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Simple Summary: This study delves into the microbial ecology of integrated crop–livestock farms
(ICLFs) and its impact on food safety, specifically addressing the prevalence and antibiotic resistance
of diarrheagenic E. coli. Analyzing 2973 samples over two years in Maryland and Washington DC, the
study reveals a 4.30% incidence of diarrheagenic E. coli, with livestock bedding materials showing the
highest prevalence at 8.51%. Notably, 92.30% of virulent type E. coli displayed resistance to common
antibiotics. The findings underscore the potential risks associated with integrated farming practices,
emphasizing the need for vigilant on-farm and market-level precautions to mitigate the threat of
antibiotic-resistant virulent type E. coli in locally integrated farming contexts.

Abstract: Microbial ecology on integrated crop–livestock farms (ICLFs) can impact food safety
through pathogen transfer between animals and crops. Recent reports of pathogen-contaminated
products sold in local organic retail, roadside, and farmers markets highlight the need for assessment
of the ecological patterns of bacterial pathogens. This study investigated the prevalence and antibiotic
resistance of the virulent type of diarrheagenic E. coli in ICLFs. Over two years, 2973 samples
from ICLFs and markets in Maryland and Washington DC were analyzed. Diarrheagenic E. coli
was found in 4.30% (128/2973) of collected samples, with a higher isolation rate in environmental
(4.42%, 59/1332) and produce (4.20%, 69/1641) samples. Overall, livestock bedding materials had the
highest prevalence (8.51%, 4/47). Post-harvest produce exhibited a lower contamination rate of 1.32%
(10/756), whereas pre-harvest produce had a higher incidence with 6.67% contamination (59/885),
indicating the presence of E. coli. Alarmingly, 92.30% (72/78) of pathogenic E. coli isolates were
resistant to common antibiotics. The findings highlight potential risks associated with integrated
farming practices and emphasize the importance of safe harvesting and post-harvesting measures,
particularly in the context of the growing popularity of local integrated farming. Implementing
precautions at on-farm and market levels is crucial to mitigate the risk of antibiotic-resistant E. coli-
related enteric illnesses, safeguarding both consumers and the integrity of integrated farming systems.

Keywords: mixed farm; prevalence; E. coli; antibiotic resistance; Maryland and Washington D.C.
metropolitan area; integrated crop–livestock farms (ICLF)

1. Introduction

According to the Centers for Disease Control and Prevention (CDC), more than
10,225 foodborne outbreaks occurred in the US between 2009 and 2021 which caused at
least 176,502 illnesses, 11,953 hospitalizations, and 316 deaths [1]. Out of these numbers of
outbreaks, plant products including fruits, vegetables, spices, and grains are responsible for
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more than 51% of foodborne illnesses in the US [2]. Further, fresh fruits and vegetables in-
cluding spinach, carrots, lettuce, tomatoes, cucumber, melons, apples, and strawberries are
higher risk foods as these are commonly consumed raw. Shiga toxin-producing Escherichia
coli (STEC), non-typhoidal Salmonella enterica, and Listeria monocytogenes are the most com-
mon bacterial pathogens associated with reported produce-related outbreaks [1,3]. Farm
animals, such as cattle, goats, pigs, and poultry, serve as major reservoirs for STEC [4,5]. In
addition to STEC, other diarrheagenic E. coli virulent types include enteropathogenic E. coli
(EPEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), and enterotoxigenic
E. coli (ETEC), further contributing to the complexity of potential foodborne illnesses associ-
ated with contaminated produce. These pathogens colonize in these farm animal intestines
as normal microbiota and contaminate the animal food products during inappropriate
processing. In addition to contaminating animal food products, they can contaminate soil,
water, and grasses/plants and survive for a long time in soil, water, and plants through
fecal runoff [6,7]. Given the numbers of foodborne illnesses with the pathogen STEC,
the economic impacts are more than USD 1.6 billion [8]. Our study goes further into the
dynamics of foodborne outbreaks by focusing on integrated crop–livestock farms (ICLFs)
in response to the request for creative research. We want to discover new issues and poten-
tial sources of contamination by investigating the complicated link between animal and
vegetable production in these farms.

When animals and vegetables are produced in the same farm, the facility is known as an
integrated crop–livestock farm (ICLF). Food products, specifically fresh produce cultivated
in ICLFs, are more vulnerable to becoming contaminated with zoonotic pathogens [9–16].
ICLF practices are gaining popularity across various states in the US, particularly in the
Northeast. The numbers of ICLFs are on the rise, aligning with ecological and conservation
principles [13–16]. These farms employ the recycling of animal manure as fertilizer and
utilize plant residuals as animal feed. However, the effectiveness of these practices depends
on proper management, as improper recycling, such as inadequate composting, can ele-
vate the risk of introducing pathogenic microbes into crop production environments and
sustaining pathogen reservoirs in livestock [13–16]. The survival potential of pathogens
during the recycling of animal manure in ICLFs is notably high when not following recom-
mended composting guidelines or lacking trained workers. Compliance with suggested
guidelines at ICLFs is not universal, and some farms, which may even be open to visitors,
are susceptible to intrusion by wild animals, birds, rodents, and insects [13–16]. Notably,
the contamination of produce samples from organic integrated farms in Europe tends to be
higher than those from organic produce farms without livestock [9]. In ICLFs, the shared
use of tools and the introduction of new chicks, calves, and other agricultural animals can
contribute to the transfer of pathogen loads between different animals [9,10]. The source of
contamination of fresh produce with enteric pathogens is often traceable to environmental
reservoirs associated with farm operations and wild animals [9].

Further, food products grown in ICLFs are commonly sold in either farmers markets,
roadside stands, or local retail markets [7,15]. Currently, more than 8000 farmers markets
are listed in the National Farmers Market Directory (NFMD) and this number is rising as
the United States Department of Agriculture (USDA) is promoting farmers markets across
the country [5,17]. Though the chances of large or widespread outbreaks with contaminated
produce sold in farmers markets are very low, this sector may contribute to sporadic cases
and localized outbreaks [7,15].

The proximity of animal and produce operations in the same farm may increase
the potential for cross-contamination of pathogens between animal reservoirs (poultry,
pig, sheep, goat, cattle, and other livestock) and fresh produce [18,19]. A fundamental
focus during transitioning to organic involves building soil health and microbial diver-
sity [20,21]. For ICLFs, that involves developing sustainable manure management and use
practices, particularly for manure-based soil amendments used to fertilize soils cropped
to fresh produce [18,19]. Animal manure and compost not only are fertilizers, but they
may improve soil health by increasing soil organic matter, and accompanying properties
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that could play a role in how long zoonotic pathogens will survive and transfer to fresh
produce crops [22]. This study distinguishes itself by focusing on the specific setting of
ICLFs, offering insights into the complex relationships between farming methods and the
prevalence of diarrheagenic E. coli virulent types. We hope to provide novel perspectives
that can inform targeted strategies for enhancing food safety in this increasingly popular
agricultural paradigm through a comprehensive analysis.

In this study, we aim to investigate the presence of diarrheagenic E. coli virulent types
in ICLF environments including soil, compost, grasses, animal feed, waters, animal feces,
on-farm vegetables, as well as post-harvested vegetables from local farmers markets and
organic grocery stores over a period, and determine their antibiotic resistance.

2. Materials and Methods
2.1. Sample Collection

A wide variety of environmental (n = 1332) and pre-harvest produce (n = 885) samples
(Table 1) were collected from three ICLFs (practicing organic farming), located in the
Maryland and Washington D.C. metropolitan area. We also collected post-harvest (n = 756)
produce samples from two established chain organic grocery stores and one local farmers
market. All samples were collected during the summer months (May to September)
between the years 2019 and 2021. However, due to the COVID-19 pandemic, field visits for
sample collection were hindered in 2020. Therefore, no sample collection took place during
that year. All the ICLFs and grocery stores chosen for this study were visited twice each
year within a week interval to create biological replicates. Multiple samples (between 5
and 15) from the same category were considered as technical replicates. All samples were
aseptically collected, transported, and processed to the laboratory for analysis following
the method previously published by our research group [6].

Table 1. Samples collected from various sources at the ICLFs.

Sample Category Description Total Sample No.

Livestock drinking water Water collected from the drinking tubs of various farm animals, such as
cow, pig, turkey, and chicken 221

Feces Fresh fecal excreta of the farm animals 266

Feed Dry feed such as hay, and salts collected from barns 196

Soil Soil collected from various locations of farms: grazing land, produce
garden, etc. 359

Bedding Bedding material of farm animals including hay, grass, etc. 47

Grass Grass collected from the grazing land of animals and the produce garden 178

Compost Collected from different depths of the compost heap 65

Produce a (pre-harvest) Aseptically collected from the garden 885

Produce (post-harvest) Collected from organic grocery stores and a local farmers market 756

Total 2973
a A wide variety of produce samples were collected from all farms including garden vegetables, fruits, herbs,
spices, etc.

2.2. Presumptive Isolation of Diarrheagenic E. coli

The collected samples underwent processing and enrichment, with the selective iso-
lation of presumptive diarrheagenic E. coli based on cultural characteristics, following
the protocol established by our group [6,7]. In summary, 1 g of each solid environmen-
tal sample (Table 1) was combined with 25 mL of 1× PBS (pH 7.4). Meanwhile, liquid
samples, such as livestock drinking water, were directly used without additional 1× PBS.
Pre- and post-harvest produce samples were aseptically separated into individual bags
and immersed in 1× PBS, following the same procedure for leafy vegetables, herbs, and
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grass. The resulting suspensions or washed liquids were inoculated into Luria–Bertani
(LB) broth (Becton, Dickinson and Co., Sparks, MD, USA), supplemented with 5% sheep
blood (Ward’s Science, Rochester, NY, USA), at a final ratio of 1:9 (v/v) of sample per
volume of media. Following an overnight aerobic incubation at 37 ◦C, the enriched broth
cultures were streaked on sorbitol-MacConkey (SMAC) agar (Becton, Dickinson and Co.,
Sparks, MD, USA) to selectively isolate diarrheagenic E. coli. Presumptive colonies of
diarrheagenic E. coli were obtained through two subsequent rounds of subculturing and
preserved in glycerol stock for further primer-specific (Table 2) polymerase chain reaction
(PCR)-based analysis.

Table 2. Primers used in this study to identify the virulent types of diarrheagenic E. coli.

Genes Primer Names Sequences (5’-3’) Product Sizes (bp) References

uid a
uid-1 ATGGAATTTCGCCGATTTTGC

187 [23]
uid-2 ATTGTTTGCCTCCCTGCTGC

stx c
stx-VT1 GAGCGAAATAATTTATATGTG

518 [24]
stx-VT2 TGATGATGGCAATTCAGTAT

est e
est-AL1 TTAATAGCACCCGGTACAAGCAGG

147 [24]
est-AL2 CCTGACTCTTCAAAAGAGAAAATTAC

elt e
elt-LT1 TCTCTATGTGCATACGGAGC

322 [24]
elt-LT2 CCATACTGATTGCCGCAAT

ipa d
ipa-H1 GTTCCTTGACCGCCTTTCCGATACCGTC

619 [24]
ipa-H2 GCCGGTCAGCCACCCTCTGAGAGTAC

agg f
agg-R1 GTATACACAAAAGAAGGAAGC

254 [24]
agg-R2 ACAGAATCGTCAGCATCAGC

bfp b
bfp-1 GGAAGTCAAATTCATGGGGGTAT

300 [24]
bfp-2 GGAATCAGACGCAGACTGGTAGT

eae b,c
eae-SK1 CCCGAATTCGGCACAAGCATAAGC

881 [24]
eae-SK2 CCCGGATCCGTCTCGCCAGTATTCG

Identification of E. coli: a EPEC; b STEC; c EIEC; d ETEC; e EAEC; f EAEC.

2.3. Confirmation of E. coli and Identifying Their Virulent Types

The presumptive isolates of diarrheagenic E. coli underwent further confirmation and
identification of specific virulence genes using designated primers (Table 2), following a
previously published protocol [6]. In brief, glycerol stocks were revitalized by streaking
on LB agar and aerobic incubation at 37 ◦C. A colony from the presumptive isolation was
selected and fully suspended in 50 µL PBS. DNA extraction employed the thermal lysis
of the suspended cells at 95 ◦C for 15 min [25]. The heat-treated bacterial suspension was
centrifuged to collect DNA in the supernatant, serving as the template for the PCR reaction.
This study investigated the distribution of five major virotypes including STEC, EPEC,
ETEC, EHEC, and EAEC which are commonly detected in clinical cases of human enteric
illness. PCR reactions were conducted in a 20 µL final volume, following manufacturer
recommendations, consisting of 10 µL of 2× GoTaq® Green Master Mix (Promega, Madison,
WI, USA), 0.5 µL of each forward and reverse primer (1 µM working concentration), and
2 µL of template DNA. The PCR reactions were carried out in a thermocycler (BioRad,
Hercules, CA, USA) under the following temperature conditions: initial denaturation at
95 ◦C for 5 min, followed by 40 cycles of 95 ◦C for 30 s, 46.8 ◦C (annealing temperature)
for 30 s, and 72 ◦C for 1 min, with a final extension at 72 ◦C for 5 min. The visualization
of PCR products was achieved through 1.5% (w/v) agarose gel electrophoresis (Sigma-
Aldrich, Burlington, MA, USA) running for 50 min at 80 V/cm. Virotypes were determined
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by comparing product sizes with a standard 100 bp DNA marker (Invitrogen, Carlsbad,
CA, USA).

2.4. Antibiotic Resistance Pattern of Confirmed Diarrheagenic E. coli Virulent Types

The antibiotic resistance patterns of diarrheagenic E. coli virulent types were assessed
using the standard agar dilution method, following the guidelines set by the Clinical and
Laboratory Standards Institute (CLSI) [26]. A selection of antibiotics commonly employed
for therapeutic purposes was chosen for this investigation (Table 3) [6]. The prepara-
tion of agar plates containing antibiotics and the execution of the antibiogram followed
a previously published study [6,7]. In summary, Muller–Hinton (MH) agar plates (Bec-
ton Dickinson and Co, Franklin Lakes, NJ, USA) were individually supplemented with
three different concentrations of each antibiotic by combining the antibiotic at specific
concentrations with molten MH agar, as detailed before [7]. Confirmed diarrheagenic E. coli
virulent types i were cultured on MH agar and incubated overnight at 37 ◦C. A colony from
each isolate was selected and suspended in 0.85% saline solution to create an inoculum
for the antibiogram. Before inoculation, the optical density of each positive sample was
adjusted to fall between 0.08 and 0.1 (equivalent to 0.5 McFarland standard) and then
diluted tenfold to achieve approximately ~107 CFU/mL. Subsequently, 2 µL of the diluted
suspension was inoculated on the antibiotic MH agar plates. After inoculating all samples,
the antibiotic plates underwent an overnight incubation at 37 ◦C. The antibiotic resistance
of diarrheagenic E. coli isolates was interpreted based on CLSI breakpoints (Table 3).

Table 3. Antibiotics, antibiotic groups, and resistance breakpoints used in antimicrobial susceptibility
tests for confirmed diarrheagenic E. coli virulent types a.

Antimicrobial Class Antimicrobial Agent
Breakpoints (µg/mL)

Susceptible Intermediate Resistant

Aminoglycosides
Gentamicin ≥4 ≥8 ≥16

Streptomycin ≥16 ≥24 ≥32

β-Lactam Amoxicillin ≥8 ≥16 ≥32

Cephems Ceftriaxone ≥1 ≥2 ≥4

Folate pathway inhibitors Trimethoprim/sulfamethoxazole ≥2 and ≥38 ≥3 and ≥57 ≥4 and ≥76

Macrolides Azithromycin ≥16 ≥24 ≥32

Penicillin Ampicillin ≥8 ≥16 ≥32

Phenicol Chloramphenicol ≥8 ≥16 ≥32

Quinolones Ciprofloxacin ≥0.06 ≥0.12 ≥1

Tetracyclines Tetracycline ≥4 ≥8 ≥16
a The antimicrobial susceptibility test was performed using the agar dilution method according to guidelines
established by the CLSI. E. coli ATCC 25922 was used as the quality control organism.

2.5. Statistical Analysis

Prevalence comparisons of diarrheagenic E. coli and its virotypes across different
sample categories, along with analyses of antibiotic resistance, were conducted in MS Excel
using Fisher’s exact tests and the Cochran–Mantel–Haenszel (CMH) test.

3. Results
3.1. Prevalence of Diarrheagenic E. coli in Various Categories of Samples Collected at Pre- and
Post-Harvest Levels

In this study, the overall prevalence of diarrheagenic E. coli was 4.30% (128/2973)
(p < 0.05) (Figure 1). While comparing the prevalence of this pathogen between two major
sample categories, a prevalence of diarrheagenic E. coli of 4.42% (59/1332) and 4.20%
(69/1641) was observed in environmental and produce samples, respectively. Among the
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sub-categories, all types of environmental samples (except compost) harbored diarrheagenic
E. coli with a variation based on the source. Among the various categories of samples
collected from ICLF environment, the livestock bedding materials harbored the highest
amount of diarrheagenic E. coli at 8.51% (4/47) followed by drinking water at 6.78%
(15/221). Feed and feces samples had a similar prevalence of 5.61% (11/196) and 5.26%
(14/266), respectively. Among the produce, samples collected at the pre-harvest level
exhibited a significantly (p < 0.05) higher prevalence of diarrheagenic E. coli (6.67%, 59/885)
compared to the prevalence of this pathogen in produce samples collected at the post-
harvest (1.32%, 10/756) level. The overall prevalence of diarrheagenic E. coli virulent types
and their distribution in various sources are presented in Figure 1.
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Figure 1. Prevalence of diarrheagenic E. coli in various samples collected from ICLFs. (A) Overall
percentage of samples positive with diarrheagenic E. coli. (B) Percentages of samples positive with
diarrheagenic E. coli in environmental samples (drinking water, feed, feces, compost, bedding, grass,
and soil) (59/1332) (p < 0.05) and pre-harvest and post-harvest produce (69/1641) (p < 0.05).

3.2. Virulent-Type-Specific Distribution of Isolated E. coli

A total of 78 isolates (out of 128) were identified under these five major diarrheagenic
E. coli virulent types, either EPEC, STEC, EIEC, EAEC, or ETEC. Environmental samples as
well as pre-harvest produce samples harbored all these E. coli isolates. On the other hand,
none of the post-harvest produce samples contained any of these virulent types. The highest
virulent type distribution of isolated E. coli in the major pre-harvest and environmental
sample categories concerned EIEC and STEC. Among the environmental samples, both of
these types were equally distributed (16.66%, 13/78), whereas the predominant type in the
pre-harvest produce was EIEC at 29.48% (23/78), followed by STEC at 8.97% (7/78). The
distribution of other major E. coli virulent types was seen to follow a similar pattern in the
environmental and pre-harvest categories (Table 4).

Table 4. Distribution of isolated E. coli and its virulent types in various samples categories.

Sample Category EPEC STEC EIEC EAEC ETEC

Environmental sample 8.97% (7/78) 16.66% (13/78) 16.66% (13/78) 2.56% (2/78) 3.84% (3/78)

Pre-harvest 5.12% (4/78) 8.97% (7/78) 29.48% (23/78) 5.12% (4/78) 2.56% (2/78)

Post-harvest 0.0 0.0 0.0 0.0 0.0

Comparing the distribution of the major virotypes of isolated E. coli across the envi-
ronmental samples, livestock drinking water had the highest distribution of E. coli virulent
types at 19.23% (15/78) (p < 0.05), followed by feed at 11.53% (9/78) (Table 5), whereas feces
(6.41%, 5/78), soil (5.12%, 4/78), and grass (5.12%, 4/78) showed a similar distribution rate.
Pre-harvest produce had all major diarrheagenic E. coli virotypes present in 4.51% (40/885)
of the samples evaluated (Table 5).
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Table 5. Distribution of major virulent types of isolated E. coli across various sources.

Sources EPEC STEC EIEC EAEC ETEC Distribution (%)

Water 3 3 8 1 0 19.23

Feed 2 5 2 0 0 11.53

Feces 0 1 1 0 3 6.41

Bedding 0 1 0 0 0 1.28

Soil 1 0 2 1 0 5.12

Grass 1 3 0 0 0 5.12

Pre-harvest produce 4 7 23 4 2 51.28

Post-harvest produce 0 0 0 0 0 0

3.3. Resistance Pattern of Isolated E. coli Virulent Types against Major Antibiotics

Overall, 92.30% (72/78) of the isolated E. coli virulent type were resistant to at least
one antibiotic, while only 6.41% (5/78) were sensitive to all tested antibiotics (Table 3). The
highest percentage of antibiotic sensitivity was documented against gentamicin (46.15%;
36/78) and chloramphenicol (46.15%; 36/78), respectively. Also, gentamicin was the most
potent antibiotic found in this study because only 1.28% (1/78) of isolated virulent type
E. coli was resistant against it, while streptomycin was another strong antibiotic like gentam-
icin and chloramphenicol, because 8.97% (7/78) of virulent type E. coli showed resistance
against streptomycin (Figure 2). Moreover, chloramphenicol has a 10.25% (8/78) resistance
which is similar to streptomycin (Figure 2). For other tested antibiotics, 21.79% (17/78),
23.07% (18/78), and 25.64% (20/78) of virulent type E. coli presented resistance against
ciprofloxacin, trimethoprim/sulfamethoxazole, and ceftriaxone, respectively. However, an
alarming percentage of E. coli virulent types could grow below the resistant breakpoint con-
centrations of ciprofloxacin (50%; 39/78), trimethoprim/sulfamethoxazole (55.12%; 43/78),
and ceftriaxone (39.74%; 31/78), which has been indicated as “intermediate” (Figure 2).
A higher percentage of resistant E. coli virulent type was documented against amoxicillin
(84.61%; 66/78), ampicillin (58.97%, 46/78), and tetracycline (47.43%, 37/78). The detailed
antibiotic resistance patterns of the isolated E. coli is illustrated in Figure 2.
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process of fertilizing the soil with manure nutrients [31,32]. This study corroborates such 
effectiveness, as no diarrheagenic E. coli was detected in the compost category (Figure 1). 

Figure 2. Antibiotic resistance patterns of diarrheagenic E. coli isolated from samples collected
from ICLFs.
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4. Discussion

According to CDC, diarrheagenic E. coli, specifically STEC, is one of the major public
health concerns in the US which cause multiple foodborne outbreaks each year [1]. Many of
these outbreaks occur from the consumption of leafy greens or raw produce/salads which
are now part of a popular healthy diet [27]. Factors responsible for diarrheagenic E. coli
contamination and spreading through produce include improper handling, particularly
post-harvest processing and handling, improper storage, and transportation. In this study,
we measured the overall prevalence of diarrheagenic E. coli in ICLF environments and
products, specifically pre-harvest produce/leafy greens. It was observed that the preva-
lence of these pathogens was very similar in both environmental (4.50%) and pre-harvest
produce (4.30%) samples, which recommended urgent attention. This outcome is compat-
ible with a previously published study where it was found that 8.93% of environmental
samples collected from conventional dairy farm environments were also contaminated
with pathogenic E. coli [6]. Among the various environmental samples collected from the
ICLFs, we observed the highest prevalence of E. coli in bedding material, followed by feces
and feed materials (Figure 1). Several research teams also observed a similar prevalence of
diarrheagenic E. coli in environmental samples and confirmed its transmission to produce
samples [28,29]. Pathogens found in livestock fecal materials (manure) have the potential
to be transferred to produce, entering the food chain [6]. The utilization of farm animal
manure is widespread to enhance soil quality by providing essential nutrients and minerals,
including potassium, nitrogen, and phosphorus, crucial for promoting plant growth [30].
When applying fresh manure or incomplete compost as fertilizer, it is imperative to incor-
porate it into or inject it beneath the soil to mitigate pathogen exposure, particularly in
small farms or backyard gardens [31]. Employing proper on-farm composting of livestock
manure proves to be an effective method for pathogen eradication during the process of
fertilizing the soil with manure nutrients [31,32]. This study corroborates such effectiveness,
as no diarrheagenic E. coli was detected in the compost category (Figure 1). The detection
of virulent E. coli strains, such as EPEC, STEC, EIEC, EAEC, and ETEC, in environmental
and pre-harvest samples is crucial for guaranteeing food safety and averting possible
outbreaks. Implementing comprehensive surveillance and testing procedures in these
environments enables the early detection of pathogenic strains, offering vital insights into
the contamination risks connected with agricultural and environmental sources. We can
improve preventive measures and contribute to the overall safety of the food supply chain
by addressing the occurrence of virulent E. coli in pre-harvest conditions.

Considering the increasing popularity of agrotourism/U-pick and/or the increasing
number of roadside/on-farm/farmers markets, it is now time to take appropriate measures
or precautions while coming in direct contact with animals such as in petting zoos and farm
animal fairs [33]. Further, the farm animals’ and specifically the ruminants’ fecal material
constantly adds billions of coliforms to the soil and grass which can cross-contaminate the
whole farm ecology when the animals are rotated across the farm [14]. Alternatively, farm
animals can also be contaminated with fecal materials which can be transmitted to people
from the subsequent touching of the face, mouth, wounded skin, or even clothing [6].
Additionally, diminutive wildlife such as birds, rodents, and insects may serve as vectors
for pathogens, as these microorganisms can be transmitted through direct contact with
their body parts. Subsequently, these vectors have the potential to spread pathogens to
various areas of the farm, including fresh produce [34].

The spread of enteric pathogens including E. coli often occurs through direct contact
with humans and animals or surface water and the environment, which are already contam-
inated due to direct exposure to animals and humans. In this study, the higher prevalence
rate of diarrheagenic E. coli isolates in environmental and produce samples also indicate that
the environment is the source of transmission of most pathogens. In this study, we detected
that 51.28% (40/78) of diarrheagenic E. coli virulent types were distributed in pre-harvest
produce samples, whereas no diarrheagenic E. coli virulent type was detected in the post-
harvest produce samples. One of the reasons could be that the mass awareness of personal
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hygiene such as hand washing, maintaining physical distance, and an overall decrease in
outdoor activities played a significant role. Besides that, the strict quality control measures
taken by the Food and Drug Administration (FDA) to minimize pathogen contamination
in leafy greens are also effective [27]. This finding implies that improving worker hygiene
and applying efficient farm management techniques, particularly in terms of avoiding
pre-harvest contamination, could be additional measures for producing safer food products
at ICLFs or other small- to medium-sized farms. Farm workers who pay close attention
to personal hygiene and follow adequate sanitation methods can considerably lower the
risk of introducing diarrheagenic E. coli into the environment, contributing to enhanced
farm hygiene. Crop rotation, proper irrigation practices, and the timely removal of animal
waste can limit crop exposure to potential sources of contamination, while monitoring
and enforcing biosecurity measures within the farm environment play a critical role in
minimizing the presence and spread of pathogenic strains, fostering a safer and healthier
agricultural setting.

Globally, antibiotic-resistant microbial pathogens are one of the big problems of med-
ical science. Besides being a life-threatening risk, they are also responsible for higher
medical expenses, longer hospital stays, and higher mortality [35]. In this study, about
92.30% (72/78) of E. coli virulent types were resistant to at least one medically impor-
tant antibiotic, while only 6.41% (5/78) were sensitive even though these farms were
antibiotic-/chemical-free. Antibiotic resistance was observed in both the environmental
and pre-harvest sample category. This finding agreed with our previous study in which
we observed that removing antibiotics or chemicals for a short period of time could not re-
verse the antibiotic resistance patterns of enteric pathogens [14]. Comparing the resistance
patterns of diarrheagenic E. coli against different antibiotics, we found that gentamicin,
streptomycin, and chloramphenicol were comparatively effective antibiotics; however,
a substantial percentage of diarrheagenic E. coli virulent types survived just under the
resistant breakpoint. This is problematic because it indicates that antibiotics which are
effective in treating some E. coil infections might not be effective in the future [36]. Our
findings are also consistent with already published research. For example, in Nigeria, 88%
and 78% of E. coli isolates from dairy-origin food products are sensitive to gentamicin and
ciprofloxacin, respectively [35]. The antibiotic resistance patterns also vary based on geo-
graphic location and the economic status of the location. For example, one study reported
a 96% tetracycline sensitivity of E. coli in Nigeria whereas another study conducted in the
US reported a 65% tetracycline resistance [37]. In Asia, countries within the WHO South
East Asia region reported the highest risk of emergence and spread of antibiotic-resistant
pathogens compared to all other WHO regions [23]. This finding reiterates the necessity of
restraining antibiotic application in livestock growth promotion worldwide.

5. Conclusions

The ubiquitous presence of diarrheagenic E. coli virulent types in environmental sam-
ples and pre-harvest produce of ICLFs necessitated the reinforcement of precautionary
steps to prevent pathogen transmission. Our findings recommend practicing proper com-
posting, and the application of sustainable natural disinfectants, such as plant phenolics,
to reduce the pathogen load of the grazing land grass before rotating the livestock (Peng
et al. [14]). Moreover, farm workers and visitors should be educated about the risk of
pathogen transmission between the ICLF ecology and humans.
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