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ABSTRACT Wildlife play a role in the acquisition, maintenance, and dissemination of
antimicrobial resistance (AMR). This is especially true at the human-domestic animal-wild-
life interface, like urbanized areas, where interactions occur that can promote the cross-
over of AMR bacteria and genes. We conducted a 2-year fecal surveillance (n = 783) of
a white-tailed deer (WTD) herd from an urban park system in Ohio to identify and charac-
terize cephalosporin-resistant and carbapenemase-producing bacteria using selective enrich-
ment. Using generalized linear mixed models we found that older (OR = 2.3, P , 0.001),
male (OR = 1.8, P = 0.001) deer from urbanized habitats (OR = 1.4, P = 0.001) were more
likely to harbor extended-spectrum cephalosporin-resistant Enterobacterales. In addition, we
isolated two carbapenemase-producing Enterobacterales (CPE), a Klebsiella quasipneumoniae
harboring blaKPC-2 and an Escherichia coli harboring blaNDM-5, from two deer from urban habi-
tats. The genetic landscape of the plasmid carrying blaKPC-2 was unique, not clustering with
other reported plasmids encoding KPC-2, and only sharing 78% of its sequence with its
nearest match. While the plasmid carrying blaNDM-5 shared sequence similarity with other
reported plasmids encoding NDM-5, the intact IS26 mobile genetic elements surround-
ing multiple drug resistant regions, including the blaNDM-5, has been reported infrequently.
Both carbapenemase genes were successfully conjugated to a J53 recipient conferring
a carbapenem-resistant phenotype. Our findings highlight that urban environments play
a significant role on the transmission of AMR bacteria and genes to wildlife and sug-
gest WTD may play a role in the dissemination of clinically and epidemiologically rel-
evant antimicrobial resistant bacteria.

IMPORTANCE The role of wildlife in the spread of antimicrobial resistance is not fully
characterized. Some wildlife, including white-tailed deer (WTD), can thrive in suburban
and urban environments. This may result in the exchange of antimicrobial resistant
bacteria and resistance genes between humans and wildlife, and lead to their spread
in the environment. We found that WTD living in an urban park system carried anti-
microbial resistant bacteria that were important to human health and resistant to
antibiotics used to treat serious bacterial infections. This included two deer that car-
ried bacteria resistant to carbapenem antibiotics which are critically important for
treatment of life-threatening infections. These two bacteria had the ability to transfer
their AMR resistance genes to other bacteria, making them a threat to public health. Our
results suggest that WTD may contribute to the spread of antimicrobial resistant bacteria
in the environment.
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Antimicrobial resistance (AMR) is a global health issue that if left unchecked could lead
to 10 million deaths per year globally and cause economic crisis (1). In the United States

alone, there are more than 2.8 million antibiotic-resistant infections per year that result in
more than 35,000 annual deaths, costing the U.S. economy $4.6 billion annually in health care
costs (2). Among resistant bacteria causing disease, extended-spectrum b-lactamase (ESBL)
producers, those that confer resistance to cephalosporins, are considered a serious public
health threat because infections have been steadily increasing since 2012 and they limit treat-
ment options for serious illnesses like invasive Gram-negative infections (2). In these situations,
carbapenem antibiotics are often prescribed, however, carbapenem-resistant infections are
increasing in the U.S., particularly because of two epidemic carbapenem-resistant genotypes,
blaKPC and blaNDM (3). Gram-negative infections with bacteria resistant to carbapenem antibiot-
ics are considered an urgent public health threat that limit patient treatment options to drug
classes with significant side effects like polymyxins (2, 4).

AMR determinants and bacteria can disseminate outside healthcare setting to com-
munities and the natural environment (5, 6). Moreover, recent studies have identified
increased or emerging resistance of cephalosporin- and carbapenem-resistant genotypes
in diverse settings suggesting widespread dissemination (5, 7, 8). While the zoonotic trans-
mission of antimicrobial resistant bacteria is well-characterized in domestic animals and
humans, their dissemination in ecosystems and wildlife populations is underreported (9).
Free-ranging, wild deer may serve as sentinels to evaluate environmental contamination
and the epidemiology of AMR as they are intimately associated with their ecosystem and
human activities (10). Moreover, like most urban species, they can adapt to anthropogenic
environments and influences allowing their populations to expand beyond the ecosystem
carrying capacity (11, 12).

We previously reported a temporal trend in b-lactam resistance among fecal Escherichia
coli isolated from urban white-tailed deer (Odocoileus virginianus) in Northeast Ohio over a
10-year cross-sectional study (13). The objective of this study was to investigate and charac-
terize phenotypic and genotypic cephalosporin- and carbapenem-resistant enteric bacteria
in a wild, free-ranging white-tailed deer (WTD) herd. In addition, we aimed to characterize
demographic and environmental risk factors that were associated with AMR colonization.
We also describe the presence of carbapenem-resistant Klebsiella quasipneumoniae and E.
coli harboring blaKPC-2 and blaNDM-5, respectively, from two WTD.

RESULTS
WTD sample demographics. A total of 783 individual WTD fecal samples were col-

lected between 2018 and 2019 (Table 1). Among the WTD for which a sample was collected,
the distribution of sex was nearly equal with 416 (53.1%) females and 367 (46.9%) males.
The age distribution was skewed with a majority of the sample consisting of adults (432;
55.2%) with fewer fawns (199; 25.4%) and yearlings (152; 19.4%). The number of WTD har-
vested from individual regions of the Metropark was quite variable ranging from 14 (1.8%)
from region 1 to 185 (23.6%) from region 4. When regions were dichotomized into urban
and suburban, a majority of the sample resided in urban (561; 71.7%) compared to subur-
ban regions (222; 28.4%). The number of deer sampled across the 2-year time period was
nearly equal (2018: 370 (47.3%); 2019: 413 (52.8%).

Prevalence of cephalosporin-resistant Enterobacterales and conferring genotypes.
Seventy-nine (10.1%) WTD fecal samples had a cephalosporin resistant Enterobacterales
(CeRE) phenotype (Table 2). The AmpC-like phenotype, as defined by reduced susceptibility to
cefoxitin was observed across all sampled regions and was present in 76 (9.7%) of the fecal
samples. This phenotype was conferred by the CMY genotype in 61 (7.8%) of deer sampled
(Fig. 1). The ESBL phenotype, as defined by reduced susceptibility to cefepime, was found in
nine (1.2%) of the fecal samples recovered from four of the 10 sampled regions. This pheno-
type was conferred by the CTX-M genotype in all cases of the ESBL phenotype. Gene sequenc-
ing identified that all isolates maintained the CTX-M-15 allele variation. Six samples (0.8%) had
isolates that displayed both an AmpC-like and ESBL phenotype, but only three (0.3%) fecal
samples harbored isolates with the CTX-M and CMY gene.
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Association of demographic attributes and cephalosporin resistance.Multivariable
generalized linear mixed models were constructed to assess the relationship between
demographic variables and CeRE (Table 3). Of the WTD harboring any CeRE, males were at
1.77 times greater odds (95% CI = 1.24 to 2.50; P = 0.001) compared with females after adjust-
ing for age class, urbanization and year collected. Age was a predictor of CeRE recovery
(P, 0.001) and differed by age group with yearling and adults being at 3.3 (95% CI = 2.45 to
4.45; P, 0.001) times and 2.26 (95% CI = 1.72 to 2.97, P, 0.001) times the odds of harboring
a CeRE, respectively. Interestingly, the odds of being colonized with CeRE was reduced by
32% (95% CI = 0.57 to 0.82; P , 0.001) when adults were compared to yearlings. WTD from
urban habitats were at 1.4 (95% CI: 1.15, 1.70; P = 0.001) times greater odds of having CeRE
isolated compared with suburban deer. Interestingly, CeRE recovery decreased across the 2-
year sampling period from 12.9% (48/370) to 7.5% (31/413). WTD from 2019 were at 42%
lesser odds of maintaining a CeRE isolate compared with WTD sampled in 2018.

Phenotypic and genomic characterization of two carbapenem-resistant isolates.
Two isolates recovered from two separate deer carried the epidemic carbapenemase
genes blaKPC and blaNDM (Table 4). One isolate was recovered from an adult doe that was har-
vested from an urban area in 2018. This isolate was initially identified as a Klebsiella pneumoniae
by MALDI-TOF, but was further characterized as a K. quasipneumoniae following genome analy-

TABLE 2 The phenotypic and genotypic prevalence of cephalosporin-resistant
Enterobacterales (CeRE) recovered from 783 white-tailed deer sampled at an urban park
located in Northeastern Ohio

Classification No. positive No. tested Prevalence (%)
Phenotype
CeRE 79 783 10.1
AmpC-like 76 783 9.7
ESBL 9 783 1.2

Genotype
CMY-2-like 61 783 7.8
CTX-Ma 9 783 1.2

aAll CTX-M genes were the blaCTX-M-15 allelic variant.

TABLE 1 Demographics of 783 white-tailed deer sampled at an urban park located in
Northeastern Ohio

Demographics WTD sampled Total sampled Percent (%)
Sex 783
Female 416 53.1
Male 367 46.9

Age 783
Fawn 199 25.4
Yearling 152 19.4
Adult 432 55.2

Region 783
1a 14 1.7
2a 56 7.2
3a 140 17.9
4a 185 23.6
5a 95 12.1
6a 71 9.1
7b 42 5.4
8b 15 1.9
9b 113 14.4
10b 52 6.6

Yr 783
2018 370 42.3
2019 413 52.8

aIndicates the region was classified as an urban.
bIndicates the region was classified as suburban.
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sis. The MLST scheme for K. pneumoniae identified this isolate as ST2712. This isolate carried
two plasmids, a 170,848 bp IncFIB(K) plasmid that maintained the following acquired AMR
genes: dfrA12, sul2, aph(3”)-Ib, aph(6)-Id, blaTEM-1, blaCTX-M-15, aac(3)-IIa, qnrB1, tet(A), aac(6’)-Ib-cr5,
blaOXA-1, and catB3, and a 104,872-bp IncFIIK plasmid harboring the epidemic carbapenemase,
blaKPC-2.

The IncFIIK plasmid pCMP234-2 was a novel blaKPC-2 harboring plasmid, sharing only
78% of its genome with its nearest match (CP027614) (Fig. 2). Using the top 20 BLAST
queries, less than 1.5% of pCMP234-2 genome was used for whole-genome single nucle-
otide polymorphism (SNP) analysis suggesting great genetic heterogeneity among the

FIG 1 Map of the study location in Northeast Ohio. (A) Map of the Ohio region. Red dash box indicates a zoomed-region of the study sample area exemplified in B.
(B) The study area centered in Northeast Ohio. Individual regions where deer were harvested are highlighted. Regions are colored to delineate urban versus suburban
classifications. Dot plots within regions represent prevalence of WTD AmpC-like and ESBL phenotypes. The maps were generated using the ggmap and ggplot2
packages in R as described in Materials and Methods.

TABLE 3 Epidemiologic risk factors for CeRE colonization among 783 white-tailed deer
sampled at an urban park located in Northeastern Ohio assessed using multivariable linear
mixed models

Risk factor CeRE prevalence Odds ratio 95% confidence interval P-valuea

Sex 0.008
Female (Referent) 33 (7.9)
Male 46 (12.5) 1.77 (1.24 to 2.50) 0.001

Age ,0.001
Fawn (Referent) 11 (5.5)
Yearling 23 (15.1) 3.30 (2.45 to 4.45) ,0.001
Adult 45 (10.4) 2.26 (1.72 to 2.97) ,0.001
Adult vs. Yearling 0.68 (0.57 to 0.82) ,0.001

Urbanization 0.0131
Suburban (Referent) 18 (8.1)
Urban 61 (10.9) 1.40 (1.15 to 1.70) 0.001

Yr ,0.001
2018 (Referent) 48 (13.0)
2019 31 (7.5) 0.58 (0.45 to 0.73) ,0.001

aP-values from univariate analysis of each individual factor (sex, age, urbanization, and year) included in the final
model are presented. Odds ratios, 95% confidence intervals, and P-values are denoted for risk factors included
in the multivariable analysis. Referent variable were the reference group used to calculate odds ratios.
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top results. pCMP234-2 showed the highest genome percent similarity with isolates from
environmental sources like wastewater and clustered with plasmids of replicon type IncFIIY.
Interestingly, the plasmid clustered around and showed highest genomic similarity to other
plasmids that did not harbor blaKPC. Closer examination of the genomic landscape adjacent
to the KPC-2 gene showed the typical Tn4401b insertional element was responsible for
blaKPC-2 mobilization (Fig. 3).

The second isolate was from the feces of a yearling buck that was harvested from an
urban area in 2019. The isolate was identified as E. coli by MALDI-TOF and confirmed as an
E. coli ST4450. This isolate maintained seven plasmids that ranged in size from 120,124 bp to
3,230 bp (Table 4). The first plasmid pCMP42-1 was identified as an IncFII plasmid and har-
bored the following resistance genes: mph(A), tet(A), dfrA12, aadA2, qacEdelta1, sul1, ble, and
the epidemic carbapenemase, blaNDM-5. The second plasmid was a 51,705 bp IncI1 that har-
bored a blaCMY-141. The remaining plasmids did not harbor acquired resistance genes.

pCMP42-1 shared greater than 90% similarity with six of the top 20 NCBI BLAST plasmid
sequences (Fig. 4). However, percent similarity ranged from 46% to 98% and phylogenetic
analysis could only identify 43,343 nucleotide positions (36.1% of the pCMP42-1’s genome
size) among the 21 genomes that could be used for core SNP analysis. The core SNPs

TABLE 4 The plasmidome and associated resistome found in isolates recovered from white-tailed deer harboring the epidemic
carbapenemase genes blaKPC-2 and blaNDM-5

Species Contig ID Length Plasmidome Resistome
Klebsiella quasipneumoniae Chromosome 5,151,098

pCMP243-1 170,848 IncFIB(K) dfrA14, sul2, aph(3”)-Ib, aph(6)-Id, blaTEM-1, blaCTX-M-15, aac(3)-
IIa, qnrB1, tet(A), aac(6’)-Ib-cr5, blaOXA-1, catB3

pCMP243-2 104,872 IncFII blaKPC-2

Escherichia coli Chromosome 4,853,432 blaEC
pCMP42-1 120,124 IncFII, IncFIA mph(A), tet(A), dfrA12, aadA2, qacEdelta1, sul1, ble, blaNDM-5
pCMP42-2 51,705 IncI1 blaCMY-141
pCMP42-3 25,171
pCMP42-4 6,647 Col
pCMP42-5 5,411 Col
pCMP42-6 4,072
pCMP42-7 3,230 Col

FIG 2 De novo SNP phylogenetic analysis of pCMP243-2 compared with the top 20 NCBI BLAST results and the associated metadata including isolate
source, plasmid replicon type, presence of blaKPC on the plasmid, and percent similarity to pCMP243-2. Phylogenetic SNP analysis was based on ,1.5% of
pCMP243-2’s genome because of genomic heterogeneity among the top 20 NCBI BLAST matches.
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distances ranged from 12 to 298 with an average of 205 SNP (95% CI = 158.0 to 252.4).
pCMP42-1 clustered near plasmids in isolates from a diverse sources including humans, a ca-
nine, and the environment. Not surprisingly, pCMP42-1 clustered with plasmids of similar
replicon type, but with variability among NDM maintenance. The NDM-5 gene was located
within a 24-kb collection of truncated and intact insertional elements and resistance genes
(Fig. 5). Within this region, IS26 insertional elements flanked a macrolide resistance element
as well as an element that consisted of blaNDM-5 and a truncated class I integron harboring
the intact sul1 and dfrA12 resistances genes as well as the truncated aadA3 aminoglycoside
resistance gene. This element shared 100% coverage and identity, but not alignment, with
two other isolates from the GenBank database (MN007141 and CP033159).

Phenotypic characterization identified that both isolates were multidrug resistant,
with resistance to most of the drug classes tested (Table 5). The NDM-harboring E. coli
required higher concentrations of all the tested carbapenems compared to the KPC-harbor-
ing K. quasipneumoniae. Nonetheless, both exemplified MICs indicating clinical carbapenem
resistance.

Mobilization of carbapenem-resistance genes and confirmation of phenotypic
resistance. Conjugation experiments with both the K. quasipneumoniae with blaKPC-2
and the E. coli with blaNDM-5 successfully mobilized both carbapenemase genes to a J53 re-
cipient strain and were confirmed by PCR. Moreover, phenotypic testing showed that these
mobilized carbapenem resistance genes conferred phenotypic carbapenem resistance. In

FIG 3 Genetic map of the mobile genetic element carrying blaKPC-2 on pCMP243-2. The gene is mobilized on a Tn4401b transposable
element that shares 100% coverage and identity with greater than 50 other isolates.

FIG 4 SNP phylogenetic analysis of pCMP42-1 and the top 20 NCBI BLAST hits and associated metadata including isolate source, plasmid replicon type,
presence of blaNDM within the plasmid sequence and SNP differences.
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both cases, the transconjugant required markedly higher carbapenem concentrations for in-
hibition of growth compared with the recipient J53 strain (Table 5).

DISCUSSION

Here, we report a CeRE colonization prevalence of 10.1% in a wild, free-ranging deer popu-
lation. Other studies investigating cephalosporin resistance prevalence among deer using
methods similar to those in this study range are notably lower, near 2% (13, 14). However, our
reported prevalence is quite low compared with fecal carriage in healthy companion animals
and livestock, but relatively consistent with levels collected from humans (15, 16). It should be

FIG 5 The mobile and antimicrobial resistance genetic landscape surrounding blaNDM-5 on pCMP42-1. The nearly 25-Kb consists of
two resistance regions, the blaNDM-5 region and the truncated class I integron region, both of which are flanked by IS26 elements.
This element shares 100% coverage and identity, but not alignment, with two GenBank isolates: MN007141 and CP033159. Gene
colors categorize genes as mobile genetic elements (blue), antimicrobial resistance (red), antiseptic resistance (yellow), and others
(gray). Truncated genes are indicated with a D.

TABLE 5 Phenotypic AMR profilesa of the Klebsiella quasipneumoniae and Escherichia coli recovered fromWhite-tailed deer and their
respective transconjugantsb

Antimicrobial Klebsiella quasipneumoniae J53-KPC-2 E. coli J53-NDM-5 J53
Amoxicillin/Clavulanic Acid .32 .32 .32 .32 4
Ampicillin .32 .32 .32 .32 2
Azithromycin .16 4 .16 .16 2
Aztreonam .16 16 .16 .16 #2
Cefepime .16 4 .16 .16 #1
Cefotaxime .32 4 .32 .32 #0.25
Cefoxitin 32 8 .32 .32 2
Cefazolin .16 .16 .16 .16 #8
Ceftiofur .8 8 .8 .8 0.25
Ceftriaxone .64 8 .64 .64 #0.25
Doripenem 1 1 .2 .2 #0.12
Ertapenem 2 1 .4 .4 #0.25
Imipenem 4 2 .8 .8 #0.5
Meropenem #1 #1 .8 .8 #1
Piperacillin Tazobactam .64 32 .64 .64 #4
Ticarcillin Clavulanic Acid .128 .128 .128 .128 #16
Chloramphenicol 32 8 8 4 8
Nalidixic Acid 32 2 .32 2 2
Ciprofloxacin .4 #0.015 .4 #0.015 #0.015
Levofloxacin 4 #1 .8 #1 #1
Doxycycline .16 #2 16 8 #2
Minocycline .16 #2 4 #2 #2
Tetracycline .32 #4 .32 .32 #4
Tigecycline 4 #0.25 #0.25 #0.25 #0.25
Colistin #0.25 #0.25 #0.25 #0.25 #0.25
Polymyxin B #0.25 #0.25 #0.25 #0.25 #0.25
Gentamicin .16 1 1 0.5 0.5
Streptomycin .64 8 64 .64 16
Tobramycin .8 2 #1 #1 #1
Amikacin #4 #4 #4 #4 #4
Sulfisoxazole .256 #16 .256 .256 #16
Trimethoprim Sulfamethoxazole .4 #0.12 .4 .4 #0.12
aMinimum inhibitory concentrations (mg/mL).
bPhenotypic AMR of the recipient J53 isolate is included as reference.
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noted, however, that our observed prevalence estimated using selective media cannot be
directly compared with national AMR surveillance data utilizing isolates recovered using media
without selective pressure from antimicrobials.

One potential source of CeRE for deer exposure is surface water that receives
treated wastewater effluent. Despite treatment, wastewater effluent can carry a host of
resistant bacteria, some of which are resistant to drugs of last resort like carbapenems
and colistin (5, 6, 17). In 2009, an estimated 4.5 billion gallons of untreated wastewater
was discharged into Lake Erie. In addition, as of 2019 combined sewer overflows dis-
charged an estimated 2.6 billion gallons of untreated effluent (18, 19), some into pri-
mary headwaters and streams within the Cleveland Metroparks as it flows to Lake Erie.

Contaminated surface waters can create an environmental reservoir for the exposure of
deer and other wildlife to antimicrobial resistant bacteria. Another potential source of antimi-
crobial resistant bacteria contamination of waterways is via runoff from large farming opera-
tions where animals are intensively managed and antimicrobial use is common. In Northeast
Ohio, farms, particularly intensive farming operations are rare and unlikely to contribute signifi-
cantly to environmental dissemination of AMR bacteria (20). Lastly, companion animal feces
are frequently found in these areas. Healthy companion animals frequently maintain CeRE bac-
teria in their gut and these bacteria and their determinants are frequently found contaminat-
ing soil and plants (15, 21). These areas can serve as hot spots for domestic animal-wildlife
interface and can further contribute to the resistome of urban storm water runoff (22).

The allelic variation of the CeRE isolates was largely constrained to two main types, the
CMY-2-like for the AmpC phenotype and CTX-M-15 for the ESBL phenotype. Livestock were
previously considered to be the main reservoir of blaCMY-2, but global dissemination of this
genotype via zoonotic foodborne transmission and other routes have contributed to human
and companion animal colonization (23). This dissemination into multiple reservoirs has led
to broad environmental dissemination (24). Conversely, the CTX-M-15 genotype has histori-
cally been identified as a variant causing global dissemination and disease among humans
(25). Similar to blaCMY, blaCTX-M is globally disseminated and found in contaminated environ-
ments, surface waters, and domestic animals (26).

Two carbapenemase-producing Enterobacterales (CPE), one with blaKPC and one with
blaNDM were isolated from two separate WTD from the same urban region during 2018
and 2019. Carbapenemase-producing bacteria are considered an urgent public health
threat, and blaKPC-2 is considered a hospital epidemic allele most prevalent in K. pneumo-
niae and Enterobacter spp. (2, 27). The spread of blaKPC beyond hospitals occurs via mu-
nicipal wastewater flows and treated wastewater effluent that contain CPE and the KPC
genetic determinant (5, 6). Isolates with blaNDM only account for sporadic outbreaks in
hospital setting in North America and Europe, but their ease of dissemination between
Enterobacterales species facilitates their widespread presence within the community
(28). Similar to blaKPC, blaNDM can be disseminated through wastewater, but it appears at
lower frequencies (5). Dissemination via sources other than surface waters with waste-
water inputs is extremely rare in the United States, as blaKPC and blaNDM are rarely
reported in livestock, companion animals, and meat products (7, 8, 29–31).

Epidemic carbapenemases like KPC and NDM have been reported in birds, and
recently blaOXA was reported in wild boars in Spain (14, 32). In the United States and
Canada, there have been recent reports of blaKPC, blaIMP, and blaIMI isolated from corvids
(33, 34). When found, major epidemic carbapenemase genotypes are often associated
with urbanized habitats or proximity to wastewater treatment plants (32–35). The prev-
alence of carbapenemase-producing bacteria in many nonavian species has not been
reported. Here, we report the novel findings that WTD can become colonized by en-
teric bacteria expressing these epidemic carbapenemase genes in the United States.

Mobilization of carbapenemase genes is an important contributor to the widespread CPE
dissemination beyond human hospitals to communities, natural environments, and domestic
and wild animals. The blaNDM-5 we recovered from a WTD was mobilized on an IncFII/FIA plas-
mid with a somewhat unique genetic backbone that only shared .90% similarity with six
other plasmids in the GenBank curation. Interestingly, the epidemiologic dissemination of
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blaNDM-5 through members of Enterobacterales is partially a function of the self-transmissible
IncX3 plasmid that drives their spread within and beyond hospitals into the community (36,
37). However, the genetic element immediately surrounding the NDM-5 reported in this study
has been disseminated on both IncX and IncF plasmids (38). Here, we report a rare mobile
genetic element variant that consists of three IS26 elements flanking two antimicrobial resist-
ance regions, blaNDM-5 and the truncated class I integron. One recent publication highlighted
the importance of flanking IS26 elements in transmitting multidrug-resistance regions that of-
ten contain blaNDM-5 (39). Moreover, these IS26 elements may promote interplasmid transfer as
they can form circular intermediates and serve as scaffolds for plasmid fusions (39).

The blaKPC-2 we recovered from a WTD is on the Tn4401b transposon, an isoform of the
Tn4401 transposable element that is responsible for epidemic expansion and dissemination
of blaKPC-2 (40). This insertional element is nested within the mobilizable IncFII plasmid that
facilitates its conjugal transfer. IncFII plasmids are known to carry blaKPC-2 in human clinical
settings and can spread widely among Enterobacteriaceae (41). However, the IncFII(K) plas-
mid reported in this study seems to harbor a unique plasmid genetic background, sharing
only 78% of its genome with its nearest match. In addition, this plasmid variant did not clus-
ter or share genomic similarity with other blaKPC-2 carrying plasmids, suggesting a unique
KPC-2-IncFII(K) combination variant and highlights broad reach of the mobile genetic ele-
ment. Co-occurrence of other AMR genes on the same or additional plasmids suggest that
both CPE isolates have experienced selection pressure in the past and acquired numerous
determinants for a selective advantage. Our mobilization experiments show that both carba-
penemase genes are easily conjugated to recipient bacteria and confer similar carbapenem-
resistant phenotype in those recipients. Conjugal transfer can promote widespread dissemi-
nation between and within reservoir species.

Older, male deer were at greater odds of having CeRE present in the fecal microbiome
relative to younger, female deer. Deer foraging habits are related to body size, with larger
deer foraging more often to meet energy demands (42). Increased foraging efforts may
increase the risk for exposure to contaminated environments. In addition, older male deer
have larger home ranges compared with younger female deer (43). This increased home
range allows for exposure to further diverse environments, some of which may be contami-
nated. Because of increased deer density, sexually dimorphic feeding areas may not be pres-
ent. Female and young deer are less likely to consume forage when male deer are present
(44). Interestingly, yearlings were at greater odds of harboring an antimicrobial resistant iso-
late. In some scenarios, yearlings can have larger home ranges than adults, allowing them
more contact with different environments (43). Moreover, yearlings select high-protein for-
age to meet growing energy demands (45). Cultivated plants typically have higher crude
protein ratios compared with wild plants promoting more yearling-human interactions.

Urbanization increased the odds of WTD having a CeRE by 1.4 times. The human-
domestic animal-wildlife interface represent critical points for antimicrobial resistance
crossover (46). Previous studies identified that proximity to domestic livestock and
humans in farm settings increased antimicrobial resistance among birds and small
mammals (47). Moreover, wildlife interaction and proximity to human waste manage-
ment sites and wastewater treatment plants are considered a significant risk factor for
AMR crossover (48). Recent studies in wildlife identified increased human populations
and urbanization were risk factors for AMR bacteria colonization in mesopredators and
birds (49, 50). However, among omnivores like primates, adaptation to humans was
seen as a more significant risk factor compared to proximity (51).

We observed that WTD are a potentially important wildlife reservoir of cephalosporin-resist-
ant bacteria. In addition, we report the first isolation of the carbapenemase-encoding blaKPC-2
and blaNDM-5 in wild WTD. This is a likely a result of contaminated environments in close prox-
imity to humans, especially surface waters that receive treated or untreated wastewater.

MATERIALS ANDMETHODS
Study site and sample collection. Fecal sample collection took place in a metropolitan park system

in Northeastern Ohio, USA (Fig. 1A and B). WTD were harvested nightly between January 2018 to March
2018 during the 2018 sampling season and January 2019 to March 2019 during the 2019 sampling
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season. Harvesting was conducted as part of a deer population management program that was
approved by the Ohio Department of Natural Resources. The use of the deer fecal samples for scientific
research following their collection for other purposes was reviewed by The Ohio State University’s
IACUC staff and determined to be exempt from mandated IACUC review. Ten regions within the park
system were assigned for deer management efforts; six urban regions numbered 1 to 6 and four subur-
ban regions numbered 7 to 10. Regions were classified as suburban or urban based on the 2019 ACS 5-
year estimate census data (https://data.census.gov/) of the number of households within a half mile
buffer. Regions were classified as urban if there was greater than 1 unit per acre and suburban if they
contained less than 1 unit per acre (52).

Authorized sharpshooters conducted all harvesting efforts from roadside and tree stands overlooking bait
stations. Harvested deer were transported to a centralized processing station. During processing, deer were
weighed, aged, sexed, and field dressed. WTD age was estimated using tooth replacement and wear character-
istics (53). Deer were divided into three age groups; fawns (,1 year of age), yearling (1 to 2 years), and adults
(.2 years). During field dressing, an approximately 10-g fecal sample was sterilely collected from the distal
large intestine and placed at 4°C until sample processing.

Sample processing and isolation. A 4-g fecal sample was combined with 36 mL of MacConkey agar
modified with 2 mg/mL cefotaxime and incubated overnight at 37°C. An inoculate of the MacConkey broth
was then streaked onto three MacConkey agar plates that were modified with either 8 mg/mL of cefoxitin for
isolation of Enterobacterales expressing the AmpC b-lactamase phenotype, 4 mg/mL of cefepime for isolation
of Enterobacterales expressing the ESBL phenotype, or 0.5mg/mL meropenem and 70mg/mL zinc sulfate hep-
tahydrate for the isolation of Enterobacterales expressing the carbapenemase-producing phenotype.

We selected a single lactose-fermenting isolate expressing the AmpC b-lactamase-producing phenotype
and another expressing the ESBL-producing phenotype for further characterization. These isolates were tested
for tryptophan utilization using the indole production assay. Isolates were then genotypically characterized for
the presence of either blaCMY or blaCTX-M by PCR using previously reported primers (54, 55). PCR products of the
expected molecular weight were cleaned and bidirectionally sequenced using a 3730 DNA analyzer (Applied
Biosystems) and analyzed for allelic variation using the basic local alignment search tool (BLAST).

We also selected up to three morphologically distinct colonies with a carbapenemase-producing
phenotype, giving preference to lactose fermenting isolates. We confirmed carbapenemase production
using the CarbaNP test and then determined bacterial genus and species using MALDI-TOF (56). Isolates
representing bacterial species not expected to have intrinsic carbapenemase production were tested for
the presence of blaKPC, blaNDM, blaIMP, and blaVIM by PCR using previously reported primers (57–60).

Phenotypic and genotypic characterization of carbapenemase-producing isolates. Two CPE iso-
late with transmissible carbapenemase genes underwent whole-genome sequencing using a long-read
(PacBio; Pacific Biosciences, Menlo Park, CA) platform. DNA libraries were prepared using a 10-Kb template prepa-
ration protocol with the PacBio SMRTbell template prep kit v. 1.0. The reads were assembled using PacBio
Hierarchical Genome Assembly Process 4.0 and contigs were circularized by Circlator (61, 62). Assembled sequen-
ces were assessed for MLST, acquired antimicrobial resistance genes, and plasmid content using PubMLST,
ResFinder, AMRFinderPlus and PlasmidFinder, respectively (63–66).

Plasmids that harbored carbapenemase genes were assessed for genome similarity using NCBI
BLAST. The top 20 BLAST hits for each plasmid were curated for phylogenetic analysis. Phylogenetic
trees were assembled using the CSIPhylogeny pipeline using default parameters and the appropriate
carbapenemase-encoding plasmid as the reference sequence (67). Constructed trees were visualized
using the Interactive Tree of Life (iTOL) online tool (68).

The genetic landscape surrounding the carbapenemases genes for both CPE isolates was annotated
using the Prokka and PGAP pipelines (69, 70). Mobile genetic elements within this genetic context were
characterized using ISFinder (71). The similarity of these genetic elements with previous curated genomes
were assessed using NCBI BLAST and the query coverage and percent identity were resulted.

An antimicrobial susceptibility profile was also generated for the isolate with transmissible carbapenemase
genes using the Sensititre semiautomated broth microdilution system (NARMS CMV3AGNF, ESB1F and GNX2F
panels; Thermo Fisher Scientific, Oakwood Village, OH) following Clinical and Laboratory Standards Institute
(CLSI) guidelines (72). E. coli strains ATCC 25922 and 35218 were used as quality controls.

Conjugation experiments. Overnight cultures of the two CPE isolates and a lactose-negative, so-
dium azide-resistant E. coli J53 strain were grown on LB agar with either 0.5 mg/mL meropenem and 70 mg/
mL zinc sulfate heptahydrate or 100 mg/mL of sodium azide. A 1:1 mixture of CPE and the recipient E. coli
were mixed in fresh, antibiotic-free nutrient broth and allowed to grow overnight at 37°C under static condi-
tions. Broth mixtures were then serially diluted to 1025 concentrations. A 100 mL aliquot from each dilution
was plated on MacConkey agar modified with 100 mg/mL of sodium azide and 0.5 mg/mL meropenem and
70 mg/mL zinc sulfate heptahydrate. Up to three lactose negative isolates from each plate were selected.
Isolates were tested for the presence of either the blaKPC or blaNDM using PCR as previously described. One PCR
positive blaKPC and blaNDM representative isolate was tested for phenotypic resistance as previously described.

Data analysis. Generalized linear mixed models were constructed to identify the association between
phenotypic antimicrobial resistance and WTD sex, age class and weight, region classification of origin (urban
versus suburban), and year of collection. A forward building model approach was employed and all independ-
ent variables with a P-value .0.2 were included in the multivariable model. Dependent factors with a P-value
.0.05 and that did not alter the odds ratio by 20% upon removal from or addition to the model were dropped
from the final multivariable analysis. All models were controlled for within-region clustering by including indi-
vidual region as a random effect. Robust standard errors were estimated using the Huber-White sandwich
methods. Adjusted odds ratios, their 95% confidence intervals and P-values were reported for all variables
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included in the final model. All statistical analysis was conducted using STATA v. 15 (StataCorp LLC, College
Station, TX, USA).

Geographical maps were visualized using the ggmap package in R to import publicly available,
open-source Stamen maps (available at https://stamen.com/open-source/). Resistant phenotype and
study region data layers were overlaid on each map using the ggplot2 package in R.

Data availability.Whole-genome sequence of K. quasipneumoniae and E. coli chromosomal and plasmid
DNA were deposited in GenBank with biosample numbers SAMN23219801 and SAMN23219802, respectively.
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