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Dominik  Lagowski1

1University of Life Sciences in Lublin
2State Veterinary Laboratory in Lublin

July 27, 2020

Abstract

The phenomenon of resistance of Escherichia coli strains in free-living animals has been constantly expanding in recent years.
However, the data is still fragmented and, due to the growing threat to public health, there is a constant need to search for
and analyse new reservoirs and indicate their role and importance in the circulation of resistance genes. Therefore, the target
group in this study were free-living non-predatory animals as reservoirs of drug-resistant and potentially virulent E. coli strains.
For isolation, we used a combination of selective media with four antimicrobials. After additional two-stage analysis of strain
similarity, we obtained 70 different isolates, including 71.4% of multidrug-resistant strains. In strains isolated from all species of
animals, we determined high resistance to ampicillin (95.7%), tetracycline (64.3%), streptomycin (51.4%), and chloramphenicol
(38.6%). Every third of the E. coli-positive individual was a carrier of more than one resistant clone. Moreover, four isolates
among the resistant strains had the ExPEC pathotype, two had the ETEC pathotype, and another two represented EHEC.
Our study confirmed that not only free-living predatory animals are reservoirs of resistance but also many synanthropic species
of herbivores and omnivores contribute substantially to the spread of resistant and virulent E. coli strains.
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Summary

The phenomenon of resistance of Escherichia coli strains in free-living animals has been constantly expand-
ing in recent years. However, the data is still fragmented and, due to the growing threat to public health,
there is a constant need to search for and analyse new reservoirs and indicate their role and importance in
the circulation of resistance genes. Therefore, the target group in this study were free-living non-predatory
animals as reservoirs of drug-resistant and potentially virulent E. coli strains. For isolation, we used a com-
bination of selective media with four antimicrobials. After additional two-stage analysis of strain similarity,
we obtained 70 different isolates, including 71.4% of multidrug-resistant strains. In strains isolated from all
species of animals, we determined high resistance to ampicillin (95.7%), tetracycline (64.3%), streptomycin
(51.4%), and chloramphenicol (38.6%). Every third of the E. coli -positive individual was a carrier of more
than one resistant clone. Moreover, four isolates among the resistant strains had the ExPEC pathotype,
two had the ETEC pathotype, and another two represented EHEC. Our study confirmed that not only
free-living predatory animals are reservoirs of resistance but also many synanthropic species of herbivores
and omnivores contribute substantially to the spread of resistant and virulent E. coli strains.

Keywords : ADSRRS fingerprinting, antimicrobial resistance,Escherichia coli , wildlife omnivores and
herbivores, virulence-associated genes

Introduction

Both humans and animals are colonized by microorganisms from the first moments of their lives. Escherichia
coli bacteria colonize mainly the large intestine and can enter the organism with food or water and through
contact with the surrounding natural world (Katouli, 2010). MostE. coli strains are a natural component of
the host microbiota and exist as commensal bacteria; however, there are pathogenic strains that can cause
intestinal and extraintestinal infections (Van Elsas, Semenov, Costa, & Trevors, 2011).

A serious threat to human health posed by E. coli is the capability of easy transfer of resistance and
virulence genes between strains. This bacterium has been recognized as an indicator microorganism by the
European Centre for Disease Prevention and Control (ECDC) and is used to monitor the occurrence of
specific resistance determinants in various sources. For example, according to the ECDC report, the number
of E. coli strains resistant to the extended spectrum of β-lactam antibiotics (ESBL) and fluoroquinolones
exhibits a growing trend in Poland as well (ECDC, 2019). Moreover, there are many reports of carriage and
transmission of multidrug-resistant E. coli strains between different host species both in our country and in
the world (Nowakiewicz et al., 2020; Hassell et al., 2019; Osińska et al., 2020).

Clinical symptoms caused by E. coli are closely correlated with their rich and diverse panel of virulence factors
(Chapman et al., 2006). Pathogenic E. coli strains are highly specialized and adapted microorganisms that
have developed many features that facilitate pathogenesis, e.g. adhesins, iron acquisition systems, serum
resistance, invasins, and miscellaneous factors (Nowak et al., 2017). These strains are generally divided into
diarrhoeagenic (IPEC) and extraintestinal (ExPEC) strains. Strains with the ETEC (enterotoxigenic) and
EHEC (enterohaemorrhagic) pathotype are mainly responsible for diarrhoea (Dubreuil, Isaacson, & Schifferli,
2016; Nagy & Fekete, 2005). However, E. coli strains with the ExPEC pathotype are considered the most
common gram-negative pathogens in humans (Wasiński, 2019). ExPEC strains cause many infections in
both humans (Khairy, Mohamed, Ghany, & Abdelrahim, 2019; Dadi et al., 2020) and animals (Nowak et
al., 2017; Velhner, Suvajdžić, Todorović, Milanov, & Kozoderović, 2018; Borges et al., 2017). Unlike E.
coli intestinal pathotypes, ExPEC can cause urinary tract infections, pyelonephritis, pneumonia, meningitis,
and septicaemia in specific groups in the population such as immunocompromised patients, newborns, and
elderly people (Wasiński, 2019). Blood infections caused by ExPEC strains are one of the main causes of
hospitalization of patients from nursing homes. These infections are particularly difficult to treat when the
strains are resistant to antimicrobials (Bélanger et al., 2011). Moreover, avian pathogenic E. coli (APEC)
found in poultry can cause serious losses in the poultry industry. APEC strains attack the respiratory tract
of poultry, which further leads to the development of sepsis and generalized infection (Bélanger et al., 2011;
Wasiński, 2019).
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Studies conducted over many years have shown the importance of monitoring not only livestock and humans
but also different ecosystems and different reservoirs in terms of both resistance and the presence of pathogens
including specific pathotypes of E. coli (Dolejska & Literak, 2019). There are many ways of transferring
bacterial strains carrying resistance and virulence genes between wildlife animals, environment, livestock,
and humans. Due to the limitation of their territory by urbanization, many species of free-living animals
undergo synanthropization, increasingly becoming part of urban and suburban forests and parks. Lower
numbers of natural enemies in the environment (reduced population of predators) are also conducive to the
increase in the population of large herbivores. Thus, the risk of exchange and spread in both directions
(man-wildlife, including the environment) of adverse microorganisms is constantly increasing. Especially in
the case of rodents, the spread of bacteria in this group of animals is associated with their specific behaviour,
e.g. rats living near households for easy access to food.

Therefore, the aim of our research was to assess whether non-predatory wildlife animals can be substantial
reservoirs of resistant and pathogenic E. coli strains only as a result of close contact with the human
environment. We hypothesized that not only predatory animals are included in the circulatory cycle of
strains that potentially threaten public health.

Materials and methods

The material for our research were rectal swabs from 108 wildlife omnivorous and herbivorous animals col-
lected from 2014 to 2018 in eastern Poland (51.216667, 22.9). Rectal swabs were taken from the following
species of animals: common squirrels Sciurus vulgaris(n = 30), rats Rattus (n = 16), European hedge-
hogsErinaceus europaeus (n = 8), European roe deer Capreolus capreolus (n = 6), red deer Cervus elaphus
elaphus (n = 34), European hares Lepus europaeus (n = 7), voles Apodemus agrarius (n = 2), European
hamsters Cricetus cricetus (n = 3), and a European beaver Castor fiber (n = 2).

Swabs were collected from animals delivered to the State Veterinary Laboratory in Lublin due to suspected
rabies infection, in accordance with the regulations on the control of infectious diseases in animals (Polish
Veterinary Inspection, 2015). Poland is still not free from rabies; therefore, suspicious dead animals are tested
for the presence of this virus in state laboratories. The sampling procedure was carried out in accordance
with the legal recommendations described earlier (Nowakiewicz et al., 2016) and did not require permission
of the ethics committee. Only samples with a negative virological result were tested.

Isolation, identification, and selection of strains

Isolation and identification of resistant E. coli strains were carried out according to a procedure described
earlier (Osińska et al., 2020). The material was inoculated on selective MacConkey agar media (Biomax-
ima, Lublin, Poland) supplemented with tetracycline (8 mg/L), chloramphenicol (16 mg/L), kanamycin (32
mg/L), and cefotaxime (2 mg/L) (Sigma Aldrich, Germany). Single isolates were selected as described in
previous studies (Nowakiewicz et al., 2020; Osińska et al., 2020) using a two-step strain selection approach:
the disc diffusion method (DDM) and Amplification of DNA Fragments Surrounding Rare Restriction Sites
(ADSRRS).

Based on the analysis of susceptibility profiles consisting of six antimicrobials with DDM, the isolates were
considered as different when the susceptibility of the strains differed for at least one drug.

In the second step, based on a similarity value below 90%, the ADSRRS-fingerprinting method was used for
distinguishing separate genotypes among strains isolated from the same individual as described in a previous
study (Osińska et al., 2020).

DNA was obtained using a ready-made isolation kit (Tissue and Bacterial DNA Purification Kit, Eurx,
Gdańsk, Poland).

Determination of phenotypic resistance profiles

The resistance profiles were determined using the microdilution method. The minimum inhibitory con-
centration (MIC) was determined for a panel of eleven antimicrobials: ampicillin, cefotaxime, tetracycline,
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chloramphenicol, ciprofloxacin, streptomycin, kanamycin, gentamicin, nalidixic acid, sulfamethoxazole, and
nitrofurantoin. The selection of drugs, their concentration, and interpretation of results were carried out
in accordance with the CLSI standards (CLSI, 2015), and E. coli ATCC25922 was used as a quality
control. A double-disk diffusion test using cefotaxime, cefotaxime/clavulanic acid, ceftazidime, and cef-
tazidime/clavulanic acid was used to confirm the extended-spectrum β-lactamase (ESBL) phenotype (CLSI,
2015). Multidrug-resistant strains were defined as being resistant to at least one antimicrobial agent in three
or more antimicrobial classes (Magiorakos et al., 2012).

Determination of resistance and virulence gene profiles

The panel of genes encoding resistance to the following antimicrobials was analysed: tetracycline [tet A, tet
B], aminoglycosides [aph (3’ )-Iaand aph (3’ )-IIa], [str A], [aac (3)-II,aac (3)-III], phenicols [cml A, cat,
flo R], and sulphonamides [sul 1, sul 2, sul 3]. In order to determine the pathotypes of the strains, the
following virulence genes were amplified: genes encoding adhesins [afa/draBC, ea-I, papAH, sfa/foc, papC,
bfp ], toxins [stx1, stx2, STa, STb, hlyA, eltA ], iron acquisition systems [iutA ], serum resistance [kpsMTII
], and miscellaneous factors [escV ].

All amplification reactions were carried out in the thermal cycler (T100 Thermal Cycler, Bio Rad, Hercules,
California, USA) using PCR Mix Plus (A&A Biotechnology, Gdynia, Poland), the GoldTaq mix (Syngen
Biotech, Poland), and 1-μl DNA sample. The sequence of appropriate primers and reaction conditions
(Genomed, Warsaw, Poland) used in this study are described in Table S1.

Statistical analysis

The relationships of between the percentage of resistant isolates and animal species were identified with
one-way ANOVA followed by Bonferroni’s post-hoc test; the results were considered statistically significant
when the p value was < 0.05 (R program, v 3.5.3,https://www.r-project.org/ ).

Results

Among all tested rectal swabs, positive growth on the selective MacConkey medium was obtained from 55
animals (50.9%). We obtained isolates only from the squirrels, rats, hedgehogs, roe deer, red deer, and
beaver (Table S2), and 80 strains were confirmed as E. coli . In total, in the case of 35 individuals, resistant
E. colistrains were isolated from only one selective medium (supplemented with one antibiotic: tetracycline,
kanamycin, or chloramphenicol). Samples from 15 animals showed growth on two plates with MacConkey
medium supplemented with different antibiotics, whereas 15 isolates with positive growth on three plates
with antibiotics were recovered from the other five animals (Table S2). Isolates obtained from samples
showing growth on two or three different media, we screened using the DDM to eliminate duplicate strains
and we reduced the number of strains by another seven isolates (one strain from each animal marked with
an asterisk in Table S2). Finally, 73 E. coli isolates were selected for subsequent analyses.

Characterization of genomic profiles with the ADSRRS method

The isolated strains were characterized by a high degree of diversity of genomic profiles. We found only two
pairs of strains at a similarity coefficient of 100% and one pair with 90% similarity. The profiles differed
in both the number of bands (from 5 to 19) and base pairs of the amplified fragments. Most strains were
divided as distinct at a similarity level of 80% to 15%. We identified 24 different genomic profiles among the
squirrels, 14 profiles among the rats, 15 among the red deer, eight profiles for each roe deer and hedgehog,
and one for the beaver. We discovered two identical isolates derived from one squirrel sample (No 145): they
were isolated simultaneously on the medium supplemented with cefotaxime and chloramphenicol. The other
two pairs of strains (J163/TET and J169/TET, J175/CHL and J178/CHL) were isolated from the red-deer
samples and each came from a different animal (Fig. S1).

Characterization of multidrug-resistant strains

Multidrug-resistant strains accounted for 71.4% of all the different isolated E. coli strains. Ampicillin
resistance was observed in 95.7% of the isolates; however, eight strains were classified as intermediate. Only
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three strains isolated from the rats were found to be susceptible to this antibiotic. More than half of the
isolates showed resistance to tetracycline (64.3%) or streptomycin (51.4%). We also found that 45.7% of the
isolates were resistant to sulfamethoxazole. Kanamycin resistance was observed in 19 strains, and only one
strain was resistant to gentamicin (from the squirrel). In total, 38.6% of the isolates had a chloramphenicol
resistant profile, but eight of them were classified as intermediately resistant. Nitrofurantoin resistance was
noted in 31.4% of the strains, but most (n=16) were intermediately resistant isolates. The nalidixic acid-
resistant isolates accounted for 24.3%, and those with resistance to ciprofloxacin represented 12.9% (Table
S3; Fig. 1).

Among isolates obtained from the squirrels, 70.8% of the strains (n=17) had a multidrug-resistant profile. In
this group of samples, we also detected one E. coli ESBL producer. In addition to resistance to ampicillin and
tetracycline, a high proportion (from 37.5 to 45.8%) of strains resistant to sulfamethoxazole, chloramphenicol,
nalidixic acid, and streptomycin were observed as well.

The multidrug-resistant profile in samples isolated from the rats was observed in 57.1% of the strains. High
aminoglycoside resistance was noted, i.e. 35.7% for streptomycin and 42.9% for kanamycin. Almost half of
the strains were resistant to nitrofurantoin. Resistance to tetracycline and sulfamethoxazole remained at a
high level, as in the case of isolates obtained from the squirrels.

All E. coli strains isolated from the hedgehogs showed a multidrug-resistant profile. In this group, the highest
resistance was observed for ampicillin (100%) and nitrofurantoin (75%). Moreover, half of the strains were
resistant to tetracycline and/or sulfamethoxazole.

The isolates obtained from the ungulates were characterized by high resistance to ampicillin, streptomycin,
sulfamethoxazole, and tetracycline. All E. coli strains isolated from roe deer had a multidrug-resistance
profile and resistance to five groups of antimicrobials predominated. However, in the case of the red-deer
isolates, 53.3% (n=8) showed multidrug resistance. Similarly, the analysis of the diversity of resistance
depending on the source of the strain (host species) showed statistically significantly higher resistance to
tetracycline, streptomycin, sulphametoxazole, and ciprofloxacin among strains isolated from the roe deer.
Statistically, resistance to chloramphenicol, kanamycin, nalidixic acid, and nitrofurantoin was most frequently
reported in the isolates from the red deer, rats, squirrels, and hedgehog, respectively (Fig 1).

We also examined the single strain obtained from the beaver. It showed a multidrug-resistance profile as
well (Table 1).

Molecular characterization of resistance and virulence genes

We analysed the presence of virulence genes and determinants of resistance to the selected antimicrobials.
The str A gene was detected in 75% of all streptomycin-resistant isolates. Genes conferring kanamycin
resistance were only detected in eight out of the 19 resistant strains. The aph(3’)Ia gene was identified
in seven isolates, while the aph(3’)IIa gene was present in only one strain. We detected one strain with
resistance to gentamicin encoded by the aac(3)-II gene. The distribution of genes encoding resistance to
phenicols was highly diverse. In most chloramphenicol-resistant strains, the flo R gene (16/27) was present
alone (7/27) or in combination with cml A and/or cat . However, 15 strains showed the presence of the
cml A gene, which was found as single (6/27) or with the other analysed genes (Table 2). The tet A gene
dominated in the tetracycline-resistant strains and was present as single in 29/45 isolates and together with
tet B in four strains. In ten strains, we found a single tetB gene. In two cases, we did not detect any of
these two genes. Sulfamethoxazole resistance was mainly related to the sul2 gene (26/32) detected as single
or together with the other genes tested (Table 2). A single E. coliESBL producer was a carrier of the bla

CTX M-27gene.

The pathotypes were determined based on the presence of selected virulence-associated genes (VAGs). We
found eight strains with specific pathotypes, and the ExPEC pathotype dominated. We identified theE.
coli isolates as ExPEC based on the presence of at least two VAGs including P fimbrial genes papC , S
fimbrial genessfa/foc , the iron acquisition gene iut A , afimbrial adhesion genes afa/dra , and the group
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2 polysaccharide capsule gene kpsMTII , as proposed by Johnson et al. (2003). We found four strains
with the ExPEC pathotype. E. coli ExPEC obtained from the squirrels contained the same gene profile:
papC, kpsMTII, iutA , and additionally the papAH gene coding for the pyelonephritis-associated pilus. The
R67/KAN strain contained only three genes: papC, papAH , and kpsMTII , while the H80/CHL strain had
additionally the sfa/foc and iutA genes and the α-hemolysin hlyA- coding gene. We also found two isolates
from the squirrels that had the ETEC pathotype. The S140/KAN strain had both genes encoding heat-stable
enterotoxins, whereas S42/TET had only theestI gene. Two strains, one from the rats (R59/TET) and one
from the red deer (J165/TET), were defined as EHEC since they contained the Shigatoxin 2-encoding gene.
We did not obtain any EPEC isolate (Table 1).

The comprehensive analysis also showed that 16 animals tested (29% out of the strain-positive samples) were
carriers of more than one E. coli isolate. Moreover, the strains isolated from the same individuals differed in
both resistance (phenotypic and gene profiles) and virulence profiles and were characterized by completely
separate ADSRRS-fingerprinting profiles (Fig.S1)

Discussion

In total, we examined 108 rectal swabs originating from a pool of six species of free-living animals and
noted positive growth of E. coli on the selective MacConkey agar medium in over 50% of the samples. This
is a lower percentage than that in a group of wildlife predators analysed previously, in which we observed
resistance to at least one drug in approx. 70% of the tested animals (Osińska et al., 2020). However, the lower
number of resistant isolates in herbivores and omnivores compared to carnivores is consistent with studies in
mammals (Nhung et al., 2015) and birds (Smith, Wang, Fanning, & McMahon, 2014). These differences are
related to the type of food consumed by these groups of animals. Carnivores and predators are at the end of
the food chain and have more diverse food than herbivores, cumulating all potential resistance determinants
from prey. In the case of free-living herbivores, the source of resistant bacteria is mainly assigned to the
polluted environment, including plants as a source of food, water, and the ecological niche shared with other
animal species (direct and indirect contact).

Using several types of plates supplemented with various antimicrobial substances, we were able to obtain up
to 80 bacterial isolates from 55 single animals and, finally, using a two-step method, limit this number to
70 E. coli strains that are distinct in terms of their phenotype, genotype, or origin. This means that every
third individual of the resistant E. coli -positive animals carries more than one strain, sometimes even three
completely separate MDR clones, which may indicate significantly reduced resistance results when analysed
according to the strategy “one randomly selected strain isolated from one animal”. We also isolated a large
number of multidrug-resistant strains, estimated at over 70%, which confirms that regardless the species of
host, type of diet, and behaviour, free-living animals are involved in the spread of resistant E. coli strains in
Poland despite the lack of direct exposure to antimicrobials (Osińska et al., 2020; Nowakiewicz et al., 2020).

This fact is additionally confirmed by the finding of identical strain clones in two different pairs of the red
deer. Unfortunately, we do not have information whether these animals were related to each other or occupied
the same area, but this does not change the fact that the same strain was isolated from two different animals
even in two cases. Red deer and roe deer live in herds; therefore, close contact may promote a horizontal
transfer of resistance genes among animals sharing the same ecological niche (Dolejska & Literak, 2019). It
is also probable that the statistically highest resistance to as many as four different antimicrobials and the
multidrug resistance of all the roe deer strains may result from the herd lifestyle (swarm behaviour).

The high resistance to ampicillin, tetracycline, and sulfamethoxazole is also consistent with our previous
studies on predatory animals (Osińska et al., 2020). This is also a typical result comparable to those
reported in studies of livestock animals in the world (Nhung et al., 2015; de Alcântara Rodrigues, Ferrari,
Panzenhagen, Mano, & Conte-Junior, 2020) and in the same wildlife animal or species groups: ungulates
(Wasyl et al., 2018), squirrels (Jalal et al., 2019), and rats (Nkogwe, Raletobana, Stewart-Johnson, Suepaul,
& Adesiyun, 2011; Himsworth et al., 2016).

We also recorded a high level of strain resistance to streptomycin and chloramphenicol, almost identical to
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that in other wildlife animals in Poland (Nowakiewicz et al., 2020; Osińska et al., 2020). As in the previous
study, we found only one gentamycin-resistant strain, which confirms that resistance to gentamicin is rather
sporadic among E. coli isolates from wild animals.

In contrast to our previous studies, lower kanamycin resistance was detected despite the use of this antibiotic
for selective isolation of the strains.

The phenotypic resistance of the strains was reflected in most cases in the presence of at least one gene
determining resistance to a given antimicrobial. As with E. coli strains isolated from other wildlife or
domestic animals and strains isolated from nosocomial infections, the gene profile was very similar, with the
predominance of the tetA (tetracycline-resistant strains) and sul 2 or bothsul 1 and sul 2 (sulfamethoxazole-
resistant strains) (de Alcântara Rodrigues, Ferrari, Panzenhagen, Mano, & Conte-Junior, 2020; Hassan et
al., 2020).

The nearly 40% level of chloramphenicol resistance was slightly higher than that recorded previously in
wildlife animal studies in Poland (Osińska et al., 2020; Nowakiewicz et al., 2020) and as many as 59% of the
chloramphenicol-resistant strains exhibited the presence of theflo R gene responsible for both chloramphenicol
and florfenicol resistance. The latter antimicrobial is authorized for use in animals also in Poland; therefore,
such a high level of resistance to chloramphenicol, although the drug is not approved for use in animals, is
likely to be associated with cross-resistance following exposure of animals to florfenicol, residues of which were
detected in environmental samples, mainly in water (Hanna et al., 2018). Moreover, florfenicol was considered
as persistent against some water-treatment processes (Charuaud et al., 2019). The ESBL phenotype strain
had thebla CTX-M -27 gene. This variant has become one of the most common contributors to the spread of
blaCTX-M in humans in recent years (Cormier et al., 2019). Currently, the producer of the MDR, CTX-M-
27, ST 131 C1 cluster is considered as a new epidemic clone (Fernandes et al., 2020). Although we did not
analyse the strains with the MLST method, it is worth noting that the only strain with the ESBL phenotype
isolated from the squirrel was also resistant to the largest number of drug groups (up to seven) among all
strains tested similarly as the aforementioned cluster.

Virulence factors are an inherent attribute of pathogenic E. colistrains, unlike commensal strains, which
naturally colonize the digestive tract of humans and animals without causing clinical symptoms. As many as
11.4% of the 70 strains with resistance to at least one antimicrobial exhibited the presence of specific virulence
factors, qualifying them to specific pathotypes. However, the percentage of simultaneously pathogenic and
drug-resistant strains seems to be lower than in other groups of free-living animals or other food-producing
animals from which strains were isolated randomly and not selected for resistance (Nowak et al., 2017;
Sarowska et al., 2019). Thus, a high level of resistance is not necessarily accompanied by increased virulence
as in our study. We found mainly strains with the ExPEC pathotype. These strains were isolated from
the squirrels, rat, and hedgehog samples. Due to the diverse and rich array of virulence factors, it is
difficult to determine clearly the origin of ExPEC causing infections in humans. However, all the ExPEC
strains in our study were characterized by the presence of genes encoding fimbrial adhesins (P, S, and F1C
fimbriae) involved in adhesion to epithelial cells in the intestine, kidney, bladder, and lower urinary tract
(Kuhnert, Boerlin, & Frey, 2000; Sarowska et al., 2019) as well as the synthesis of capsular polysaccharide
with antiphagocytic activity and ferric aerobactin receptor involved in iron uptake transport (Chapman et
al., 2006; Kuhnert, Boerlin, & Frey, 2000). All these factors were most often detected in UPEC or NMEC
strains causing human infections (Sarowska et al., 2019). However, a similar panel of virulence factors was
shown in strains from livestock (Bélanger et al., 2011; Wasiński, 2019) and ExPEC strains were isolated from
pigs and cattle, where they were responsible for urinary tract infections (Chapman et al., 2006), pneumonia,
mastitis, and meningitis (Tan et al., 2011). This pathotype was also found in faecal microbiota of cats
and dogs. It was shown that dogs and cats in the same household can be carriers of the same UPEC
strains (Johnson, Miller, Johnston, Clabots, & DebRoy, 2009). This indicates that the strains can overcome
the species barrier and spread between animals and humans (Bélanger et al., 2011) (Johnson et al., 2008)
(Johnson, Miller, Johnston, Clabots, & DebRoy, 2009).

Among other wild animal species, wild birds are the most widely studied group in terms of virulence (Borges
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et al., 2017). Borges et al. (2017) discovered the same virulence genes characteristic of APEC pathotype
strains that were also found in poultry, wild mammals (Chapman et al., 2006), and humans (Maluta et al.,
2014). This phenomenon suggests that wild birds may also transfer virulence genes to ExPEC strains in
other hosts (Velhner, Suvajdžić, Todorović, Milanov, & Kozoderović, 2018) therefore, the virulence factors
do not appear to be in any way correlated with the specific source of the strain.

We also found two isolates with the ETEC pathotype among samples collected from the squirrels. Enterotox-
igenic E. coli strains are commonly isolated from farm animals and are responsible for diarrhoea, especially
in young animals. Since ETEC strains have a narrow host species range due to specific adhesins, they are
regarded as strains posing a lower risk to public health. Moreover, enterotoxins are encoded on plasmids,
and ETEC strains are characterized by a large genotypic diversity making it difficult to determine their
original source (Nagy & Fekete, 2005). In addition to specific adhesins, ETEC strains can produce two main
classes of toxins: heat-stabile (ST) and heat-labile (LT) (Dubreuil, Isaacson, & Schifferli, 2016). Our strains
contained one or two genes responsible for producing ST enterotoxins that are characteristic for ETEC of
human, porcine, and calf hosts. Among livestock, ETECs are often isolated from pigs. The pig environment
is one of the transmission pathways for ETEC strains. It has been confirmed that ETECs can persist for
at least six months when they are protected by manure (Dubreuil, Isaacson, & Schifferli, 2016). In cattle,
typical ETEC strains only produce the STa toxin (Nagy & Fekete, 2005). This is similar in dogs, but a
small proportion of the strains were found to produce the STb toxin as well (Dubreuil, Isaacson, & Schifferli,
2016). The ETEC pathotype is very rarely isolated from wildlife animals and, due to the low percentage
of isolation and insufficient research, the role of these strains in the aetiology of diarrhoea in this group of
animals is unknown (Milton et al., 2019).

We also revealed two E. coli strains with the EHEC pathotype present in the squirrel and red deer samples;
both of them produced Shigatoxin 2. Shiga-toxin-producing strains (STEC) are a large class ofE. coli
pathogenic strains and are commonly found in farm and wild animals as well as humans. In humans, infection
is mainly caused by the consumption of bacterium-contaminated food or contact with contaminated faeces
(Milton et al., 2019). Cattle are the main reservoir of EHEC strains in animals. Unlike humans, EHECs
found in adult cattle do not cause disease symptoms but may trigger life-threatening conditions in young
animals (Rice, Sheng, Wynia, & Hovde, 2003). In our research, we only detected the presence of the stx2
gene, but thestx1 gene or both are detected equally often in animal-origin strains (Milton et al., 2019).
Stx1 or both genes dominated in cattle (Tavakoli & Pourtaghi, 2017). Among wild animals, thestx2 gene is
detected more frequently in birds (Sanches et al., 2017) and ungulates (Milton et al., 2019). In contrast, in
iguanas, strains producing Shiga-toxins accounted for approx. 40% of pathotypes (Bautista-Trujillo et al.,
2020).

Conclusion

Our hypothesis that not only free-living predatory animals are involved in the spread of resistance has defi-
nitely been confirmed by the results of this research. Thus, the diet, the lifestyle associated with living close
to human settlements, and even the potential of using the same food sources (rats) probably have a large im-
pact on the emergence of a high percentage of resistance among strains isolated from herbivores, insectivores,
or omnivores. Moreover, the large diversity of the studied isolates and the possibility of carrying more than
one MDR strain indicate that the results obtained so far showing free-living animals as reservoirs of drug
resistance may be significantly underestimated, which seems to be an alarming phenomenon. Furthermore,
these MDR strains are carriers of resistance genes, which are also commonly found in strains from humans,
farm animals, and pets.

We must also be aware that although E. coli is mainly a commensal bacterium, some strains can cause
infections. Our research indicates that not only farm animals are a common reservoir for the ExPEC,
ETEC, and EHEC strains, which is a serious premise for the need to study not only the spread of resistance
genes but also virulence-associated genes in E. coli strains isolated from many species of wild animals.

Funding sources : This research did not receive any specific grant from funding agencies in the public,
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Thereby all authors of the manuscript (Marcelina Osińska, Aneta Nowakiewicz, Przemys law Zieba, Sebastian
Gnat and Dominik  Lagowski) declare that there is no conflict of interest actual and potential, including
any financial, personal, or other relationships with other people or organizations.

Data Availability Statement

The data that support the findings of this study are available from the corresponding author upon reasonable
request

References

Bautista-Trujillo, G. U., Gutiérrez-Miceli, F. A., Mandujano-Garćıa, L., Oliva-Llaven, M. A., Ibarra-
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Legends to Tables and Figures

Table 1. Characterization of resistant E. coli strains

+ Profiles were created from the first letters of the names of antimicrobials to which given strains are resistant:
A- ampicillin, C-ciprofloxacin, N- nalidixic acid, Nf – nitrofurantoin, S- streptomycin, G- gentamycin, T-
tetracyclin, Sx- sulfamethoxazole, Ch- chloramphenicol, K-kanamycin

Table 2. Distribution of resistance genes in E. colistrains

+AMP- ampicillin, CHL-chloramphenicol, CIP –ciprofloxacin, GEN- gentamycin, KAN-kanamycin, NAL-
nalidixic acid, NFT – nitrofurantoin, STR-streptomycin, SUL-sulfamethoxazole, TET-tetracycline, CTX-
cefotaxime

++ N- Number of resistant isolates

Fig. 1 Differences in the percentage of phenotypic resistance depending on the host species

* represent the statistical highest resistance to a given drug among the tested species (p < 0.05)

Table S1. Primers used in this study

Table S2. Distribution of all cultured E. coli isolates (n=80)

12



P
os

te
d

on
A

u
th

or
ea

27
J
u
l

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

58
60

95
.5

74
24

54
7

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

+ Growth on plate with: KAN- resistant to kanamycin, TET- resistant to tetracycline, CHL- resistant to
chloramphenicol

++ Symbol and number of positive E.coliresistant animal (one asterisk indicates animals in which two isolates
with the same resistance profile have been demonstrated using the DDM method, bold indicate animal in
which identical ADSRRS profile have been demonstrated using fingerprinting method)

Table S3. Drug susceptibility of E.coli strains

+ AMP- ampicillin, CHL-chloramphenicol, CIP –ciprofloxacin, GEN- gentamycin, KAN-kanamycin, NAL-
nalidixic acid, NFT – nitrofurantoin, STR-streptomycin, SUL-sulfamethoxazole, TET-tetracycline, CTX-
cefotaxime

Fig. S1 ADSRRS-fingerprinting profiles of E. colistrains

Hosted file

Table 1.docx available at https://authorea.com/users/346573/articles/472530-do-wildlife-

omnivores-and-herbivores-serve-as-a-source-of-multidrug-resistant-and-pathogenic-

escherichia-coli-strains-in-poland-analysis-with-reference-to-the-host-species-range

Hosted file

Table 2.docx available at https://authorea.com/users/346573/articles/472530-do-wildlife-

omnivores-and-herbivores-serve-as-a-source-of-multidrug-resistant-and-pathogenic-

escherichia-coli-strains-in-poland-analysis-with-reference-to-the-host-species-range
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