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ABSTRACT Control measures are being introduced globally to reduce the prevalence 
of antibiotic resistance (ABR) in bacteria on farms. However, little is known about the 
current prevalence and molecular ecology of ABR in bacterial species with the potential 
to be key opportunistic human pathogens, such as Escherichia coli, on South American 
farms. Working with 30 dairy cattle farms and 40 pig farms across two provinces in 
central-eastern Argentina, we report a comprehensive genomic analysis of third-genera­
tion cephalosporin-resistant (3GC-R) E. coli, which were recovered from 34.8% (cattle) and 
47.8% (pigs) of samples from fecally contaminated sites. Phylogenetic analysis revealed 
substantial diversity suggestive of long-term horizontal and vertical transmission of 
3GC-R mechanisms. CTX-M-15 and CTX-M-2 were more often produced by isolates 
from dairy farms, while CTX-M-8 and CMY-2 and co-carriage of amoxicillin/clavulanate 
resistance and florfenicol resistance were more common in isolates from pig farms. This 
suggests different selective pressures for antibiotic use in these two animal types. We 
identified the β-lactamase gene blaROB, which has previously only been reported in the 
family Pasteurellaceae, in 3GC-R E. coli. blaROB was found alongside a novel florfenicol 
resistance gene, ydhC, also mobilized from a pig pathogen as part of a new composite 
transposon. As the first comprehensive genomic survey of 3GC-R E. coli in Argentina, 
these data set a baseline from which to measure the effects of interventions aimed at 
reducing on-farm ABR and provide an opportunity to investigate the zoonotic transmis­
sion of resistant bacteria in this region.

IMPORTANCE Little is known about the ecology of critically important antibiotic 
resistance among bacteria with the potential to be opportunistic human pathogens 
(e.g., Escherichia coli) on South American farms. By studying 70 pig and dairy cattle 
farms in central-eastern Argentina, we identified that third-generation cephalosporin 
resistance (3GC-R) in E. coli was mediated by mechanisms seen more often in certain 
species and that 3GC-R pig E. coli were more likely to be co-resistant to florfenicol and 
amoxicillin/clavulanate. This suggests that on-farm antibiotic usage is key to selecting 
the types of E. coli present on these farms. 3GC-R E. coli and 3GC-R plasmids were diverse, 
suggestive of long-term circulation in this region. We identified the de novo mobilization 
of the resistance gene blaROB from pig pathogens into E. coli on a novel mobile genetic 
element, which shows the importance of surveying poorly studied regions for antibiotic 
resistance that might impact human health.
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T here are very few published reports of third-generation cephalosporin-resistant 
(3GC-R) Escherichia coli from farmed animals in South America. In Uruguay, a 2016 

study reported that only 1% of bovine calves excreted 3GC-R E. coli, which was conferred 
by the production of CTX-M-15 (1). Positivity rates in Brazilian cattle were 18% of samples 
in a 2014 survey (2). In Uruguayan pigs, 72% of samples were positive for 3GC-R E. coli in 
2016, with CTX-M-8, CTX-M-14, CTX-M-15, SHV-12, and CMY-2 identified as mechanisms 
(1). In Argentinian pigs, 3GC-R E. coli were also common in 2017 (82% of samples were 
positive), caused by multiple CTX-M variants (3). In contrast, a 2012 survey performed 
in Brazil reported that only 3% of samples from pigs were positive (4). In more recent 
years, CTX-M producers have been found in wild animal reservoirs, e.g., vampire bats 
in Peru, though at a lower prevalence than the 48% of sampled livestock that excreted 
3GC-R E. coli (5). In Chile, however, only 3% of livestock samples were positive in a 2019 
survey of small-scale farming operations with low use of cephalosporins (6). Generally, 
however, given a paucity of data and variations in sampling structure as well as methods 
for selecting resistant bacteria and identification of resistance genes in these previous 
studies, it is difficult to draw general conclusions about the prevalence and mechanisms 
of 3GC-R excreted by production animals in South America.

There is much interest in the possibility that resistant non-toxigenic E. coli emerging 
on farms might colonize human populations through the ingestion of food or interaction 
with environments contaminated with farm animal feces. It is possible that such zoonotic 
transmission could exacerbate the rise of resistant infections in humans, either because 
mobile resistance genes carried by the zoonotically acquired bacteria transfer into 
human commensals or because zoonotically acquired commensals cause, at some point 
in the future, a resistant opportunistic infection. Because of this possibility, countries 
commonly include reducing antibiotic use in farming as a central pillar of their pub­
lished antimicrobial resistance (AMR) action plans. In 2015, the Argentinian government 
adopted the concept of “One Health,” as promoted by the World Organization for Animal 
Health and the World Health Organization, and the Argentine Strategy for the Control of 
Antimicrobial Resistance was formalized. In 2022, a new law concerning the Prevention 
and Control of Antimicrobial Resistance was enacted, which specifically aims to ensure 
the responsible use of antibiotics and regulate issues related to the sale and use of 
these drugs, both in human and animal health (https://www.boletinoficial.gob.ar/detal­
leAviso/primera/270118/20220824).

Our aim in this work was to perform large-scale sampling of pig and dairy cattle 
farms in two regions in central-eastern Argentina to assess the current prevalence and 
molecular epidemiology—based on whole-genome sequencing (WGS)—of 3GC-R E. coli 
on farms in this under-sampled region. These data, collected 1 year before the law aimed 
at reducing AMR prevalence on farms (described above) was enacted, might in the 
future be used to measure the impact of resulting interventions, and to test for zoonotic 
transmission through phylogenetic analysis in comparison with 3GC-R E. coli isolates 
from humans in the same region.

RESULTS

Animal-specific 3GC-R E. coli sample-level positivity and resistance mecha­
nisms

Samples from fecally contaminated environments, effluent, and animal drinking water 
were collected at two separate visits from 40 pig farms (404 samples) and 30 dairy cattle 
farms (310 samples) between 22 March 2021 and 30 August 2021.

The numbers of farms, the numbers of samples collected, and the percentage of 
farms and samples positive for 3GC-R E. coli from each type of animal and each region 
are shown in Fig. S1 and Table 1. Overall, 33.9% (n = 242) of samples and 88.6% (n = 
62) of farms were positive for 3GC-R E. coli. Only 1 of the 142 drinking water samples 
was positive, however, so considering only the fecal and effluent samples, 42.1% of 
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samples were positive for 3GC-R E. coli. Fecal samples were more likely to be positive than 
effluent samples (OR 2.16; 95% CI 1.37–3.39) (Table 2). After accounting for clustering 
by farm and adjusting for sample type, there was no statistically significant difference 
in positivity among samples taken from pig farms compared to dairy farms (OR 0.41; 
95% CI 0.12–1.47). However, on cattle farms, but not pig farms, there was a reduction 
in sample-level positivity on Visit 2, made in the winter season, compared with Visit 1, 
made in the autumn (OR 0.41; 95% CI 0.22–0.74) (Table 2). Samples collected in the Río 
Cuarto region were more likely to be positive than those from La Plata (OR 3.62; 95% CI 
1.87–7.02) (Table 2). Only eight farms (two pig and five dairy farms in La Plata, and one 
dairy farm in Río Cuarto) were negative for 3GC-R E. coli across all samples collected 
(Table 1).

From the 242 positive samples, 442 3GC-R isolates were picked from selective plates 
and shipped from Argentina to the United Kingdom. On receipt, 320 3GC-R isolates 
could be recovered, excluding mixed cultures. A combination of resistance gene­specific 
PCR and random amplified polymorphic DNA PCR (RAPD-PCR) was used to deduplicate 
isolates having the same RAPD-PCR and resistance gene profile from those recovered 
from the same farm during the same visit; 163 representative 3GC-R E. coli were selected 
for WGS in this way. One set of WGS data failed to meet quality control standards, leaving 
data for 162 isolates (Table 1). A full analysis of these data showing isolate source (farm 
number and animal type), E. coli sequence type (ST), and resistance genes identified 

TABLE 1 Details of sample-level positivity for 3GC-R E. coli among samples from pigs and dairy cattle, including or excluding drinking water samples

Number of 
farms

Number of 
samples

Number (%) of 3GC-R E. 
coli-positive farms

Number (%) of 3GC-R E. 
coli-positive samples

% of total positive 
samples

Number (%) of 
total 3GC-R E. coli 
sequenced

La Plata dairy 22 230 17 (77.3) 54 (23.5) 22.3 34 (21.0)
  Excluding drinking water 22 186 17 (77.3) 54 (29.0) 22.4 34 (21.0)
La Plata pig 30 300 28 (93.3) 99 (33.0) 40.9 66 (40.7)
  Excluding drinking water 30 240 28 (93.3) 99 (41.3) 41.1 66 (40.7)
Río Cuarto dairy 8 80 7 (87.5) 34 (42.5) 14.0 24 (14.8)
  Excluding drinking water 8 64 7 (87.5) 33 (51.6) 13.7 24 (14.8)
Río Cuarto pig 10 104 10 (100) 55 (52.9) 22.7 38 (23.5)
  Excluding drinking water 10 82 10 (100) 55 (67.1) 22.8 38 (23.5)
Total 70 714 62 (88.6) 242 (33.9) 162
  Excluding drinking water 70 572 62 (88.6) 241 (42.1) 162

TABLE 2 Mixed­effects model for 3GC-R E. coli positivity in samples from pig and cattle farms across the 
two study regionsa

Random effects

Groups Number of groups Variance S.D.

Farm 70 0.836 0.915

Fixed effects

Variable Odds ratio S.E. 95% CI P

Intercept 0.66 0.53 0.23–1.86 0.43
Sample type Effluence Reference category

Feces 2.16 0.23 1.37–3.39 <0.001
Water 0.01 1.04 0.001–0.07 <0.001

Host species Cattle Reference category
Pig 0.41 0.65 0.12–1.47 0.17

Region LP Reference category
RC 3.63 0.34 1.87–7.02 <0.001

Visit number 1 Reference category
2 0.41 0.30 0.22–0.74 0.003

Species: visit interaction 2.95 0.39 1.37–6.37 0.006
aS.D., standard deviation; S.E., standard error; CI, confidence interval; LP, La Plata; and RC, Río Cuarto.
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is provided in Table S1. This analysis revealed a wide range of 3GC-R mechanisms, 
dominated by CTX-M variants (Fig. 1). Among the farms with sequenced isolates, four 
3GC-R mechanisms demonstrated statistically significant associations with either pig or 
dairy farms (Fig. 1). CMY-2 was responsible in 25 sequenced 3GC-R isolates from 14 
different pig farms but only three dairy isolates all from the same farm (Fisher’s exact test, 
P = 0.02, when detection of each 3GC-R mechanism was classified at farm level). Similarly, 
CTX-M-8 was the mechanism in 40 pig isolates across 22 farms but on only five dairy 
farms (P = 0.01). In contrast, CTX-M-2 was the mechanism in only a single pig isolate but 
was the mechanism in seven dairy farm isolates, recovered from samples collected across 
five farms (P = 0.02). Most strikingly, CTX-M-15 was the mechanism in 3GC-R E. coli on six 
pig farms but was found in 27 dairy isolates across 14 farms (P §amp;lt; 0.001).

Animal-specific co-resistance genotypes among 3GC-R E. coli

In terms of other important resistance genes carried among the 162 sequenced 3GC-R 
E. coli isolates (Table S1, summarized in Table S2), the florfenicol resistance gene floR 
was more likely to be detected in 3GC-R E. coli on pig (65 isolates across 30 farms) 

FIG 1 Percentage of 3GC-R E. coli isolates from cattle and pigs in two regions of Argentina expressing particular 3GC-R 

mechanisms.
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than dairy farms (three isolates from three different farms, Fisher’s exact test, P §amp;lt;
0.001). 3GC-R pig isolates were also far more likely to carry genotypes associated with 
amoxicillin/clavulanate resistance. Overall, 54 isolates across 26 pig farms carried one or 
more amoxicillin/clavulanate resistance genes/variants, compared to nine cattle isolates 
from only six farms (P §amp;lt; 0.001). One common mechanism of amoxicillin/clavula­
nate resistance is the production of an AmpC enzyme (7). As previously mentioned, the 
plasmid-mediated AmpC gene blaCMY-2 was more commonly detected in 3GC-R E. coli on 
pig farms than in dairy farms. A second mechanism of amoxicillin/clavulanate resistance 
is the production of an OXA enzyme (7). Carriage of blaOXA genes in 3GC-R E. coli was 
detected on two dairy and six pig farms, which did not suggest a species association (P = 
0.7) (Tables S1 and S2). A third possible mechanism for amoxicillin/clavulanate resistance 
is TEM-1 hyper-production (7). No statistically significant difference in the detection of 
3GC-R E. coli carrying blaTEM-1 was found from pig farms (70 isolates from 31 farms) 
compared to dairy farms (28 isolates from 13 farms, P = 0.06). However, genetic features 
associated with TEM-1 hyper-production (7) were observed more commonly (P = 0.003) 
among blaTEM-1-positive E. coli from pig farms (32 isolates, 20 farms) than from cattle 
farms (three isolates, three farms) (Fig. S2; Tables S1 and S2).

We next considered genetic linkage between specific 3GC-R mechanisms and genes 
responsible for resistance to other agents. Of the 23 qnr-positive 3GC-R cattle isolates, 
representing 16 STs and collected from 10 farms, 22 isolates carried qnrS1 alongside 
blaCTX-M-15 and blaTEM-1 (Table S3). Three out of seven blaCTX-M-15-positive pig isolates 
also carried blaTEM-1 and qnrS1 (Table S4).

Of the remaining five blaCTX-M-15-positive cattle isolates, three (all ST44) carried 
blaOXA-1, aac(6′)-Ib-cr and aac (3)-IIa (Table S3), with blaOXA-1 and aac(6′)-Ib-cr carried 
on the same composite transposon [IS26-aac(6′)-Ib-cr, blaOXA-1,catB(truncated)-IS26]. 
In pigs, all four remaining blaCTX-M-15-positive isolates were also ST44 and carried 
blaOXA-1; two also carried the IS26-aac(6′)-Ib-cr, blaOXA-1, catB(truncated)-IS26 transpo­
son but lacked aac (3)-IIa, while two carried blaOXA-1 as part of a shorter transposon 
[IS26-blaOXA-1,catB(truncated)-IS26] plus aac (3)-IIa.

The only other notable genetic linkage was found among pig isolates, in that 9 out 
of 11 ST48 pig isolates carried blaCMY-2, representing 36% of all blaCMY-2-positive pig 
isolates, though these were distributed across eight farms and both regions.

Mobilization of blaROB into E. coli

One unexpected finding from this study was the identification of blaROB in five 3GC-R 
E. coli isolates (Tables S1 to S4), the first time that this gene has been reported in the 
Enterobacterales. Three isolates were ST48 from three pig farms in the La Plata region, 
one was an ST3339 isolate from La Plata pigs, and the fifth isolate was ST86, from a 
Río Cuarto cattle farm. blaROB was found in isolates producing CTX-M-14, -15, -8, and 
CMY-2. Analysis of the four blaROB-positive 3GC-R E. coli isolates from pigs identified, 
in each case, an approximately 6.5 kb composite element not previously seen on the 
NCBI database (Fig. 2). The element is flanked by two copies of IS26 and includes two 
composite transposons.

Transposon 1 includes two adjacent genes, mobilized from the chromosome of the 
Flavobacteriales species Riemerella anatipestifer by the IS1595-family element, ISEc69. The 
two genes carried on transposon 1 are rdmC, annotated as encoding an “Alpha/Beta 
Hydrolase” of unknown function and ydhC. Blastn searches revealed that only six E. coli 
NCBI database entries include a rdmC gene with 100% coverage and >95% identity. Four 

FIG 2 Architecture of a novel mobile genetic element fusing florfenicol and β-lactam resistance and 

mobilizing blaROB into E. coli in Argentina.
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of the six were from pigs or pork in the USA, one was from human feces in the USA 
(8), and one was from the USA, but the sample type was not defined. YdhC is 98.5% 
identical, with 98% coverage, to the archetypal florfenicol resistance transporter FloR 
(Fig. S3) (9), which was identified in all other blaROB-negative, FloR-positive 3GC-R E. coli 
isolates found in this study (Tables S1 and S2). The ydhC variant of floR could not be 
found outside the chromosome of R. anatipestifer using Blastn. Disc susceptibility testing 
confirmed that all four ROB/YdhC-positive 3GC-R pig E. coli isolates identified here are 
florfenicol resistant.

Transposon 2 in this 6.5-kb element (Fig. 2) is >99% identical to the classical blaROB 
transposon from Pasteurella multocida plasmid pOV, obtained from a Mexican pig (10), 
including the ISApl1 element that mobilized blaROB.

In two out of four blaROB-positive pig isolates in this study, WGS data were sufficient 
to allow the prediction of genomic location. In both cases, the 6.5-kb element encoding 
ROB was located on a plasmid, but in each case, the plasmid was different. Based on 
Blastn, one was highly similar to a variety of IncR E. coli plasmids found in samples 
from pigs from China, Thailand, and the UK (e.g., pRHB28-C19_2; accession number: 
CP057369.1). The second was similar to the group of IncI1 plasmids, with the closest 
match being a plasmid from pigs in Portugal (accession number: KY964068.1).

The blaROB-positive 3GC-R E. coli cattle isolate, which was the only blaROB-positive 
isolate from the Río Cuarto region, did not appear to have the full 6.5-kb ROB-encoding 
element, lacking the ydhC (floR) variant and having an ISEc69-rdmC cluster separately 
from the ROB-encoding transposon. The limitations of short-read sequencing meant we 
could not confirm plasmid location, but this cattle isolate only carried an IncY plasmid, so 
the location of blaROB cannot be the same as in the La Plata pig isolates. The mobilized 
ROB variant was ROB-11, as in the pig isolates.

Limited evidence of farm-to-farm transmission of 3GC-R E. coli or epidemic 
3GC-R plasmid transmission

Across 162 sequenced isolates, 63 previously known STs were identified (Table S1). 
Eighteen isolates were from previously unknown STs. These isolates were distributed 
across 14 new ST designations. The most frequently observed STs were ST10 and ST48
—which, as discussed above, were most frequently found in isolates from pigs—ST58 
and ST44 (Table S5). However, phylogenetic analysis based on core genome alignment 
revealed that a diverse set of 3GC-R isolates has been recovered in this survey (Fig. 3). Of 
the 162 sequenced isolates, 47 isolates could be constituted into 21 “clones” where pairs 
of isolates were separated by <15 core genome single nucleotide polymorphisms (SNPs) 
(Table S6). Of these, only six clones were found in samples from two separate farms, and 
none spanned more than two farms. None of these clones were found in more than 
one animal species and only one was found in both regions, a pair of ST58 (blaCTX-M-8) 
isolates found on pig farms >500 km apart (Table S7).

Perhaps most importantly, we observed evidence for farm-to-farm sharing of two 
ST44 [blaCTX-M-15, IS26-aac(6′)-Ib-cr, blaOXA-1,catB(truncated)-IS26] clones. One sharing 
event was identified between Río Cuarto pig farms separated by 20 km; another event, 
where the plasmid also carried a gentamicin resistance gene, was between La Plata dairy 
farms 4 km apart (Table S7). These clones are predicted to be resistant to all first­ and 
second-line antibacterials used for the treatment of bloodstream infections in humans 
(3GCs, amoxicillin/clavulanate, piperacillin/tazobactam, ciprofloxacin, trimethoprim/
sulfamethoxazole, tobramycin, amikacin and—in the La Plata dairy farm clone only—
gentamicin). A third ST44 [blaCTX-M-15, IS26-blaOXA-1, catB(truncated)-IS26] clone, which 
also carried a gentamicin resistance gene, was observed in two samples from the same 
La Plata pig farm. These three ST44 clones differed from each other by >250 SNPs (Fig. 3).

We next considered the possibility that epidemic plasmids might be involved in the 
dissemination of 3GC-R mechanisms in the study region (Table S1). Among 160 isolates 
(i.e., excluding the two chromosomal ampC hyper-producers), seven isolates had an 
obviously chromosomally encoded 3GC-R mechanism (two ST2144 CMY-2-producing 
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isolates from the same farm plus four CTX-M-15 producing and one CTX-M-2-producing 
isolate, each from a different ST and farm). In 81 isolates, it was not possible to determine 
location due to the limitations of short-read sequence assembly (Table S1). The remain­
ing 72 isolates carried 3GC-R on a plasmid. Of these, CTX-M-2 (four isolates, four farms, 
and four STs), CTX-M-55 (two isolates, two farms, and two STs), and CTX-M-65 (one 
isolate) were not numerous enough to consider plasmid ecology in detail. However, 16 
isolates carried obviously plasmid-mediated CMY-2 (eight farms, 12 STs) with blaCMY-2 
present on the same contig as replicon types IncX4 (five isolates, three farms, and four 
STs), IncC (one isolate), and IncI1-1(Alpha) (nine isolates, five farms, and eight STs). The 
remaining isolate did not carry any replicon on the same contig as blaCMY-2 (Table S1).

Also obviously plasmid encoded was CTX-M-15 (21 isolates, 11 farms, and 16 STs) with 
blaCTX-M-15 present on the same contig as replicon type IncY in one isolate (56794; 
Table S1). This 68-kb contig was almost 100% identical to a portion of sequenced 
plasmid p17-AB00432 (accession number: MT158480.1) from the cecum of a German calf. 
blaCTX-M-15 did not share a contig with a replicon in the other 20 blaCTX-M-15-positive 
isolates, but 19 of them did have an IncY replicon on another contig (Table S1). Read 
mapping confirmed that all 19 carried a close variant of p17-AB00432, which carries 

FIG 3 Core genome phylogeny of 3GC-R E. coli from Argentinian farms. Sequence alignments were with Snippy. Maximum likelihood phylogenetic trees were 

constructed using RAxML, utilizing the GTRCAT model of rate heterogeneity and the software’s autoMR and rapid bootstrap. Pink nodes are pig isolates, blue 

nodes are cattle isolates, and black is the reference. Dark colors represent isolates from farms near La Plata, light colors represent isolates from farms near Río 

Cuarto.
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blaCTX-M-15, blaTEM-1, qnrS1, dfrA14, sul2, and tet(A). There was some isolate-to-isolate 
variation between these plasmids (Fig. S4), but all of them (which were all from cattle, 
found in both Argentinian study regions) carried blaTEM-1 and qnS1, with most also 
carrying sul2, tet(A), and dfrA14 (Table S1). The existence of this family of closely related 
plasmids explains the observed linkage between blaCTX-M-15, blaTEM-1, and qnS1 among 
cattle isolates reported above. The remaining obviously plasmid-associated blaCTX-M-15-
positive IncY-replicon-negative isolate carried blaOXA-1 and drfA17, and blaCTX-M-15 
shared a contig with an IncFIA/FIB(AP001918)/FII replicon type (Table S1).

CTX-M-14 was obviously plasmid-mediated in 15 isolates (10 farms and 12 STs). In one 
blaCTX-M-14-positive isolate, the replicon found on the same contig as blaCTX-M-14 was 
IncFIA(HI1)/IncFIB(K), but in 11 isolates, blaCTX-M-14 shared a contig with an IncI1-I(Alpha) 
replicon (Table S1). The closest matching blaCTX-M-14-positive IncI1-I(Alpha) plasmid on 
the database was pB16EC0481-4 (accession number: CP088801.1) from a human blood 
sample in Korea, with 99% identity across 80 kb of sequence. The remaining three 
isolates carried no replicon on the same contig as blaCTX-M-14 but carried an IncI1-
I(Alpha) replicon type on another contig. Read mapping for all 14 blaCTX-M-14-positive 
IncI1-I(Alpha)-positive isolates against pB16EC0481-4 revealed multiple plasmid types 
with interspersed and diverse regions of sequence (Fig. S5).

CTX-M-8 was plasmid associated in 13 isolates (11 farms and 12 STs), of which in 
12, an IncI1-I(Alpha) replicon was again located in the same contig as blaCTX-M-8 and 
in the remaining isolate, an IncI1-I(Alpha) replicon was present on another contig. The 
closest blaCTX-M-8-carrying IncI1-I(Alpha) plasmid on the database was a 101 kb plasmid 
pA117-CTX-M-8 (accession number: MN816371.1) from animal feces in Brazil, sharing 
greater than 99% identity with the blaCTX-M-8-containing contig from at least one of the 
Argentinian isolates. Again, read mapping of all blaCTX-M-8-positive IncI1-I(Alpha)-posi­
tive isolates against pA117-CTX-M-8 revealed a similar pattern to that seen previously, 
with all plasmids matching strongly with the reference, but with substantial diversity 
within the population (Fig. S6).

DISCUSSION

There has been little analysis of 3GC-R E. coli in samples from production animals in 
South America, which includes some of the world’s largest and fastest-growing animal 
farming industries. This is the largest study to date. In pigs and dairy cattle from two 
regions in central-eastern Argentina, we identified high percentages of sample-level 
3GC-R E. coli positivity using a method that selects for extended spectrum β-lactamase- 
(ESBL-) and AmpC-producing E. coli. Most isolates recovered, however, produced ESBLs of 
various CTX-M types. When excluding drinking water samples (where only 1 of the 142 
samples was positive), sample-level 3GC-R E. coli positivity for cattle and pigs was 34.8% 
and 47.8%, respectively. However, a mixed­effects model suggested that this apparent 
difference between species was largely driven by a drop in sample positivity in cattle in 
the second sampling visit, carried out during the winter season, and that the prevalence 
of 3-GCR in the two species during the first visit was very similar. Further investigation 
of this difference is warranted. The prevalence can be compared with similar studies 
in other countries, though, as has been discussed in a recent systematic review (11), 
differences in sampling strategy and selection make comparisons difficult. Key differen­
ces include the use of an initial selective enrichment step (not used here) designed 
to lower the limit of detection, increasing the observed prevalence of resistance by 
increasing test sensitivity, and the selective antibiotic used [here, we used cefotaxime, 
which was the most common selective agent in the systematic review of 3GC-R E. coli 
studies from pig samples globally (11)].

ESBL E. coli sample-level positivity was <5% in Canadian dairy cattle (12), though 
this survey used freeze/thawed fecal samples, and no in-plate selection, with isolates 
presumptively identified as ESBL producers following MIC testing of a selection of E. 
coli colonies. It has been previously reported that fecal sample freezing can, in some 
cases, reduce positivity rates for AMR at the sample level (13). ESBL E. coli positivity was 
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also <5% in a study of Malaysian dairy cattle (14), though, again, samples were plated 
onto non-selective agar and E. coli were then phenotypically tested for ESBL production. 
However, in a study of English dairy farms using almost identical sample collection and 
processing methods to that used in this Argentinian study, sample-level positivity for 
3GC-R E. coli was 9.3% (15), of which just under half were ESBL producers. It is known 
that animal age is important for finding 3GC-R E. coli in cattle (15, 16), but the distribution 
of cattle samples in this Argentinian study was not substantially biased toward young 
animals, so this does not explain the observed high prevalence of 3GC-R E. coli. On 
the other hand, sample-level 3GC-R E. coli positivity rates among cattle reported here 
were not particularly high compared with the most contemporaneous study from South 
America—Peru—where positivity was 48% using almost identical methods to those 
used here (5). Furthermore, in recent Spanish (17) and Chinese (18) cattle surveillance 
studies, 3GC-R E. coli positivity was 32.9% and 29%, respectively, though the former used 
a pre-enrichment step using cefotaxime, which is highly likely to elevate sample-level 
positivity; enrichment was not used in this Argentinian study.

In this study, 3GC-R E. coli positivity seen in pigs was typical of what is seen globally 
(11). Additionally, we noted that the 3GC-R isolates from pig farms were more likely to 
carry genes associated with florfenicol and amoxicillin/clavulanate resistance than those 
from cattle farms. We conclude that genotypically predicted amoxicillin/clavulanate 
resistance is more widespread among 3GC-R E. coli from pig farms through higher rates 
of blaCMY-2 carriage and higher rates of blaTEM-1 hyper-expression. Others have reported 
more extensive drug resistance in 3GC-R E. coli in pigs than cattle when collected in 
parallel, for example, in South Korea (19, 20) and in China (21). In the Argentinian 
farms studied here, this is likely to reflect the balance of florfenicol and amoxicillin/clav­
ulanate used in pig versus dairy cattle farms, and we aim to provide future epidemiolog­
ical analysis of 3GC-R E. coli presence on these farms following medicine usage and 
management practice surveys. In the absence of this specific analysis, there is very 
little known about antimicrobial usage on pig and dairy farms in Argentina. Only one 
paper could be identified covering this and considering 200 dairy farms in Buenos Aires 
province (22). Notably, amoxicillin/clavulanate was not reported as being used at all and 
florfenicol was only used parenterally in cows, unlike many other agents. This, therefore, 
supports a hypothesis of relatively low usage of these two agents on dairy farms—at 
least in 2015 when the study was published—but a more detailed analysis will be 
required to further test this hypothesis.

It was also interesting to note that the type of CTX-M found as the 3GC-R mechanism 
in our study was significantly different between pig and cattle farms, with CTX-M-15 
(a Group 1 CTX-M) and CTX-M-2 being more common in cattle, and CTX-M-8 being 
more common in pigs. Indeed, in a parallel sampling study in Italy, CTX-M-15 was also 
found more commonly to cause 3GC-R in cattle than in pigs (23), though in Canada 
little difference was seen (24). It may be that any animal­specific imbalance in CTX-M 
group dominance results from an imbalance between third- and fourth-generation 
cephalosporin use since different CTX-M types are known to have different spectra of 
activity against different cephalosporins (25). A recent study of English dairy cattle also 
found that Group 1 CTX-M enzymes (in this case, CTX-M-32) were the predominant ESBLs 
seen (26) and showed that the use of fourth-generation cephalosporins was associated 
with the odds of finding CTX-M-producing E. coli in samples from these farms (15).

A related observation from this Argentinian study is that CMY-2 was more commonly 
found as the 3GC-R mechanism in isolates from pigs than from cattle, and again this 
could result from an imbalance in third- and fourth-generation cephalosporin use in 
cattle and pigs since CMY-2 does not hydrolyze fourth-generation cephalosporins, as 
is typical of most AmpC-type enzymes (27). Again, evidence of antimicrobial usage 
in Argentinian farms is limited, but, notably, in the published 2015 survey of Argenti­
nian dairy farms (22), third-generation cephalosporins were used less than most other 
parenteral antibiotics, and fourth-generation cephalosporins were not used at all as a dry 
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cow therapy. How this relates to the situation in 2021 (the time of our survey of 3GC-R) 
on our study farms remains to be determined.

The other striking finding here is the sheer diversity of 3GC-R E. coli, both mechanisti­
cally, phylogenetically, and in terms of the mobile genetic elements involved, suggesting 
the mobile 3GC-R mechanisms identified have been extensively circulating for many 
years. 3GC-R mechanisms were found encoded on a wide variety of plasmids, though 
there was evidence that blaCTX-M-15 was commonly (20/34 blaCTX-M-15-positive isolates) 
carried on closely related variants of an IncY plasmid co-carrying blaTEM-1 and qnrS1, 
which is clearly circulating in the region (Fig. S4). Furthermore, two groups of related 
IncI1-I(Alpha) plasmids were involved in the dissemination of blaCTX-M-14 and blaCTX-M-8, 
respectively, though these are more diverse than the IncY group (Fig. S4 to S6). As is 
common for short-read sequence data, a large proportion (50%) of the WGS data sets did 
not allow us to test for plasmid location, though it is likely that many of these isolates 
have plasmid-mediated 3GC-R genes. However, these encoded varied mechanisms, and 
the isolates carried varied additional resistance genes (Table S1), meaning that the 
presence of an unidentified epidemic plasmid in these isolates is unlikely. Long-read 
sequencing-assisted hybrid assembly would be necessary to further test for this.

Notably, 11% of the sequenced 3GC-R isolates were from eight previously unknown 
STs, as might be expected given that this represents a relatively poorly surveyed region 
of the world. Likely for related reasons, we have identified mobilization of blaROB into 
E. coli from pigs and, in parallel, mobilization of a novel florfenicol resistance gene 
ydhC. Despite being detected in both our sampled regions and animal species, ROB has 
never before been reported in E. coli and has exclusively been seen in Pasterallaceae, 
including pathogenic strains from farm animals (28–30) as well as P. multocida (31) and 
Haemophilus influenzae (32) from humans, where it is believed to have been mobilized 
from the chromosomes of bacteria commonly found in pigs (33).

This cements the idea that pig pathogens and commensals are sources of de novo 
resistance gene mobilization into enteric bacteria with a wider potential for global 
distribution, as was demonstrated most strikingly with the discovery of the mobile 
colistin resistance gene mcr-1 (34). Indeed, in parallel with the movement of blaROB into 
E. coli, we also identified de novo mobilization of a novel florfenicol resistance gene ydhC 
from another pig (and avian) pathogen, R. anatipestifer, via an ISEc69 element, which 
has previously been associated with composite transposons mobilizing the colistin 
resistance gene, mcr-2, which also emerged in pigs (35). This highlights the importance 
of global resistome surveillance.

The ROB variant encoded in these porcine 3GC-R E. coli isolates was ROB-11, which 
has not formally been characterized before. This variant is one amino acid different 
from the penicillinase ROB-1 (Thr172Ala) and, while this difference is also shared by the 
reported expanded-spectrum cephalosporinase ROB-2 variant (Fig. S7) from Mannheimia 
haemolytica, the role of residue 172 is unclear, and other amino acid changes in ROB-2 
are likely more relevant to this phenotype (36). Indeed, ROB-11 was only found in E. coli 
isolates alongside other 3GC-R mechanisms, so there is no reason to believe that this is a 
novel 3GC-R gene mobilization. So far, blaROB has not been identified in E. coli outside of 
our study.

In conclusion, we report a high prevalence of 3GC-R E. coli positivity at sample and 
farm level when collecting fecal samples from dairy and pig farms in Argentina. We 
identified diverse 3GC-R mechanisms, found on diverse mobile genetic elements, carried 
within a diverse range of E. coli STs. Limited evidence of farm-to-farm transmission 
suggests long-term circulation of 3GC-R in this region. Since the survey was carried 
out 1 year before the latest Argentinian law was enacted aiming to reduce AMR on 
Argentinian farms, these data set a baseline for 3GC-R prevalence and ecology on 70 pig 
and dairy farms, allowing ongoing surveillance of these farms to be used to measure 
any changes in AMR prevalence and ecology following recently implemented and future 
interventions.
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Finally, we further demonstrate how farmed animals can form a nexus where 
resistance genes (in this case, blaROB and ydhC) can transfer from animal pathogens 
(with a limited impact on human health) into fecal coliforms with the ability to colonize 
a diverse range of hosts and environments, and with the potential to cause a signifi­
cant burden of human disease. While global dissemination of these genes among E. 
coli is unlikely to substantially increase the AMR burden in humans or animals, this 
finding reminds us that future events of this type, as seen most importantly through 
the emergence of mcr-mediated colistin resistance, could adversely affect human and 
animal health. Identifying these emerging AMR threats is, therefore, another key reason 
for ongoing AMR surveillance on farms, particularly in under-studied regions.

MATERIALS AND METHODS

Farm sampling

A longitudinal survey of a convenience sample of dairy and pig farms was conducted 
over the Argentinian autumn and winter seasons of 2021. Farms were located in two 
regions of central-eastern Argentina, one around La Plata, Buenos Aires province and 
the other around Río Cuarto, Córdoba province. Requests for farms to enroll in the 
study were driven by each farm’s proximity to one of the two university microbiol­
ogy laboratories along with previous farmer/veterinarian relationships with the two 
university veterinary schools undertaking sample collection. During the first visit to each 
farm, the farmers were informed about the objectives of the project and the number and 
types of samples to be taken. Then, all farmers gave fully informed consent to participate.

Among the pig farms selected, 11 were considered small by Argentine standards 
(<300 sows in production), 13 medium (301–700 sows), and 16 large (>700 sows). For 
the dairy farms, at the point of recruitment, 8 were considered small (<200 milking 
cows), 15 medium (200–500 cows), and 7 large (>500 cows). Each farm was visited 
once per season, and, at each visit, five samples were collected, returning to the same 
locations on the farm for each sampling visit. Samples represented a cross-section of 
sites and animal management stages within farms (Fig. S1). Three samples per visit were 
from fecally contaminated areas with high densities of animal traffic. For dairy farms, 
the sites sampled were the calf pen, heifer pen, and the waiting area (collecting yard) 
near the milking parlor. On four large dairy farms with two or three collecting yards, 
additional samples were taken from these areas. On pig farms, samples were taken 
from gestation, weaning (40 days old), and finishing (120 days old) areas. To collect the 
fecal samples, researchers walked around the areas forming an “X” path, wearing two 
polythene absorbent overshoes per collection site, which were both stored in a single 
sterile bag. In addition, for every farm, one sample of effluent outflow and one sample 
of animal drinking water were collected, in each case using 50 mL sterile polypropylene 
tubes. One multi-site pig farm had additional effluent and water samples taken from the 
second site. All samples were kept refrigerated and delivered to the laboratory within 
24 h to be processed.

Sample processing and microbiology

No enrichment steps were used in this study. For the overshoe samples, phosphate-buf­
fered saline (PBS) was added directly to the pair of used overshoes after they had been 
weighed (10 mL was added per gram) in their sterile bag, and the facal material was 
manually resuspended. Of this suspension, 1 mL was transferred to a sterile tube, which 
was centrifuged at 600 rpm for 2 min. The supernatant was diluted 1:200 with PBS, and 
100 µL was spread onto CHROMagar Orientation containing 2 mg/L of cefotaxime to 
select for 3GC-R E. coli. For effluent samples, tubes were left to stand vertically for 30 min, 
or in some cases, centrifuged as above to reduce particulates, and then the supernatant 
was diluted and plated as above. Drinking water samples were centrifuged for 15 min at 
3,000 rpm and 40 mL of the supernatant was removed; the remaining 10 mL was then 
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used to resuspend any pellet present. Of this suspension, 100 µL was plated as above 
without dilution.

All plates were incubated for 24 h at 37°C and colonies consistent in appearance with 
3GC-R E. coli (if present) were picked and streaked onto an identical selective agar plate 
to confirm resistance and to facilitate isolate purification. One colony was picked per 
plate, though, rarely, if colonies had clearly different morphologies, up to two colonies 
were picked, one representing each colony type. Purified isolates were transferred to 
stab cultures (Luria-Bertani [LB] agar) and sent from Argentina to the United Kingdom 
by air freight, kept at ambient temperature. Upon receipt, isolates were recovered, when 
possible, and re-checked for resistance and purity using Tryptone Bile X-Glucuronide 
(TBX) agar plates containing 2 mg/L cefotaxime before PCR and WGS analysis.

PCR, WGS, and bioinformatics

Two multiplex PCR assays were used to characterize 3GC-R isolates as described 
previously (37). One identified the five known blaCTX-M groups, and the second 
identified common β-lactamase genes blaTEM, blaOXA-1, blaSHV, blaCMY-2, and blaDHA-1 
(37). Furthermore, RAPD-PCR was used to discriminate between isolates as previously 
described (38). Isolates were selected for WGS using these PCR data, with multiple 
isolates from the same farm visit only being selected for sequencing if they produced 
different multiplex and/or RAPD-PCR profiles. The aim was to reduce the chances that 
identical isolates present on a farm would be sequenced since genome sequences were 
to be deduplicated at the farm level by reference to ST and resistance gene complement 
in order to reduce the impact of farm-level clustering.

WGS was performed by MicrobesNG to achieve a minimum 30-fold coverage. 
Confluent growth for an isolate on TBX agar containing cefotaxime (2 mg/L) was streaked 
using a loop into a tube containing 10 mL of PBS to create a stock suspension. Density 
was adjusted by serial dilution, and the optical density at 600 nm (OD600) was measured 
from the dilution point where OD600 was <1. The density of the stock solution was then 
adjusted based on this measured OD600 to be equivalent to an OD600 of 8, and 1 mL 
of the stock solution was transferred to an Eppendorf and the bacteria were pelleted by 
centrifugation. The pellet was washed once in PBS and then resuspended in 500 µL of 
DNA/RNA Shield (Zymo Research) and shipped to MicrobesNG at ambient temperature.

Upon receipt, 5–40 µL of cell suspension was lysed with 120 µL of TE buffer containing 
lysozyme (0.1 mg/mL) and RNase A (0.1 mg/mL), by incubating for 25 min at 37°C. 
Proteinase K (0.1 mg/mL) and SDS (0.5%, vol/vol) were then added, followed by a further 
incubation for 5 min at 65°C. Genomic DNA was purified using an equal volume of 
solid-phase reversible immobilization beads and resuspended in 10 mM Tris-HCl, pH 
8.0. DNA concentration was quantified with a Quant-iT dsDNA HS kit (ThermoFisher 
Scientific) assay in an Eppendorf AF2200 plate reader (Eppendorf UK Ltd, UK) and diluted 
as appropriate.

Genomic DNA libraries were prepared using the Nextera XT Library Prep Kit (Illumina, 
San Diego, USA) following the manufacturer’s protocol with the following modifications: 
input DNA was increased twofold and PCR elongation time was increased to 45 s. DNA 
quantification and library preparation were carried out on a Hamilton Microlab STAR 
automated liquid handling system (Hamilton Bonaduz AG, Switzerland). Libraries were 
sequenced on an Illumina NovaSeq 6000 (Illumina, San Diego, USA) using a 250 bp 
paired-end protocol.

Reads were adapter trimmed using Trimmomatic version 0.30 (39) with a sliding 
window quality cutoff of Q15. De novo assembly was performed on samples using 
SPAdes version 3.7 (40). Assembly quality control data are presented in Table S8. Contigs 
were annotated using Prokka 1.11 (41). Fasta files were analyzed using ResFinder 4.1, 
including pointfinder (42), MLST 2.0 (43), and, where relevant, PlasmidFinder 2.1 (44). 
The likely plasmid/chromosomal locations of resistance genes were determined using 
blastn of contig sequences using E. coli MG1655 to identify chromosomal loci and with 
no restriction to identify the closest circularized plasmid match. To map reads against this 
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circularized plasmid fasta file as a reference, we used Burrows-Wheeler Alignment (45) 
on the Galaxy platform version 23.1 (https://usegalaxy.org/). Hyperexpression of blaTEM-1 
genes was predicted using blastn alignments of upstream sequences (250 nt) to identify 
known mutations associated with increased promoter activity (7). Gene copy number 
was inferred using a bespoke read density analysis, mapping raw sequence reads to a 
blaTEM-1 database entry as a reference, normalizing read density to average chromoso­
mal read density using the MG1655 genome as reference. Details of this approach are 
presented elsewhere (46).

Phylogenetics

Phylogenetic analysis was carried out using the Bioconda environment (47) on the 
Cloud Infrastructure for Microbial Bioinformatics (48). The reference genome was EC590 
(accession number: NZ_CP016182). Sequence alignments were with Snippy (https://
github.com/tseemann/snippy). Maximum likelihood phylogenetic trees were construc­
ted using RAxML, utilizing the GTRCAT model of rate heterogeneity and the software’s 
autoMR and rapid bootstrap (49). Trees were illustrated using Microreact (50), and SNP 
distances were determined using SNP-dists (https://github.com/tseemann/snp-dists). 
Clones were defined as groups of isolates separated by <15 SNPs across the core genome 
alignment.

Statistical analysis

To estimate any differences in regional or species 3GC-R positivity rates, a binomial 
mixed­effects model was constructed in R, using the lme4 package (51). Preliminary 
univariable and bivariable analyses identified sample type as an important predictor of 
the likelihood of a sample testing positive, as well as that the detection of 3GC-R E. coli 
tended to be lower in cattle but not in pigs in Visit 2 compared with Visit 1. Likelihood 
ratio tests and the Akaike Information Criterion were used to compare different model 
structures and whether additional variables significantly improved model fits. In the 
final model, the farm of origin was fitted as a random effect, and fixed effects were the 
sample type (fecal, effluent, or water), region, animal species, and visit number, plus an 
interaction term between species and visit number.

To test associations between animal species (pigs or cattle) and the detection of 
individual 3GC-R mechanisms, Fisher’s exact tests were applied, using the data from 
sequenced isolates. Data were aggregated to give a single presence/absence score for 
each farm, with subsequent identification of the same mechanism in a different isolate 
being disregarded, even where sequence types differed.
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