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ABSTRACT In order to estimate herd-level prevalence of extended-spectrum �-lac-
tamase/AmpC �-lactamase (ESBL/AmpC)- and carbapenemase-producing commensal
Escherichia coli in ruminants in the Basque Country (northern Spain), a cross-
sectional survey was conducted in 2014 to 2016 in 300 herds using selective isola-
tion. ESBL-/AmpC-producing E. coli was isolated in 32.9% of dairy cattle herds, 9.6%
of beef cattle herds, and 7.0% of sheep flocks. No carbapenemase-producing E. coli
was isolated. Phenotypic antimicrobial susceptibility determined by broth microdilu-
tion using EUCAST epidemiological cutoff values identified widespread coresistance
to extended-spectrum cephalosporins and other antimicrobials (110/135 isolates), partic-
ularly tetracycline, sulfamethoxazole, trimethoprim, and ciprofloxacin. All isolates were
susceptible to tigecycline, imipenem, meropenem, and colistin. The genomes of 66 iso-
lates were sequenced using an Illumina NovaSeq 6000 and screened for antimicrobial
resistance determinants against ResFinder and PointFinder. The plasmid/chromo-
somal locations of resistance genes were predicted with PlasFlow, and plasmid repli-
cons were identified using PlasmidFinder. Fifty-two acquired resistance genes and
point mutations in another four genes that coded for resistance to 11 antimicrobial
classes were identified. Fifty-five genomes carried ESBL-encoding genes, blaCTX-M-14

being the most common, and 11 carried determinants of the AmpC phenotype,
mostly the blaCMY-2 gene. Additionally, genes coding for �-lactamases of the CTX-M
group 9 were detected as well as the sporadic presence of blaSHV-12, blaCMY-4, and a
point mutation in the ampC promoter. Only a bovine isolate coharbored more than
one ESBL/AmpC genetic determinant (blaCTX-M-14 and a mutation in the ampC pro-
moter), confirming its ESBL- and AmpC �-lactamase-producing phenotype. Most
ESBL/AmpC genes were located in IncI1 plasmids, which also carried a great variety
of other antimicrobial resistance genes.

IMPORTANCE Extended-spectrum �-lactamase (ESBL)- and AmpC �-lactamase (AmpC)-
producing E. coli isolates have emerged in recent years as some of the fastest
spreading antimicrobial resistance determinants in humans and food-producing ani-
mals, becoming a concern for animal and public health. This study provided insight
into the prevalence of cefotaxime-resistant E. coli in cattle and sheep in the Basque
Country and the associated genetic determinants of antimicrobial resistance. These
constituted an important contribution to the limited repository of such data for cat-
tle in the region and for sheep worldwide. Antimicrobial susceptibility testing by
phenotypic and molecular methods is key in surveillance programs to enhance early
detection of resistance development, monitor resistance trends, and provide guid-
ance to clinicians in selecting the adequate therapy.
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Antimicrobial resistance (AMR) is considered an emerging problem on a worldwide
scale. It has been estimated that unless actions are taken, AMR could cause up to

10 million deaths each year by 2050 (1). The WHO list of critically important antimi-
crobials for human medicine includes third-generation and higher cephalosporins as
well as carbapenems, as these antimicrobials are either the sole or one of the limited
therapies available to treat multidrug-resistant (MDR) bacteria in human infections
(2). In Escherichia coli, the most important mechanism of resistance to those
critically important �-lactam antimicrobials is the production of extended spectrum
�-lactamases (ESBLs), followed by the production of AmpC cephalosporinases and
carbapenemase enzymes. ESBLs are capable of hydrolyzing penicillins, third-generation
cephalosporins, and monobactams (e.g., aztreonam). They are not active against cepha-
mycins (e.g., cefoxitin) or carbapenems but are susceptible to �-lactamase inhibitors
like clavulanic acid. AmpC-type �-lactamases, unlike ESBLs, are active against cepha-
mycins and resistant to inhibition by clavulanate. Carbapenemases are carbapenem-
hydrolyzing �-lactamases that confer resistance to a broad spectrum of �-lactams,
including carbapenems.

ESBL/AmpC-producing E. coli isolates have emerged in recent years, becoming one
of the fastest-spreading AMR determinants not only in humans but also in food-
producing, companion, and wild animals as well as the environment (3–6). Despite the
wide distribution of ESBL/AmpC-producing E. coli isolates in livestock, their contribu-
tion as a source of human infection remains controversial (7). Although humans seem
to be the main source of community-acquired infections by ESBL/AmpC-producing E.
coli, nonhuman sources act as important reservoirs that contribute to further spread of
the infection (8–10). Moreover, the prevalence of cefotaxime-resistant bacteria in
food-producing animals varies by country and animal species, and some of the animals,
like small ruminants, have received less attention than others (4). On the other hand,
carbapenemase-producing E. coli isolates (CPEs) are more prevalent in humans than in
animals. The use of carbapenems in livestock is banned, and CPEs have only rarely been
identified in food-producing animals in Europe (4, 11).

ESBLs are mostly plasmid-mediated enzymes, with CTX-M-1, CTX-M-14, and
CTX-M-15 being the most frequently described in E. coli isolated from cattle (12). In
fact, the first description of ESBL-producing E. coli in cattle in Spain was a CTX-M-1
cephalosporinase-bearing strain isolated from a cattle with mastitis (13). AmpC en-
zymes in E. coli from livestock are mainly encoded by blaCMY genes located in plasmids
(14) and also by mutations in the promoter region of the chromosomal ampC gene. The
latter, normally repressed or only weakly expressed, leads to constitutive hyperexpres-
sion of the gene, resulting in �-lactam resistance (15). The most frequently detected
carbapenemases in livestock in Europe are OXA-48 and VIM-1, but evidence of the
dissemination of NDM, KPC, and IMP carbapenemases has also been reported globally
(11).

Phenotypic detection of ESBL, AmpC, and carbapenemase producers among E. coli
isolates from food-producing animals is important for epidemiological purposes. How-
ever, molecular determination of AMR genetic determinants provides insight into the
resistance mechanisms. For this purpose, whole-genome sequencing (WGS) has proven
to provide a practical advantage compared to other commonly used molecular meth-
ods. The aim of this study was to determine the occurrence of ESBL-, AmpC-, and
carbapenemase-producing commensal E. coli in dairy cattle, beef cattle, and sheep
without clinical signs of disease in farms in the Basque Country (northern Spain) by
using selective isolation methods and to characterize the AMR profiles of the isolates
obtained. Phenotypic antimicrobial susceptibility was tested, and a selection of isolates
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was subjected to WGS in order to assess not only the carriage of the ESBL/AmpC and
carbapenemase coding genes but also genetic determinants for resistance to other
antimicrobials.

RESULTS
ESBL/AmpC- and carbapenemase-producing E. coli herd prevalence. E. coli was

isolated in cefotaxime-containing medium in samples collected from 15.0% (45/300) of
the herds/flocks, with different prevalence distributions according to the production
system (Table 1). No E. coli isolates were recovered from the chromogenic medium used
to screen for CPEs. Univariate analyses performed to assess factors associated with
shedding prevalence of cefotaxime-resistant E. coli identified season, presence of other
species in the farm, and herd size as potential confounder variables, but only season
passed to the final model (see Table S1 in the supplemental material). Multivariate
logistic regression analysis indicated that bovines were more likely to shed cefotaxime-
resistant E. coli than sheep (adjusted odds ratio [ORadj], 3.55 [range, 1.57 to 8.04],
P � 0.002). When the host was categorized according to the production system, the
herd prevalence of cefotaxime-resistant E. coli was significantly higher in dairy cattle
than in beef cattle (ORadj, 3.71 [1.60 to 8.58], P � 0.002) and sheep (ORadj, 6.11 [2.55 to
14.60], P � 0.001). Shedding of cefotaxime-resistant E. coli was higher during spring,
summer, and autumn than in winter, this difference being largest between autumn and
winter (Table S1).

Antimicrobial resistance phenotype as determined by broth microdilution
(MICs). MICs were determined for a total of 135 isolates (3 per positive herd/flock).
Antimicrobials tested, distribution of MICs, and interpretation of results are shown in
Table 2. All isolates were susceptible to imipenem, meropenem, tigecycline, and
colistin. Since isolates had been obtained by selective isolation in medium containing
cefotaxime (FOT), they were all resistant to cefotaxime and also to ampicillin. Most
isolates (97.8%) were also resistant to the fourth-generation cephalosporin cefepime,
while resistance to ceftazidime (TAZ; third-generation cephalosporin) was present
in 87.4% of the isolates and resistance to cefoxitin (FOX; second-generation ceph-
alosporin) was present in 20.7% (Fig. 1). Two isolates were resistant to temocillin
(MIC � 32 mg/liter). Although no carbapenemase-producing E. coli isolates were found,
one isolate from beef cattle and three from sheep were resistant to ertapenem
(MIC � 0.12 mg/liter). In addition to this high resistance to �-lactams, coresistance to
other antimicrobial classes was also observed in most cases (110/135 isolates). Resis-
tance to other antimicrobials included tetracycline (70.4%), sulfamethoxazole (70.4%),
trimethoprim (47.4%), ciprofloxacin (41.5%), nalidixic acid (33.3%), chloramphenicol
(28.9%), gentamicin (23.7%), and azithromycin (6.7%; MIC �16 mg/liter). Thus, coresis-
tance to cephalosporins and tetracycline occurred in 70.4% of isolates, coresistance to
cephalosporins, tetracycline, and ciprofloxacin occurred in 34.8%, and coresistance to
cephalosporins, tetracycline, ciprofloxacin, and sulfamethoxazole-trimethoprim was
found in 24.4%. Significant differences among hosts in AMR rates were observed only
against nalidixic acid, trimethoprim, and sulfamethoxazole, with dairy cattle presenting
a significantly higher prevalence of resistance (Fig. 1). Specifically, proportions of

TABLE 1 Proportion of herds/flocks in which E. coli was isolated from cefotaxime-containing medium and distribution of phenotypically
inferred phenotypes

Host

Growth in cefotaxime-containing
medium

Inferred phenotype

ESBL AmpC ESBL�AmpC

n % 95% CI n % n % n %

Beef cattle (n � 104) 10 9.6 4.1–15.2 9 8.7 1 1.0 0 0.0
Dairy cattle (n � 82) 27 32.9 23.8–42.1 20 24.4 5 6.1 2b 2.4
Sheep (n � 114) 8 7.0 2.8–11.2 7a 6.1 1 0.9 1a 0.9
Total (n � 300) 45 15.0 11.2–18.9 36 12.0 7 2.3 3 1.0
aIn one sheep flock, two of the three isolates characterized had an ESBL phenotype and another isolate had the ESBL�AmpC phenotype.
bOnly one was confirmed as ESBL�AmpC by WGS analyses (see the text).
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resistant isolates were higher in dairy cattle than in sheep for nalidixic acid (OR � 4.81,
P � 0.017) and trimethoprim (OR � 4.59, P � 0.004) and were higher in dairy cattle than
in beef cattle for sulfamethoxazole (OR � 3.26, P � 0.009) and trimethoprim (OR � 3.57,
P � 0.006).

When MIC data were used for the phenotypic detection of ESBL and AmpC pro-
duction, most of the 135 tested isolates presented a characteristic ESBL phenotype
(107/135, 79.3%), 21 (15.6%) had an AmpC phenotype, and the remaining 7 (5.2%) had

TABLE 2 Distribution of MIC values for the 135 E. coli isolates from cefotaxime-containing medium

agen, generation.
bWhite fields denote range of dilutions tested for each antimicrobial agent. MICs above the range are given as the concentration closest to the range, except for that
for sulfamethoxazole, which is given as the highest concentration tested. MICs equal to or lower than the lowest concentration tested are given as the lowest
concentration tested. Vertical lines indicate European Committee for Antimicrobial Susceptibility Testing (EUCAST) epidemiological cutoff (ECOFF) values.

cSince 23 March 2020, the ECOFF for temocillin has been fixed at 16 mg/liter.
dNo ECOFF given by EUCAST; a reference, indicated by double vertical lines, was used for azithromycin (37, 38).

FIG 1 Proportion of isolates microbiologically resistant to different antimicrobials in the different production systems based on phenotypic characterization by
broth microdilution. Antimicrobials are grouped according to their corresponding antimicrobial classes, which are color coded. The asterisks denote significant
differences (*, P � 0.05; **, P � 0.01).
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an ESBL- and AmpC �-lactamase-producing (ESBL�AmpC) phenotype. The prevalence
of inferred phenotypes within each production system is shown in Table 1.

WGS and antimicrobial resistance genotype. Sixty-six isolates (13 beef cattle, 43
dairy cattle, and 10 sheep) were selected for whole-genome sequencing (WGS) based
on their presumptive phenotypic AMR profiles (52 ESBL, 11 AmpC, and 3 ESBL�AmpC).
The sequencing facility provided an average of 8.6 million � 1.6 million reads per
sample (range, 5.2 to 12.1 million) corresponding to an average coverage of
258� � 48� (range, 157� to 364�) in a 5-Mb genome with a mean of quality reads of
36.1. The median N50 of assemblies was 154 kb (interquartile range [IQR], 117 to 185 kb).
The median number of contigs recovered per sample was 277 (IQR, 189 to 337), with an
average contig length of 442 � 130 kb (range, 202 to 736 kb) (Table S2).

WGS analyses identified 52 acquired AMR genes along with point mutations in
another four genes (Fig. 2) that code for resistance to antimicrobials representing 11
different classes. The presence of ESBL-encoding genes was detected in 55 of the 66
genomes. Most of them carried blaCTX-M type genes (50/55, 90.9%), the most abundant
being blaCTX-M-14 (n � 27), followed by blaCTX-M-1 (n � 9), blaCTX-M-15 (n � 7), blaCTX-M-32

(n � 5), and blaCTX-M-14b (n � 2). blaSHV genes were only sporadically found (blaSHV-12,
n � 5). Ten isolates carried the AmpC-encoding genes blaCMY-2 (n � 9) and blaCMY-4

(n � 1). blaCMY-2 was found in combination with blaTEM-1B in four isolates and with
blaTEM-1A in one. Additionally, a point mutation in the ampC promoter (nt 42 C¡T) was
found in two isolates, in one of them in combination with blaCTX-M-14, this being the
only isolate coharboring more than one ESBL/AmpC genetic determinant. In this
isolate, the presence of both blaCTX-M-14 and a mutation in the ampC promoter resulted

FIG 2 Heat map showing the distribution of AMR genes detected by WGS in each isolate stratified by production system. Within each production system,
samples were grouped based on their antimicrobial resistance pattern according to the result of the hierarchical clustering using the average linkage method
(UPGMA) on the Euclidean distance matrix. Genetic determinants of resistance are grouped according to their corresponding antimicrobial classes, which are
color coded. Point mutations are indicated by red asterisks.
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in a much higher MIC value for cefotaxime (MIC � 64 mg/liter) than that of the isolate
that carried only the ampC mutation (MIC � 2 mg/liter). However, no difference was
observed in ceftazidime and cefoxitin MIC values. The distribution of MIC values and
the presence of the different ESBL/AmpC coding genes associated with some of the
�-lactams tested are shown in Fig. 3. Other genes coding only for resistance to
narrow-spectrum �-lactamases were also detected, such as TEM type genes (41/60,
68.3%), including blaTEM-1B (n � 30), blaTEM-1A (n � 9), blaTEM-1D (n � 3), and blaTEM-1C

and blaTEM-190 (one isolate each), as well as blaOXA-1 (n � 2). The majority of ESBL/AmpC
genes (61/67) were associated with plasmid-derived contigs; the only chromosomally
located ESBL gene was blaCTX-M-15 in a single isolate. Most of the ESBL/AmpC gene-
carrying plasmids were identified as IncI1 (Data Set S1). Thus, blaCMY-2, blaCTX-M-1,
blaCTX-M-14, and blaSHV-12 were always associated with IncI1 plasmids. On the other
hand, blaCTX-M-14 was found not only in IncI1 (n � 3) but also in other rec types
(IncB/O/K/Z, n � 9; IncHI2, n � 2), while plasmid-located blaCMY-4 and blaCTX-M-15 genes
were associated with IncQ1 and p0111, respectively.

Other genetic determinants of AMR found in the isolates included those associated
with resistance to tetracyclines, aminoglycosides, phenicols, quinolones, sulfamethoxa-
zole, trimethoprim, macrolides, lincosamide, and fosfomycin, many of them located in
plasmids (Data Set S1). Briefly, all tetracycline-resistant isolates (n � 48) carried a
tetracycline efflux gene, tet(A) being the most prevalent (37/48), although tet(B) and
tet(M) were also detected, in 14 and 7 isolates, respectively. Thirteen genes associated
with resistance to aminoglycosides were detected, including genes encoding amin-
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oglycoside acetyltransferases (aac), nucleotidyltransferases (ant), phosphotransferases
(aph), and adenylyltransferases (aad). The distribution of those associated with genta-
micin resistance in relation to their MIC values is shown in Fig. 4a. Resistance to
phenicols was encoded by four genes, mainly those that activate efflux of phenicols
(floR and cmlA) and also genes that mediate the enzymatic inactivation by chloram-
phenicol acetyltransferases (catA and catB) (Fig. 4b). Resistance to (fluoro)quinolones
was associated with mutations in the gyrase (gyrA) gene alone and mostly in combi-
nation with different types of mutations in the topoisomerase genes, parC (codons 57
and 80) and parE (codons 355 and 458) (Fig. 4c). In addition, two isolates harbored the
aac(6´)-Ib-cr acetyltransferase gene, which confers resistance to ciprofloxacin. Another
five isolates carried qnr genes (qnrB19 and qnrS1), which confer resistance to cipro-
floxacin (MIC � 0.25 mg/liter, n � 1; MIC � 0.5 mg/liter, n � 4). Resistance to sulfame-
thoxazole was in all cases (49 isolates from which 35 were also resistant to trim-
ethoprim) mediated by one or different combinations of the three sul genes (sul1,
42.9%; sul2, 81.6%; sul3, 24.5%), whereas resistance to trimethoprim was in all cases
encoded by different dfr genes coding for dihydrofolate reductases. However, four
isolates with reduced susceptibility to trimethoprim did not present any genes coding
for a phenotype of trimethoprim resistance when the ResFinder database was searched.
Nevertheless, they all carried a gene that showed 100% homology with dfrA36 (Gen-
Bank accession number CP038791), which was also found in another three isolates that
also carried the dfrA1 gene. Macrolide resistance-encoding genes were sporadically
identified and included mph(A) (n � 6), mph(B) (n � 3), and also erm(B) (n � 2). All six
azithromycin isolates with an MIC of �16 mg/liter carried the mph(A) gene, and the two
with the highest MIC value (�64 mg/liter) also carried erm(B) (Fig. 4d). The gene lnu(F),
which confers resistance to lincomycin, was found in five isolates, and fosA7, which
codes for fosfomycin resistance, was detected in three isolates, all obtained from dairy
cattle. Finally, mdf(A) was present in all isolates.

38

11 1 2 2

5

1 5 1

6

1

11

0

5

10

15

20

25

30

35

40

45

50

<= 8  = 16  = 32  = 64  = 128  > 128

N
º 

of
 is

ol
at

es

MIC (mg/L)

CHLORAMPHENICOL

catA1+floR

catB3+floR

cmlA1+floR

cmlA1

catA1

floR

No genes

AMR genes

b)

N
º  

of
 is

ol
at

es

MIC (mg/L)

GENTAMICIN

aac(3)-IIa

aac(3)-IId

ant(2'')-Ia

No genes

AMR genes

a)

N
º 

of
 is

ol
at

es

MIC (mg/L)

CIPROFLOXACIN

*gyrA S83L

*gyrA S83L+*gyrA D87N+*parC S80I

*gyrA S83L+*gyrA D87N+*parC S80I+*parE S458A

*gyrA S83L+*gyrA D87N+*parC S80I+*parE S458T

*gyrA S83L+*parC S57T

aac(6')-Ib-cr+*gyrA S83L+*gyrA D87N+*parC S80I+*parE S458A

No genes

qnrB19

qnrS1

AMR genes

c)

d)

15

40

2

3

3
1 20

5

10

15

20

25

30

35

40

45

50

<= 2 = 4 = 8 = 16 = 32 = 64 > 64

N
º o

f i
so

la
te

s

MIC (mg/L)

AZITHROMYCIN

mph(A)+erm(B)^

mph(A)

mph(B)^

No genes

AMR genes

FIG 4 Bar plots illustrating the phenotypic and genotypic characterization of resistance to gentamicin (a), chloramphenicol (b), ciprofloxacin (c), and
azithromycin (d). Numbers within the stacked bar plots indicate the number of isolates observed with a particular MIC and genotype. ECOFF values are indicated
with red dashed lines. “No genes” refers to those isolates lacking any genetic determinant of resistance for the corresponding antimicrobial. Point mutations
associated with ciprofloxacin resistance are indicated by asterisks. Genes marked with a caret symbol are not specific genetic determinants for azithromycin
resistance but are associated with resistance to other macrolides.

ESBL/AmpC-Producing E. coli in Cattle and Sheep Applied and Environmental Microbiology

August 2020 Volume 86 Issue 15 e00742-20 aem.asm.org 7

https://www.ncbi.nlm.nih.gov/nuccore/CP038791
https://aem.asm.org


Among the plasmids found, IncI1, IncQ1, and IncFIC were the ones that carried the
greatest variety of AMR genes. Thus, besides several ESBL/AmpC genes, the IncI1
plasmid harbored other AMR coding genes, such as aadA2, ant(3==)-Ia, cmlA, dfrA16,
sul1, sul2, sul3, and tet(A); IncQ1 carried ant(3==)-Ia, aph(3==)-Ib, aph(6)-Id, mph(B), dfrA1,
sul1, sul2, and tet(A), as well as blaCMY-4; and IncFIC carried aph(6)-Ia, aph(6)-Id, tet(A),
and blaTEM-1B.

In general, a strong agreement between gene presence and phenotypic suscepti-
bility was observed, as supported by kappa scores (Table S3), the only exception being
cefepime, which presented the lowest agreement value. This was due to 10 isolates
with reduced susceptibility to cefepime (MIC � 0.25 mg/liter, n � 7; MIC � 0.5 mg/liter,
n � 3) that did not carry any genes described as conferring resistance to this antimi-
crobial (Fig. 3b). However, these isolates carried blaCMY-2 (n � 9) and blaCMY-4 (n � 1)
genes and displayed an AmpC phenotype.

DISCUSSION

In this cross-sectional survey, herd-level prevalence of ESBL/AmpC- and carbapenemase-
producing E. coli was estimated in beef cattle, dairy cattle, and sheep without clinical
signs of disease in the Basque Country (northern Spain). A large and representative
number of herds was tested, and selective isolation media were used to increase
sensitivity. Using cefotaxime-containing medium, presumptive ESBL/AmpC producers
were isolated in 15% of the herds, prevalence being significantly higher in dairy cattle
(32.9%) than in beef cattle (9.6%) and sheep (7.0%). Although differences in sampling
strategies and isolation methods among studies hamper comparisons, prevalence rates
of ESBL/AmpC-producing E. coli in food-producing animals has been reported to vary
by country and animal species. In Europe, prevalence in individual veal calves under 1
year of age ranged from 7.1% in Denmark to 89.0% in Italy (mean in European Union,
44.5%) in 2017 (4). Herd-level prevalence of ESBL/AmpC-producing E. coli was reported to
be 30.0% (3/10) in cattle farms in eastern England (10) and 41.0% (41/100) in a cross-
sectional survey carried in dairy cattle in The Netherlands (16). In Germany, cefotaxime-
resistant E. coli isolates were found in 70% (42/60) and 85% (44/52) of beef and dairy cattle
units, respectively (17). Studies in sheep are scarce, and it is difficult to find herd prevalence
data. In Switzerland, ESBL-producing E. coli was isolated in 6.9% of 58 sheep samples (18),
similar to what we found in the present study at the herd level.

A higher prevalence of ESBL/AmpC-producing E. coli in dairy cattle than in beef
cattle has already been reported (17). This might be associated with the different
antimicrobial treatments used in the different management systems. In beef cattle,
antimicrobial treatments are mostly implemented in young animals to treat diarrhea
and respiratory diseases, while dairy cattle suffer from a wider diversity of pathologies
during their longer life span that need to be treated with antimicrobials. In dairy cattle,
�-lactams are used to treat mastitis (mainly penicillins but also cephalosporins such as
ceftiofur and cefquinome) and also during dry-off to control and prevent intramam-
mary infections following the last milking of the lactation period (mostly penicillins)
(19). However, intramammary application might be expected to have less effect than
oral administration on the spread of AMR in the intestinal microbiota. In any case, the
relationship between antimicrobial use and AMR is a complex process that differs
depending on the bacterial species and the AMR involved. Most studies support the
association between the use of third- or fourth-generation cephalosporins and the
occurrence of ESBL/AmpC-producing E. coli, but the occurrence and persistence of
ESBL- and/or AmpC-producing E. coli in the apparent absence of extended-spectrum
cephalosporin use has been reported (20). In the Basque Country, management of beef
cattle and sheep is semi-intensive and animals graze in farmland or mountain pastures
most of the year, while dairy cattle spend most of their time housed in pens. Less-
intensive farm management systems have been associated with lower prevalence of
infection with cefotaxime-resistant E. coli (17), maybe due to reduced stress and lower
infection pressure and probability of recirculation of resistant isolates.

WGS provided insight into ESBL/AmpC resistance genes in ruminants in the Basque
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Country and identified blaCTX-M-14 as the most common ESBL gene and blaCMY-2 as the
most common resistance determinant of the AmpC phenotype. Here, blaCTX-M-14

was significantly more prevalent than other CTX-M type genes like blaCTX-M-1 and
blaCTX-M-15, which have been reported to be the most prevalent ones in cattle in other
countries (10, 16, 21–23). In The Netherlands, although blaCTX-M-1 still prevails, an
increasing trend in prevalence of blaCTX-M-15 and blaCTX-M-14 has been reported in
recent years (24). In our study, AmpC-type �-lactamases were mostly associated with
the presence of plasmid-borne genes (mostly IncI1�blaCMY-2 but also IncQ1�blaCMY-4),
whereas a promoter mutation at position �42 of the chromosomally encoded ampC
gene was detected only in two isolates. Opposite results were found in Dutch cattle,
where point mutations were more prevalent, while blaCMY-2 predominated in avian hosts
(24). In Europe, the three most frequent bla genes in extended-spectrum cephalosporin-
resistant E. coli isolates from humans have been reported to be, in descending order,
blaCTX-M-15, blaCTX-M-14, and blaCMY-2 (20). In Spain, despite the increasing prevalence of
blaCTX-M-15 in human clinical samples, blaCTX-M-14 is still a very prevalent CTX-M type
(25–27). On the other hand, E. coli strains harboring blaSHV-12 are mostly isolated from
poultry and have been sporadically isolated from cattle (13, 18, 22, 24, 28) but are
commonly found in community-acquired E. coli infections in Spain (25, 27). Here, the
ESBL gene blaSHV-12 was only sporadically detected in two bovine and three ovine
isolates but represented a high proportion of the ovine isolates tested (3/10).

Acquired carbapenemases in E. coli have been rarely identified in food-producing
animals (11), and the prevalence of CPEs among livestock seemed to be low (�1%) in
European countries (4). Here, no E. coli isolates were recovered from the carbapenem-
containing medium used to screen for CPEs, but four isolates displayed a MIC value just
above the epidemiological cutoff (ECOFF) for ertapenem while being susceptible to imi-
penem and meropenem. WGS, however, did not identify any known carbapenemase-
encoding gene in any of these isolates, but they were all AmpC producers (blaCMY-2 gene
carriers). In fact, AmpC �-lactamase production has been linked to ertapenem resistance
due to loss or downregulation of outer membrane porins (29). In the present study, two
isolates were phenotypically resistant to temocillin based on the recently set ECOFF for E.
coli (MIC � 16 mg/liter) but did not harbor any temocillin resistance-encoding gene. Still,
this result was not unexpected, as MICs for temocillin in the range of 16 to 128 mg/liter
have been described in CTX-M-producing E. coli (30).

Comparison of WGS and phenotypic resistance profiles showed an overall very good
agreement. However, presumptive discrepancies were also noticed in some instances.
Thus, nine isolates that carried blaCTX-M-14 were resistant to cefotaxime and cefepime
but tested susceptible to ceftazidime. This was, however, not unexpected, since CTX-M
enzymes, and specifically CTX-M-14, have been reported to confer higher levels
of resistance to cefotaxime than to ceftazidime, whose MICs sometimes remain
within the susceptible range (31, 32). Costa Ramos et al. (33) demonstrated that
E. coli blaCTX-M-14-bearing isolates switched from ceftazidime-susceptible to ceftazidime-
resistant phenotypes under selective pressure by mechanisms yet unknown. On the
other hand, 10 isolates resistant to cefepime carried blaCMY-2 (n � 9) or blaCMY-4 (n � 1)
genes but no ESBL coding gene. Even though this phenomenon is rare, the potential
development of cefepime resistance in CMY-2-producing E. coli isolates has already
been reported (34).

Interestingly, four trimethoprim-resistant isolates did not harbor any of the genes
coding for a phenotype of trimethoprim resistance included in ResFinder (updated on
5 December 2019). However, they all carried dfrA36, a dihydrofolate reductase gene
which has been recently described in E. coli isolated from healthy Swiss fattening calves
(35). In addition, another three isolates carried dfrA36 in combination with dfrA1. All
seven dfrA36-carrying isolates also harbored floR and sul2, which are integrated along
with dfrA36 within the florfenicol/chloramphenicol-sulfonamide resistance ISCR2 ele-
ment (35). E. coli isolates are typically intrinsically resistant to macrolides (attributable
to natural low macrolide permeability and multidrug efflux systems), with azithromycin
displaying certain activity against some Gram-negative bacteria (36). Although no
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ECOFF for azithromycin resistance in E. coli has been established, a MIC of �16 mg/liter
has been proposed as the azithromycin resistance breakpoint in some Enterobacteria-
ceae (37, 38). In the present study, all six isolates with a MIC of �16 mg/liter carried the
mph(A) gene, whereas two isolates that solely harbored the mph(B) gene had a low MIC
(8 mg/liter). These results confirm the relevant role of mph(A) in macrolide susceptibility
previously reported (39, 40). The presence of mph(A) together with another gene
[erm(A), erm(B), or ere(A)] has been reported to result in slightly higher MIC values
(�32 mg/liter) (39). Here, the two isolates that carried mph(A) in combination with
erm(B) had the highest MIC value (�64 mg/liter). The increased MIC value observed in
isolates harboring mph(A) together with erm(B) suggests a slight contribution of 23S
RNA methylation encoded by the erm gene to an increase in resistance.

The fact that the majority of ESBL/AmpC genes were plasmid located was not
unexpected, and neither was the widespread distribution of IncI1 plasmids, since they
are the most common plasmid type in E. coli isolated from animals in Europe (41). In
addition, IncI1 plasmids also carried the greatest variety of other AMR genes, including
genes that code for resistance to aminoglycosides, chloramphenicol, trimethoprim, and
sulfamethoxazole. IncQ1, a mobilizable nonconjugative plasmid, also carried several
AMR genes as well as blaCMY-4 (42). This would explain the commonly observed
coresistance to extended-spectrum cephalosporins and other antimicrobials.

Genetic determinants associated with ciprofloxacin resistance consisted mostly of
mutations in the chromosomally encoded quinolone resistance-determining regions
(QRDRs) of the DNA gyrase and DNA topoisomerase IV genes, whereas plasmid-
mediated quinolone resistance (PMQR) markers were less common (qnrS1, n � 3;
qnrB19, n � 2; aac(6’)-Ib-cr, n � 2). Interestingly, the presence of aac(6’)-Ib-cr was asso-
ciated with the accumulation of mutations in gyrA (S83N and D87N), parC (S80I), and
parE (S458A) genes, as has been described by Poirel et al. (43). Conversely, qnr genes,
when present, were the only genetic determinants of fluoroquinolone resistance. A
gene that codes for a lincosamide nucleotidyltransferase [lnu(F)] conferring resistance
to lincosamides was detected in five dairy cattle isolates. In cattle, lincosamides are
used to treat mastitis caused by Gram-positive pathogens (44). Resistance to lincos-
amides is not routinely tested in E. coli, but considering that lnu(F) has been detected
in E. coli, the potential risk for dissemination to other pathogens is worrisome. The
presence of fosA7 in the chromosome of three isolates was striking, because fosA7
codes for resistance to fosfomycin, an antibiotic that is not used in cattle in Spain. In
humans, fosfomycin is a first-line antimicrobial for the empirical treatment of uncom-
plicated urinary tract infections, currently being reconsidered as an alternative for the
treatment of multidrug-resistant Gram-negative pathogens (45). Many Gram-negative
species carry the fosA gene in the chromosome, but it is not frequently found in the E.
coli chromosome (46). In E. coli, fosA3 is the most common plasmid-mediated FosA-
encoding gene, particularly in East Asia (47). This gene was first detected as a chro-
mosomal gene in Salmonella enterica serovar Heidelberg isolated from chickens (48)
and was later also found in E. coli. In S. Heidelberg, the fosA7 gene was demonstrated
to confer a high level of resistance to fosfomycin and was found to be potentially
transferable by horizontal gene transfer (48). This is a concern that requires surveillance
to monitor for the spread of fosfomycin resistance in bacteria.

In conclusion, this study provided insight into the prevalence of cefotaxime-resistant
E. coli in ruminants in the Basque Country and the associated genetic determinants of
AMR. Results in cattle were similar to those found in other European countries, whereas
those in sheep constituted an important contribution to the limited repository of sheep
data. Overall, these results showed that ruminants are reservoirs for MDR commensal E. coli.
However, all isolates were susceptible to tigecycline, imipenem, meropenem, and colistin,
which is reassuring, because some of these compounds are last-line antimicrobial agents
for the treatment of human infections. The results of this regional, short-term study
highlighted the need to turn this investigation into a long-run surveillance program to
monitor trends over time. Antimicrobial susceptibility testing by phenotypic and molecular
methods is key in surveillance programs to enhance early detection of resistance develop-
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ment, monitor resistance trends, and provide guidance to clinicians in selecting the
adequate therapy, all with the final aim of mitigating resistance spread.

MATERIALS AND METHODS
Sampling design. A cross-sectional survey was carried out in ruminant herds in the Basque Country,

a 7,234-km2 region located in northern Spain. Ruminant production is one of the pillars of the rural
economy of the region, with ca. 260,000 sheep and 135,000 cattle (dairy and beef) according to the 2015
census (https://www.eustat.eus/banku/id_4017/indexLista.html). Dairy cattle are managed under an
intensive system, whereas semi-extensive production predominates for sheep and beef cattle; animals
graze in farmland pastures in spring and part of the summer and in communal mountain pastures from
the middle of July until the end of November and are housed in winter. Further details on general
husbandry systems for beef cattle, dairy cattle, and sheep in the Basque Country have been reported
elsewhere (49, 50).

The census of beef cattle, dairy cattle, and sheep farms was obtained from the Department of
Agriculture of the Basque Government. Since this survey was part of a larger study designed to also
estimate the prevalence of Salmonella, Listeria monocytogenes (49), thermophilic campylobacters (50),
and Shiga toxin-producing Escherichia coli (STEC) (51), the number of herds to sample was calculated
separately for each animal category for an expected herd prevalence of 50%, a 95% confidence level, and
an accuracy of 10% using Win Episcope 2.0. A sample size of 25 animals per herd was selected after
estimating a within-herd prevalence of 10% and a level of confidence of at least 90% in detecting a
positive. Thus, a total of 300 herds (104 beef cattle, 82 dairy cattle, and 114 dairy sheep) were sampled
once between February 2014 and June 2016. Rectal fecal samples from 25 animals randomly selected per
herd were collected with a gloved hand and analyzed in a single 25-g pool (1 g per animal per herd).

Sample collection was carried out by veterinary practitioners as part of the usual screening scheme
performed on farms, strictly following Spanish ethical guidelines and animal welfare regulations (Real
Decreto 53/2013). The collection of this material, considered routine veterinary practice, did not require
the approval of the Ethics Committee for Animal Experimentation. Informed oral consent was obtained
from the farmers at the time of sample collection.

ESBL/AmpC- and carbapenemase-producing E. coli selective isolation. Feces (25 g of pooled rectal
fecal samples) were diluted 1:10 in modified tryptic soy broth (mTSB; bioMérieux) supplemented with
novobiocine (Biolife) and incubated at 41 � 1°C for 6 to 7 h. For the selective isolation of cefotaxime-resistant
E. coli, samples were then preenriched in MacConkey broth supplemented with cefotaxime at 1 mg/liter
(37 � 1°C, 24 h) and subcultured onto MacConkey agar with cefotaxime (1 mg/liter). For the selective isolation
of OXA-48- and other carbapenemase-producing E. coli (CPE), a preenrichment with unsupplemented
MacConkey broth was carried out (37 � 1°C, 24 h), followed by subculturing 50 �l on a biplate selective
chromogenic medium (Chromid Carba Smart; bioMérieux). Both plates were incubated at 37 � 1°C for 24 h.
Three colonies per plate were selected based on colony morphology diversity and were further confirmed as
E. coli by species-specific real-time PCR targeting the uidA gene (52).

Antimicrobial susceptibility test (AST) determination by broth microdilution. MICs were deter-
mined by broth microdilution by following the recommendations of the Commission Decision 2013/
652/EU (https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri�CELEX:32013D0652&from�EN). Iso-
lates were tested using two Sensititre MIC susceptibility plates (Thermo Fisher Scientific, Waltham, MA):
one (EUVSEC1) that contains 14 antimicrobial agents (10 classes) and a second panel (EUVSEC2) with 10
antimicrobial substances for the phenotypic characterization of presumptive ESBL, AmpC, and carbap-
enemase producers. The second panel includes cefoxitin (FOX) as well as cefotaxime (FOT) and ceftazi-
dime (TAZ) with and without clavulanic acid (CLV) to investigate clavulanate synergy for phenotypic
characterization of ESBL and AmpC production, along with imipenem, meropenem, and ertapenem to
phenotypically verify the presumptive carbapenemase producers. MIC results were interpreted using
epidemiological cutoff values (ECOFF) as developed by the European Committee for Antimicrobial
Susceptibility Testing (EUCAST; http://www.eucast.org) to define microbiological resistance to the anti-
microbial in question, that is, to discriminate those microorganisms with and without acquired resistance
mechanisms (non-wild type and wild type, respectively). For azithromycin resistance (no cutoff assigned
by EUCAST), a MIC of �16 mg/liter for wild-type isolates was used as a reference, as proposed for
Salmonella spp. (37, 38). Here, the terms susceptible and resistant refer to isolates without (wild type) and
with (microbiologically resistant) phenotypically expressed resistance mechanisms, respectively.

Interpretation of resistance profiles for phenotypic detection of ESBL and AmpC production was
based on EUCAST guideline for the detection of resistance mechanisms and specific resistances of clinical
and/or epidemiological importance (53). Briefly, an ESBL phenotype was inferred if isolates were resistant
to FOT (�1 mg/liter) or TAZ (�1 mg/liter) but susceptible to FOX (�8 mg/liter) and showed clavulanate
synergy with FOT and/or TAZ (�8-fold reduction in the MIC of the cephalosporin combined with
4 mg/liter CLV compared with the MIC of the cephalosporin alone). Isolates were considered to have the
AmpC phenotype if clavulanate synergy was not shown and they were resistant to FOT (�1 mg/liter) or
TAZ (�1 mg/liter) and FOX (�8 mg/liter). An ESBL�AmpC phenotype was inferred if isolates were
resistant to FOT (�1 mg/liter) or TAZ (�1 mg/liter), resistant to FOX (�8 mg/liter), and showed clavu-
lanate synergy with FOT and/or TAZ. Meropenem resistance (�0.12 mg/liter) was used to infer a
carbapenemase-producing phenotype.

WGS, genome assembly, and analysis. Bacterial genomic DNA was extracted with a Wizard
genomic DNA purification kit (Promega, Madison, WI, USA). Whole-genome sequencing (WGS) was
carried out at a commercial facility using an Illumina NovaSeq 6000 system (150-bp pair-end reads). The
quality assessment of the raw reads was performed using a FastQC v.0.11.9 quality control tool
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(Babraham Bioinformatics, Cambridge, United Kingdom) (54). Data were analyzed by using the auto-
mated pipeline TORMES v.1.0 (https://github.com/nmquijada/tormes; 55). Briefly, reads were quality
filtered using Trimmomatic v.0.38 (56) and de novo assembled into a draft genome using SPAdes v.3.13.0
(57) with the default parameters and in careful mode. QUAST v.5.0.2 (58) was used to evaluate the quality
of the assemblies, and contigs below 200 bp in length were discarded. The draft genomes were screened
for acquired AMR genes using BLASTn v.2.7.1� (59) and ABRicate v.0.8.10 (T. Seemann, https://github
.com/tseemann/abricate) against ResFinder (60) (last updated on 5 December 2019). Chromosomal point
mutations associated with quinolone resistance and �-lactams (ampC promoter) were investigated using
the E. coli point mutations database PointFinder (61) (last updated on 4 June 2019). PlasFlow v.1.1 (62)
was used to predict plasmid- and chromosome-derived contigs. The presence of plasmid replicons was
identified using PlasmidFinder v.2.0.1 (last updated on 4 September 2018) (63). Any hit with coverage
below 60% and/or identity below 90% was removed. A dendrogram was generated to illustrate the
similarity among isolates based on their AMR pattern. Hierarchical clustering analysis was performed with
the unweighted pair group method with arithmetic mean (UPGMA) based on the Euclidean distance
matrix, using the function hclust of the R statistical package v.3.6.3 (64).

Statistical analysis. Herd-level prevalence was expressed as the percentage of herds/flocks that
tested positive in each farm system out of all herds/flocks that were examined in the respective farm
system, with 95% confidence intervals adjusted for the population size, using the software EpiInfo2. To
assess factors associated with shedding prevalence of cefotaxime-resistant E. coli, selected variables were
categorized as follows: (i) host species (cattle, sheep), (ii) production system (beef cattle, dairy cattle, and
sheep), (iii) sampling season (spring, summer, autumn, winter), (iv) geographical location of the farm
(oceanic, continental), (v) presence of other species in the farm, such as cattle, sheep, goats, horses
(presence, absence), (vi) herd size stratified according to farm system management (beef cattle, �50, 50
to 100, and �100; dairy cattle, �50, 50 to 150, and �150; sheep, �150, 150 to 300, and �300), and (vii)
year of sampling (2014, 2015, 2016). First, univariate logistic regressions were conducted to explore the
unadjusted association between herd positivity and variables. Only significant factors (P � 0.20;
likelihood-ratio test) were included for further multivariate logistic regression analyses. Test of overall
significance (chunk test) was performed to assess any possible effect modifiers that could bias the
magnitude of associations, and interactions with a P value of �0.05 were excluded until no significant
difference between the full and the reduced models was observed. To identify confounding variables, the
measure of association was estimated before and after adjusting for the potential confounder, and
variables causing a change of �10% in the estimated measure were retained. Adjusted odds ratios
(ORadj) were used as the measure of association between positivity and the explanatory variable and
were expressed with their confidence interval at 95% (95% CI). To evaluate differences in the distribution
of AMR among production systems, simple logistic regressions were performed.

Phenotypic (broth microdilution AST-based) and genotypic (WGS-based) susceptibility results were
compared. Resistant WGS genotypes were defined by the presence of one or more resistance genes
and/or point mutation for each antimicrobial tested in the AST. The sensitivity, specificity, and positive
(PPV) and negative (NPV) predictive values for the genotypic prediction were calculated for each
antimicrobial tested for their corresponding phenotypic AST reference. Interrater agreement analyses
were performed for each antimicrobial using Cohen’s kappa (�) method. Interpretation of kappa values
to assess the strength of agreement between techniques was based on the one proposed by Altman (65),
which is as follows: � � 0.20, poor; � � 0.21 to 0.40, fair; � � 0.41 to 0.60, moderate; � � 0.61 to
0.80, good; and � � 0.81 to 1.00, very good. Analyses were conducted using statistical software Stata/IC
version 13.1 (StataCorp LP, College Station, TX, USA).

Data availability. Sequencing data of the 66 genomes analyzed in this study have been deposited
at the NCBI Sequence Read Archive (SRA) database under accession numbers SRR11810138 to
SRR11810203, associated with BioProject accession number PRJNA633740.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.02 MB.
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