purified from
surface waters in Clayton, MI.

% Resistant (n = 437)

Antibiotic
Drug Class Antibiotic

Abbreviation
of

Antibiotic
D1 (n = 72) D2 (n = 76) SD1 (n = 78) SD2 (n = 76) UI (n = 68) WW (n = 67)

Quinolone
antibiotics ciprofloxacin CIP 0 0 0 0 0 0

Amphenicol
antibiotics chloramphenicol C 7 0 1 3 0 3

Cephalosporin
antibiotics cefotaxime CTX 3 0 1 0 0 3

Tetracycline tetracycline TE 25 1 3 5 0 6

Carbapenem
antibiotics Imipenem IPM 4 0 0 0 0 1

Penicillin
Amoxicillin/clavulanic

acid AMC 4 0 0 0 0 0

ampicillin AMP 17 0 1 0 0 1

Sulfonamide
antibiotics

trimethoprim-
sulfamethoxazole SXT 1 0 0 0 0 1

Macrolide
antibiotics erythromycin E 8 22 3 5 7 10

% positive
Indole test 95 95 100 95 99 100

% MDR 3+ 7 0 1 0 0 4

The correlations between resistance to a particular antibiotic and MDR from Round
1 results were examined to choose antibiotics for the modified IDEXX method (Figure 3).
For the Tulare sites (Figure 3, blue circles), tetracycline and ampicillin correlated (R2 = 0.81
and 0.6, respectively) with highly significant p-values (p < 0.001). For the Michigan sites
(Figure 3, red triangles), significant correlations were observed for tetracycline (R2 = 0.85,
p < 0.00001), ampicillin (R2 = 0.76, p = 0.00033), chloramphenicol (R2 = 0.99, p < 0.00001),
cefotaxime (R2 = 0.88, p < 0.00001), trimethoprim–sulfamethoxazole (R2 = 0.88, p < 0.00001)
and imipenem (R2 = 0.90, p < 0.00001). In an earlier study conducted in Michigan, a
strong correlation was identified between the % of AMP resistance isolates and the % of
MDR (R2 = 0.856, p = 0.0010) [26]. The current study reinforces this observation, further
supporting its consistency.

3.3. Correlations Between Amended IDEXX and AMR

Colilert-18 amended with tetracycline correlated with the percentage of isolates resis-
tant to tetracycline (R2 = 0.61 and p = 0.00004) (Figure 4).

3.4. Correlations Between Amended Colilert-18 and MDR for E. coli Isolates

We tested the hypothesis that Colilert-18 modified with the most promising antibiotics
from Round 1 would predict MDR in Round 2 for Tulare, CA, and Clayton, MI. ESBL-E. coli
(measured with IDEXX on both rounds of sampling) correlated well with MDR-E. coli in
Tulare (R2 = 0.6971, p = 0.000057) but not in Michigan (R2 = 0.0274, p = 0.753887057), while
AMP-E. coli correlated with MDR-E. coli in Michigan (R2 = 0.705, p-value = 0.0363), but not
in Tulare (R2 = 0.00063, p-value = 0.927) (Figure 5).
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Figure 3. Correlation analysis between (%) MDR (3 + classes of antibiotics) and (%) resistance
to cefotaxime (a), ampicillin (b), and tetracycline (c), detected by culture-based Kirby–Bauer disk
diffusion tests. Expanded data are available in the Supplemental Section (Figure S1).

Figure 4. Correlation analysis between amended IDEXX and disk diffusion for AMP and TE. Per-
centage of EC resistant to TE as measured with tetracycline-amended Colilert-18 (%TE-E. coli-col)
versus the percentage of isolates resistant to tetracycline by Kirby–Bauer (%TE-E. coli-kb) in Tulare
(a) and Michigan (c). Percentage of E. coli resistant to AMP as measured with ampicillin-amended
Colilert-18 (% AMP-E. coli-col) versus the percentage of isolates resistant to ampicillin by Kirby–Bauer
(% AMP-E. coli-kb) in Tulare (b) and Michigan (d). Expanded data is available in the Supplemental
Section (Figure S2).
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Figure 5. Correlation analysis for (a) percentage of ESBL-E. coli-col to percentage of MDR-E. coli
Tulare (R2 = 0.70, p < 0.0001), Michigan (R2 = 0.03, p = 0.737); (b) percentage of TE-E. coli-col to
percentage of MDR-EC Tulare (R2 = 0.22, p = 0.238), Michigan (R2 = 0.54, p = 0.030); (c) percentage
of AMP-E. coli-col to percentage of MDR-E. coli Tulare (R2 = 0.0006, p = 0.925), Michigan (R2 = 0.71,
p = 0.002).

4. Discussion
Working with our community partners, we developed a two-stage approach to create

an IDEXX-based method for screening for AMR and MDR at our study sites that would
leverage existing water-quality monitoring infrastructure. In Round 1, we isolated E. coli
without pre-selection for antibiotic resistance and characterized these isolates for their
resistance to twelve antibiotics. Based on the correlations between specific antibiotics and
MDR for these sites, we developed an IDEXX-based method that could indicate hotspots
for MDR in our area, which was tested in Round 2.

The findings of this study demonstrate elevated levels of AMR and MDR in surface
water near CAFOs, particularly at sites associated with dairy and swine operations in both
Tulare, CA, and Clayton, MI. Ampicillin (AMP) and tetracycline (TE) are two antibiotics
that are widely used in livestock production in several countries [31,32] and in the U.S. [33].
In Tulare, AMP-resistant EC were detected in 13 out of 14 impacted sites, while in Michigan
they were detected in one dairy (out of two) and one swine and dairy site (out of two).
Tetracycline-resistant E. coli were observed across all CAFO-impacted sites in both regions.
Notably, the highest percentage of TE resistance coincided with the highest MDR preva-
lence, while sites with no TE resistance exhibited no MDR. This finding was reported by
Sayah et al. [34], who found that TE resistance was frequently associated with MDR-E. coli,
suggesting that EC with TE resistance has an increasing likelihood of being resistant to
other antibiotics.

Erythromycin (E) is another antibiotic commonly used in cattle for the treatment of
infection and is often administered to the entire animal population [35]. This high-level
usage may help explain the high prevalence of E-resistant E. coli observed in all of the
sampling sites. In contrast, ciprofloxacin (CIP)-resistant E. coli was detected only five times
across all sampling locations—twice at TI4, with a maximum prevalence of 6%. This is
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similar to other studies that found that EC isolates that have resistance to certain antibiotics
can be site- or animal-specific. In a study in South Africa, only 2 of 19 MDR-E. coli among
all 150 E. coli isolates from herbivores and domestic pigs were AMP-resistant [36]. While in
Brazil, none of 28 isolates from pig farms were AMP-resistant [37].

It is notable that the E. coli MPN in all sites among Tulare and Michigan measured
using the modified IDEXX method generally fell within acceptable limits for environmental
waters; thus, a low bacterial concentration does not always reflect a low level of AMR.
Several sites impacted by CAFO displayed an elevated E. coli level, which may result from
direct or indirect inputs of animal waste, runoff from storm events, or manure applications.
Other recent findings show that MDR can still be prevalent even when E. coli levels appear
low. Chowdhry et al. (2025) reported that despite low MPN values, MDR among E. coli
isolates reached up to 75% at a Michigan dairy site [27]. The results from these studies
demonstrate that only relying on MPN values to access water quality may underestimate
the potential health risk posed by ARB in surface water influenced by agricultural activities.

Even in the midst of a growing health crisis regarding the proliferation of antimicrobial
resistance, there is currently a paucity of data on MDR in the United States. One contribut-
ing factor is that MDR is difficult to measure. DNA-based approaches that analyze DNA
extracted from a whole bacterial community cannot indicate MDR in any one organism.
Also, DNA-based techniques without special modifications capture DNA from both live
and dead cells, so any observed MDR may not be occurring in a live organism. The method
proposed in this study will dramatically increase the accessibility of MDR analysis in
the environment.

In studies of the nature and transport of ARGs and ARB dynamics across large
areas, it is very beneficial to have methods that have a quick turnaround and are not
prohibitively expensive. Overnight testing allows for adaptive sampling on multi-day
sampling campaigns. The low cost of this method indicates that it can be used as a
screening tool to indicate a subset of sites that are appropriate for further testing by DNA-
based methods.

This method would be more easily transferable if the same antibiotics correlated
equally with MDR across the two study areas. The fact that they do not indicates that
two rounds of sampling may be needed to develop a method that works best in a particular
region. The finding that different antibiotics were better predictors of MDR is likely due to
the fact that local farming practices differ and this is a topic for future research.

Traditional Kirby–Baur testing, while being the gold standard for assessing AMR
in cultures, is time-consuming and laborious. That fact is part of why this research is
so valuable. The method presented here is a much faster and less laborious method for
detecting AMR and predicting MDR in environmental bacteria.

This work will lead to an improved understanding of the impact of agricultural
activities on nearby aquatic ecosystems, including the transport and nature of ARB in the
environment. The California State Water Resources Control Board is currently determining
the appropriate methods for monitoring the risk level for pathogen exposure in inland
waters. The method used in this work, IDEXX kits with added antibiotics, was validated as
a quick screening tool for antibiotic resistance surveillance in natural water environments.

Community-based participatory research (CBPR) is an approach to research that
involves collaboration between community members, researchers, and stakeholders at
some level at all project stages. It is an equitable approach to research that values community
knowledge, eschews traditional research power structures through its emphasis on co-
learning and co-production, and aims to directly benefit communities, such as through
influences on policy or regulation. CBPR improves the scientific enterprise itself through
the three R’s of Rigor, Relevance, and Reach [38].
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The kit-based methods proposed here involve simple modifications to IDEXX kits,
which are very widely used for FIB analysis. The modifications can be completed without
extensive laboratory equipment, and Biosafety Level 2 is not needed. While in this work the
analysis was completed in an academic laboratory, the simplicity of the method opens the
door for community groups to participate in the monitoring and research of environmental
antibiotic resistance in their regions of interest. The majority of samples in this study were
collected from CAFO-impacted regions, so the findings may not be generalizable to surface
water impacted by other pollution sources. Future studies will aim to evaluate the MDR
patterns across different contamination scenarios.

5. Conclusions
Our study used a community-engaged monitoring approach to investigate the dynam-

ics of E. coli, ESBL-E. coli, and MDR-E. coli in surface waters near CAFOs in Tulare County,
CA, and Clayton, MI. MDR-E. coli levels were elevated at CAFO-impacted sites compared
to unimpacted reference locations. However, site-dependent variability was observed in
resistance patterns, indicating that AMR dynamics are influenced by local factors and
suggesting that resistance patterns are influenced by local environmental and agricultural
factors rather than universal trends. Relationships between modified Colilert-18 methods
and MDR-E. coli were site-specific. IDEXX ESBL-E. coli was correlated with MDR for the CA,
but not the MI sites, while Colilert-18 modified with AMP and TE was correlated with MDR
for sites in MI but not those in CA. Seasonal variation likely contributes to these differences,
as agricultural activities such as manure application, irrigation, and calving season can
increase runoff and bacterial loading in nearby waterways. The observed resistance peaks
likely reflect real temporal variability driven by dynamic environmental and agricultural
conditions. These temporal changes emphasize the need for long-term monitoring across
different seasons to better capture resistance trends and assess risks to local communi-
ties. This work has developed and provided a proof-of-concept for an accessible, low-cost
screening method based on modified IDEXX that can reveal hotspots for environmental
AMR or MDR, especially in the region where access to an advanced laboratory is limited.
Future work will compare this IDEXX-based approach with traditional culture-based meth-
ods, qPCR, and metagenomic-based techniques to support standardization and broader
applicability. These findings highlight the importance of continued monitoring of AMR in
agricultural watersheds to protect both environmental and public health.
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Abbreviations
The following abbreviations are used in this manuscript:

AMR Antimicrobial Resistance
E. coli Escherichia coli
AR-E. coli Antibiotic-resistant Escherichia coli
MDR Multidrug Resistance
CAFOs Concentrated Animal Feeding Operations
ESBL-E. coli Extended-spectrum beta-lactamase-producing Escherichia coli
AMP-E. coli-col Resistance to Ampicillin Detected by IDEXX Colilert-18

ESBL-E. coli-col
Extended-spectrum beta-lactamase-producing Escherichia coli Detected
by IDEXX Colilert-18

TE-E. coli-col Resistance to Tetracycline Detected by IDEXX Colilert-18
ARGs Antibiotic Resistance Genes
COPD Chronic Obstructive Pulmonary Disease
WHO World Health Organization
FIB Fecal Indicator Bacteria
TC Total Coliform
AMP-E. coli Ampicillin-resistant E. coli
TE-E. coli Tetracycline-resistant E. coli
MPN Most Probable Number
CIP Ciprofloxacin
C Chloramphenicol
CTX Cefotaxime
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FOX Cefoxitin
TE Tetracycline
AMC Amoxicillin/clavulanic acid
IPM Imipenem
AMP Ampicillin
K Kanamycin
CN Gentamicin
SXT Trimethoprim-sulfamethoxazole
E Erythromycin
AMP-E. coli-kb Resistance to Ampicillin Detected by Kirby-Bauer Disk Diffusion Test
ESBL-E. coli-kb Resistance to Cefotaxime Detected by Kirby-Bauer Disk Diffusion Test
TE-E. coli-kb Resistance to Tetracycline Detected by Kirby-Bauer Disk Diffusion Test
CBPR Community-based Participatory Research
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