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Abstract 

 

Escherichia coli is a major cause of deadly infections in calves. As surveillance in livestock is 

mainly performed on carriage isolates, factors driving the dissemination of E. coli infecting 

calves remains largely unknown.  Here we analyzed the population of β-lactam resistant E. coli 

from sick calves over five calving seasons on 444 farms throughout Wallonia, Belgium. 99% 

of the isolates were MDR and enriched in virulence factors, adhesins and toxins. Restrictions 

on critical antibiotics usage has no impact on population structure and β-lactamase genes 

content. This resilient population is likely shaped by virulence and resistance. Correlations of 

phylogeny and geographic origin suggests indirect local transmission with differences between 

regions east and west of the Meuse. Phylogenetic analyses with isolates from EnteroBase show 

a close relationship of calves isolates with human isolates suggesting host jumps. These 

findings provide new means to further model the spread of E. coli in livestock farming.  
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Introduction 

 

Escherichia coli is a ubiquitous bacterium, colonizing the gut of humans and animals. It is 

primarily a commensal but also responsible for digestive and extra-intestinal infections, mainly 

urinary tract infections, sepsis and meningitis in humans and animals, or mastitis in cattle1,2. In 

young calves, mainly in the first days of life, E. coli is one of the most frequent causes of 

diarrhea and septicemia3, associated with major economic losses4. This leads to heavy use of 

antibiotics in calf farming5. The use of antibiotics in humans and animals contributes to the 

selection for antibiotic resistance and to the emergence and dissemination of multidrug-resistant 

(MDR) bacteria. The consequent increase of MDR E. coli, especially those expressing extended 

spectrum β-lactamase (ESBL) and their transmission between humans, animals and the 

environment represent a One Health threat6. 

In 2005, the World Health Organization published a first ranking of medically important 

antimicrobials, which is regularly updated7. This provided guidelines for restricting the use of 

antibiotics in food-producing animals8, as a major share of antibiotics is used in this sector9. In 

Belgium, a Royal Decree applied since 2016 restricts the use of antibiotics considered critical 

to human health like 3rd and 4th generation cephalosporins (3GC and 4GC) in production 

animals10.  

To analyze the impact of this regulation, the β-lactam resistance profiles of 3917 E. coli isolates 

from 3537 sick calves were analyzed11. They were collected from 2014 to 2021 in Wallonia, 

Belgium. Analysis of the trends between the seven calving seasons showed a decrease of the 

two β-lactam resistance profiles associated with 3GC resistance, namely extended-spectrum β-

lactamase (ESBL) and acquired cephalosporinase (AmpC). The reduction of resistance to 3GC 

was likely due to the decreased use of 3GC11. However, it was compensated by an increase of 

isolates resistant to amoxicillin but not to 3GC.  

Antibiotic resistance among a bacterial species results from a combination of selection and 

transmission12. Transmission routes are difficult to track and require combining 

epidemiological and genomic data13. The spread of ESBL- and plasmid encoded 

cephalosporinase-producing E. coli within and between the human, animal and environmental 

sectors has been recently reviewed6. Although recent studies based on WGS led to variable 

results in transmission, they revealed mainly different situations between high-income countries 

(HIC) and low- and medium-income countries (LMIC). In HIC, mainly intrasectorial (human, 

animal or environmental) transmissions were predicted, but in LMIC, intersectoral 
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transmissions were also prevalent. However, the factors driving the spatiotemporal dynamics 

of antibiotic-resistant E. coli strains in livestock across a large geographic area remain largely 

unknown.  

Through the surveillance of β-lactam resistant E. coli infecting calves we have obtained a dense 

sampling of isolates from Wallonia11,14. Here, we characterized the temporal and geographic 

dynamics of E. coli in sick calves by sequencing 764 isolates from 444 farms dispersed 

throughout Wallonia during five calving seasons (2014 to 2020). Despite the reduction in the 

rate of 3GC resistance, we did not observe a significant modification of the population structure 

and β-lactam resistance mechanisms during the three more deeply sampled calving seasons 

(2016 - 2020). Isolates were not only MDR but also enriched in virulence factors compared to 

EnteroBase15 isolates. It suggested that virulence and host adaptation contribute to the resilience 

of this population. By correlating genetic and geographical data we quantified the rate of 

dissemination and observed different patterns depending on the different breeding regions. 

Furthermore, by including genome sequences from the international database EnteroBase in the 

phylogenetic analysis, we showed that highly resistant, locally disseminated lineages of calf 

isolates include isolates that infect humans, suggesting host jumps.  

 

Results 

 

Diversity of E. coli from sick calves isolated in Wallonia. 

To analyze the temporal dynamics of the E. coli population in sick calves, we selected 681 

isolates for WGS from 1,495 ampicillin-resistant E. coli collected from 831 farms over three 

calving seasons (S1 to S3 November to February 2017 to 2020) (Table 1, Table S1, Fig. S1)11. 

Isolates were classified into four β-lactam resistance profiles: NSBL (Narrow-Spectrum-β-

lactamase  amoxicillin resistant only), ESBL (Extended-Spectrum-β-lactamase, 3GC resistant 

with clavulanic acid synergy), AmpC (Cephalosporinase, 3GC and 4GC resistant without 

clavulanic acid synergy), and AmpC-like (amoxicillin resistant with no or reduced clavulanic 

synergy and cefoxitin resistant) as further described in the Methods section11. Isolates were 

chosen to keep the balance between the four β-lactam resistance profiles across the three calving 

seasons (Table 1). They were from 379 farms spread out over Wallonia. We added 83 isolates 

from the two previous calving seasons (aS1 and aS2, November to February 2015 to 2017, 

Table S2) to increase the genomic diversity over a longer period. We evaluated the diversity of 

these 764 isolates by performing core genome phylogeny (Fig. 1). Despite their isolation from 
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sick animals, all phylogroups (A, B1, C, D, E, F and G) 16 were observed, except B2 usually 

associated with extraintestinal infections in humans1.  

The 681 isolates from season S1-3 belong to 77 different STs, with 78% of the isolates 

belonging to the 13 most abundant (Fig. 1 and 2a-b). Phylogroup C was dominant with 32% of 

the isolates, including 205 ST88 isolates and 25 from its double locus variant, ST783. 

Phylogroup A contains 26% of the isolates, with 80% belonging to clonal complex 10 (76 ST10, 

39 ST167 and 11 ST617). The two most common STs in phylogroup B1 were ST58 (n=17, 

22%) and ST1642 (n=14, 18%). Thirty four of the 70 phylogroup D isolates belong to ST69 

(49%) and nine to its single variant ST106 (13%). All phylogroup G isolates belong to ST117 

(n=57). Despite the decreased 3GC resistance rate previously reported11, the ST distribution of 

the isolates according to the four β-lactam resistance profiles did not change during the three 

seasons (Fig. 2 a-b).  

 

99% of E. coli isolates from S1 to S3 are MDR and exhibit a stable β-lactamase gene 

content. 

The number of acquired β-lactamase genes among isolates from seasons S1-3 ranged from none 

in 79 isolates, to four in two isolates (Table S1). 206 isolates (30%) had a mutation in the 

chromosomal PampC promoter at position -42 or -32 or a TA insertion between positions −13 

and −14. These mutations were shown to derepress ampC expression17,18. 

The bla gene content combined with PampC mutations was largely consistent with the β-lactam 

resistance profile (Fig. 2 c-d, Table S1). Among the 127 NSBL-producing isolates, blaTEM-1 

variants and blaOXA-1 were predominant, present in 88% and 28% of the isolates respectively. 

All except two of the 329 isolates showing an ESBL phenotypic profile carried a blaCTX-M gene 

(Fig. 2 d, Table S1). Six isolates carrying a blaCTX-M gene showed an AmpC (n=4) or NSBL 

(n=2) profile. blaCTX-M-1 was the most frequent gene (30%), followed by blaCTX-M-2 (19%), and 

blaCTX-M-14 and blaCTX-M-15 (17% each). The AmpC-like phenotype (n=177) was mainly caused 

by mutations in the promoter region of PampC, which were found in 90% of the isolates (n=170). 

Four AmpC-like isolates harbored an acquired AmpC-encoding gene, blaCMY-2 (n=1) or blaDHA-

1 (n=3). Among the 48 isolates with an AmpC profile, 16 harbored an AmpC-encoding gene: 

blaCMY-2 (n=13), blaDHA-1 (n=2) or both (n=1); 28 isolates had mutations in PampC with 26 

harboring acquired β-lactamase genes, predominantly blaOXA-1 (n=18); four carried blaCTX-M-1 

combined with one or two other β-lactamase genes (Table S1). 

In addition to β-lactamase genes, isolates carried a wide variety of ARGs, with a median of 10, 

ranging from none in one isolate up to 21 in two isolates. We identified mutations in the 
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quinolone resistance-determining regions (QRDR) of gyrA and/or parC in 67.4% of the isolates 

(n=459). The median number of ARGs ranged from eight for AmpC-like isolates to 14 for those 

with an AmpC phenotype (Fig. S2). There was no carbapenemase gene, in agreement with the 

absence of carbapenem-resistant isolates. Fifty-four isolates from 18 different STs carried an 

mcr gene. The vast majority expressed mcr-1 (n=50), two expressed mcr-2 and two mcr-9. As 

previously reported19, mcr-9 conferred a lower colistin MIC compared to mcr-1 and mcr-2 

(Table S3). mcr-carrying isolates carried a larger number of ARGs (median=13) than non-mcr-

carrying isolates (median=10) (p<0.0001). 

Despite the modification of antibiotic usage, no statistically significant trend was observed 

during the three calving seasons studied for the mean ARG number, β-lactamase gene diversity 

and number of PampC mutations when considering the four different β-lactam resistance profiles 

(Fig. 2 c-d). These results are in agreement with a preliminary study based on a triplex PCR 

reaction targeting the three main blaCTX-M groups: 1, 2 and 914. 

 

Mutations in PampC were predominant among phylogroup C isolates. 

Among the 206 isolates of seasons S1-3 showing a mutation in PampC, 177 (86%) belonged to 

phylogroup C (157 to ST88 and 20 to ST783). Similarly, PampC mutated isolates represented 

76% and 77% of the isolates from these two STs, respectively. During the two previous calving 

seasons aS1 and aS2, 17 out of 83 isolates (20%) showed mutation in PampC. All belonged to 

phylogroup C (12 of the 19 ST88 isolates, three of the four ST783 isolates and two of the three 

ST23 isolates). To contextualize the acquisition of these mutations, we performed whole 

genome phylogeny by including 1243 ST88 and 14 ST783 genome sequences retrieved from 

EnteroBase (Fig. 3). Among them, 222 ST88 (18%) and 4 ST783 (29%) isolates showed a 

mutation in PampC. Among the ST88 isolates from EnteroBase, PampC mutations were more 

frequently associated with livestock (31% of the 426 isolates) than with humans (12% of the 

268 isolates) (p<0.001). The 24 isolates from the study mutated at position -32 (T>A) were 

monophyletic (bootstrap value of 100) and belong to ST88. This lineage (L-ST88-1) includes 

14 isolates from EnteroBase (Fig. 3, Table 2). Two large lineages, likely monophyletic, L-

ST88-2 (74 isolates, bootstrap value of 100) and L-ST88-3 (63 isolates, bootstrap value of 89), 

share the same mutation at -42 (C>T) in PampC. 24 additional ST88 isolates clustered in seven 

lineages of one to seven isolates showed this mutation. Among the 42 ST783 isolates, 26, 

including 23 from our study, share the -42 C>T mutation in PampC. Based on the tree structure 

(Fig. S3b) several independent mutation events in PampC might have occurred.  
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Among other phylogroups, we detected two additional monophyletic lineages of 18 ST10 (Fig. 

S3a) and six ST345 (Phylogroup B1) (Fig. 1) isolates.  

We analyzed polymorphisms in regions 10 kb upstream and downstream of ampC to determine 

if the PampC mutation was acquired by recombination from a mutated strain. The cluster of 18 

ST10 isolates mutated in PampC, showed only two SNPs in this 21 kb region compared to the L-

ST88-2 isolate R0092. The acquisition of the mutation in PampC resulted therefore of a 

recombination event from a mutated ST88 strain. In other cases, we did not get evidence of 

PampC mutation acquisition by recombination (Fig. S4).  

 

A majority of E. coli isolates cluster in monophyletic lineages frequently also 

encompassing human isolates.  

To further characterize relationships between E. coli isolates from different herds, we analyzed 

phylogenies of the 13 STs with more than ten isolates, contextualized by including EnteroBase 

genomes (Fig. 3, Fig. S3,5,6,7). Visual inspection of phylogenetic trees showed that many 

isolates from calves formed distinct lineages with few EnteroBase isolates. Using as criteria, 

lineages with at least five isolates from the study, less than half of the isolates from EnteroBase 

and a bootstrap value higher than 75%, we identified 28 monophyletic lineages from 12 STs. 

These lineages comprised 420 non-duplicated isolates from the study (54%) and 82 isolates 

from EnteroBase (Table 2). Twelve lineages included only isolates (n=5 to 63) from the study. 

Only six EnteroBase isolates (7%) came from outside Europe (North America). Eight isolates 

were from Belgium, and most other isolates were from countries bordering Belgium (Table 2). 

Thus, these lineages showed a limited geographic diffusion. 49% of EnteroBase isolates were 

of human origin (n=40), suggesting host jumps from bovine to human host. This was supported 

by ancestral state reconstruction using by PastML20. It predicted cattle as the most likely host 

of the ancestral strain of ten of the 11 lineages containing human isolates and 18 bovine host to 

human host transitions with a probability higher than 0.8 (Fig. S8). All EnteroBase isolates, as 

those from this study, were predicted as MDR and carried a median of nine ARG per isolate, 

51% had a PampC mutation, 83% had gyrA/parC QRDR mutations and two human isolates 

carried blaOXA-48 (Table S4). 

 

Short-term dissemination of E. coli occurred mainly at short geographic distances   

In complement to maximum likelihood (ML) phylogeny, we computed the cgMLST distances 

of the 291,466 pairs of isolates, after deduplicating identical isolates from the same animal (Fig. 

4). It revealed a peak centered at a cgMLST distance of ten different alleles. 511 isolates had a 
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cgMLST distance of less than 21 alleles with at least one other isolate (Fig. 4b, Table S5). 

Among these isolates, 354 belonged to the 28 lineages identified on the phylogenetic trees, 

representing 84% of the isolates from these lineages. A similar analysis restricted to pairs of 

isolates from the same herd showed a similar peak of closely related isolates with 98 isolates 

with less than five different alleles (Fig. 4b, Table S5). To estimate the rate of dissemination 

we computed the genetic distance between isolates as the number of different alleles by 

cgMLST and the geographic distance between farms (Fig. 4c). We observed two jumps in the 

distance distribution. Isolates from the 254 pairs differing by less than five alleles were at a 

median distance of 10 km and 203 (80%) were from herds less than 25 km apart. This suggested 

local spread of resistant E. coli between these farms. Isolates from pairs differing by 5 to 20 

alleles were at a median distance of 49 km compared to 66 km for isolates differing by over 20 

alleles. This observation suggests other longer-term constraints on E. coli dissemination. 

To further analyze isolate dissemination, we localized on the map of Wallonia those belonging 

to 11 lineages with more than nine isolates from our collection. Isolates closely related in some 

lineages clustered geographically. This is the case for sub-clusters of isolates in L-ST-88-1 

(n=6), L-ST88-2 (n=7) and L-ST88-3 (n=3) (Fig. 5), and in four other STs: 10, 167, 617, 1642 

(Fig. S9, S10). Our definition of lineage was independent of the evolutionary branch length, 

explaining why local dissemination was variable among these lineages. This analysis revealed, 

in addition to the geographic proximity of isolates showing low genetic distance, differences 

between the east and west of the river Meuse. All isolates from lineages L-ST88-3 and most of 

L-ST88-3 were from herds located in the eastern part of Wallonia. Two ST783 sublineages 

were restricted to the west of the Meuse, whereas the third one was mainly in the east (Fig. 5d). 

This geographic distribution might correspond to the jump in distances observed for pairs with 

over four different alleles (Fig. 4c)  

 

The population of E. coli infecting calves are different east and west of the Meuse.   

To further quantify the impact of the geography on transmission, we analyzed the geographic 

distribution of isolates from seasons S1-3 (Fig. 6a). Among the 1495 isolates we have 

phenotypes (Table S1), 813 isolates came from 445 herds located east of the Meuse, 654 isolates 

from 370 herds west of the Meuse (Tables S6). 26 isolates were from 14 farms located in postal 

codes crossed by the Meuse. The distribution of β-lactam resistance profiles was significantly 

different between east and west of the Meuse. The frequency of AmpC-like isolates was twice 

as high in the east as in the west, while the ESBL isolates were more frequent in the west. The 

proportion of NSBL and AmpC profiles were similar between east and west (Table S6). These 
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differences were also observed for sequenced isolates from the five calving seasons. In 

agreement with the dominance of AmpC-like profiles in the east, we observed a more than 

double proportion of ST88 isolates. However, the proportion of ST88 isolates not part of a 

cluster was similar between east and west, with 2.7% and 2.8% of the sequenced isolates 

respectively (Table S6).  

Next, we analyzed the geographic distribution of isolate pairs between farms from the five 

calving seasons showing less than 21 different alleles by cgMLST (Fig. 6b, Table S5). We 

considered all isolates, only ST88 isolates, only isolates with a AmpC-like profile and 

conversely all isolates except ST88 or except AmpC-like profiles and performed the statistical 

analysis on the number of isolates belonging to at least one pair (Table S7).  After normalization 

by the number of isolates, we observed ten times more pairs with less than 21 different alleles 

on the east compared to the west of the Meuse. This was largely attributable to isolates with an 

AmpC-like profile or from ST88. However, the difference between east and west was still 

significant when excluding AmpC-like or ST88 isolates. When considering transmissions 

within a farm, there were no difference between east and west. These findings confirmed the 

observation made on individual clusters. Local geography (east or west of the Meuse) had a 

strong impact on the phenotype of the collected isolates and on the spread of E. coli. 

 

The acquisition of virulence factors shaped the E. coli population in sick calves.  

E. coli isolates came from diarrheic animals or showing invasive infections. They were 

potentially pathogenic. We analyzed their genomes for the presence of virulence associated 

genes focusing on three different classes: adhesins/pili, toxins and siderophores (Table S8, Fig. 

S11). For comparisons, we performed a similar analysis on EnteroBase isolates of the dominant 

STs (Table S9). A P-fimbriae-like operon was the most frequent (n=344 isolates, 45%). In this 

operon, papG is replaced by a protein annotated as "PapG chaperone-binding domain", which 

might similarly act as an adhesin. This locus was rarer among EnteroBase isolates, even among 

livestock isolates (Table S9). These observations suggest a role in the virulence in calves as 

shown for P-fimbriae carrying the PapG adhesin in human infections21. The afa locus encoding 

the Diffuse Adherence Fibrillar Adhesin associated with Enteropathogenic E. coli22 was present 

in 324 isolates (42%) and was similarly much more abundant than among EnteroBase isolates. 

The clp locus (complete or partial) encoding CS31A was present in 272 isolates and more 

frequent than among EnteroBase isolates. A f17 locus, complete or partial was present in 114 

isolates. The fanCDEGH operon encoding F5 (K99) pili was present in 18 isolates (15 ST10 

and 3 ST120). The agreement between the genomic detection of the genetic loci and the 
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agglutination assay following growth on MINCA plate was variable from high in the case of 

F5 to low in the case of F17 as further presented and discussed in Supplementary Results. The 

siderophore aerobactin locus and the sit operon (iron import) were more frequent than among 

EnteroBase isolates, whereas salmochelin was less abundant. Shigatoxin (n=5), -hemolysin 

(n=12) and cnf (n=6) loci were rare in our collection. Only the heat labile toxin AstA23 (n=215, 

28%) was prevalent and more frequent than in EnteroBase isolates (Table S9). Based on the 

detection of virulence factors, 163 isolates were defined as enterotoxigenic (ETEC), six as 

enterohemorrhagic (EHEC), five as enteropathogenic (EPEC) and one as shigatoxigenic 

(STEC) (Table S8). These virulence factors were more frequent in phylogroup C, D and G 

compared to other phylogroups.  

We next focused our analysis on four dominant STs: ST10, ST117 and ST88/ST783 (Fig. 3 and 

Fig. S3). A visual inspection of the trees revealed, except in ST10, an association of some 

virulence factors and lineages we previously identified. For example, isolates from lineage L-

ST-88-1 share the adhesins CS31A, the Pap-variant and the thermostable Enterotoxin EAST1. 

The acquisition of the PampC mutation occurred later in a sublineage of L-ST88-1 (Fig. 3). 

Similarly, ST783 isolates were enriched in the CS31A, Pap-like and Afa adhesins loci. All 

except two ST117 isolates carried the CS31A (clp) locus. On the other hand, the salmochelin 

operon was counter-selected among the calve isolates (Table S9). This operon was absent from 

all except two ST117 isolates from the study, but frequent among EnteroBase ST117 isolates 

(Fig. S3). Therefore, virulence contributed to shape the population of E. coli in sick calves.  

 

 

Discussion 

 

E. coli is a major cause of deadly infections in calves, resulting in economic losses for farmers. 

Thanks to our extensive sampling of E. coli throughout Wallonia, we were able to answer key 

questions regarding the spatiotemporal dynamic of the E. coli population infecting calves at a 

country level. The restriction of antibiotics essential for human health in Belgium10 led to a 

reduction in 3GC-resistant isolates (here, the ESBL and AmpC profiles) and an increase in 

isolates still resistant to amoxicillin but not to 3GC11. Thanks to our selection for WGS of a 

balanced but non-proportional collection, we showed that, considering the four β-lactam 

resistance profiles during the three calving seasons from 2017 to 2020, there was no significant 

change in the population structure based on ST, nor a significant impact on β-lactamase gene 
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frequencies (Fig. 2). This stability suggests that antibiotics select for resistance in a bacterial 

population adapted to a host and do not shape the population.  

The specificities of the isolate we have analyzed were, to originate from sick calves and to be 

ampicillin resistant. The origin from sick animals was associated with an enrichment in 

virulence factors compared to isolates from EnteroBase (Table S9). This enrichment was 

prevalent among isolates from phylogroup C, D and G. Although the isolates were selected only 

as resistant to amoxicillin, which is common among E. coli, all except nine isolates were 

predicted to be MDR and only 25 isolates were resistant to less than four antibiotic classes. 

Surveillance in Belgium of E. coli based on carriage of beef under one year of age indicates a 

rate of 50% of MDR isolates24. Considering that our isolates belonged to the 85% of 

amoxicillin-resistant isolates, the 99% rate we observed in sick animals was still considerably 

higher. This could be explained by the number of antibiotic treatments administered to calves5, 

which may have led to a link between virulence and resistance. 

ST88 represented almost 30% of all sequenced isolates in our study. ST88 isolates have been 

frequently isolated from bovine hosts and were previously reported as mutated in PampC both in 

animals and humans25,26. We similarly observed a strong association between derepression of 

ampC and ST88 with 75% of the 223 isolates mutated in PampC belonging to this ST. This 

association could result from a higher level of resistance due to AmpC overproduction (better 

selection) or from a lower fitness cost (better dissemination) in ST88 strains. Furthermore, ST88 

isolates of the study carried more virulence genes than EnteroBase isolates (adhesins, 

siderophores and AstA toxin). In contrast, the salmochelin locus was counterselected. ST88 

isolates from the study and of the closely related ST783 clustered mainly in a few lineages 

associated with these genetic traits (Fig. 3). The PampC mutations were subsequently acquired 

by sublineages within these lineages, confirming that the major driving force for the selection 

of these lineages was likely virulence.  

ST10 was the second most abundant ST with 81 isolates. Surprisingly, 89% of the ST10 isolates 

from the study clustered with a cgMLST distance lower than 100 together with only 2.6% of 

ST10 isolates from EnteroBase. EnteroBase isolates in this lineage were mainly from animals 

(182 versus 63 from humans) (Fig. S3a). Compared to the bulk of ST10 strains, this cluster 

might be adapted to the bovine host and prone to be pathogenic. However, we did not detect a 

strong enrichment for the virulence factors we have analyzed (Fig. S3a). Further studies will be 

needed to identify a specific adaptation of these ST10 strains to young calves if any. 

The high frequency of ST117 (72 isolates) was unexpected, since ST117 is an avian pathogenic 

lineage associated with poultry27,28. 89% of the ST117 isolates from our study belong to three 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

lineages together with seven EnteroBase isolates: four from humans, one from bovine and one 

from swine, but none from birds. These three lineages have acquired the clp operon (CS31A) 

and are enriched in the pap-like operon. They have also lost the salmochelin operon (Fig. S3b). 

Therefore, these pathogenic lineages likely adapted to the bovine host have been subsequently 

transmitted to other hosts.  

Across our collection, 54% of the isolates when combined with EnteroBase isolates are grouped 

into lineages (Table 2). Half of the EnteroBase isolates from these clusters were of human 

origin. As we predicted mainly transitions from bovine to human hosts (Fig. S8), these highly 

resistant lineages, bovine adapted, might represent a long-term reservoir for human MDR 

E. coli strains. 

These lineages are associated with a limited geographical dissemination. 93% of the EnteroBase 

isolates from these clusters were from European countries, compared with 47% (3442 out of 

7282) for all EnteroBase isolates belonging to the 13 most abundant STs in the study. When we 

focused on short evolutionary distances (less than five different cgMLST alleles), we observed 

that isolates were from farms at a median distance of 10 km (Fig. 4). Animal transfers between 

farms in Wallonia are likely to be rare as 94% of the calves sent to rearing farms were sent to 

farms in Flanders29. Indirect local transmission via vehicles traveling between farms or direct 

contact between animals in the fields of neighboring farms are likely routes of transmission. 

Dissemination of Shiga toxin-producing E. coli O157:H7 among dairy farms in close 

geographic proximity was similarly described in Northeast Ohio, USA30.  

We observed very different behavior between two areas in Wallonia separated by the Meuse. 

Cluster of geographically and genetically closely related isolates were abundant in the east. 

While transmissions were less frequent in the west and between east and west (Fig. 6). This 

difference was mainly due to the geographic distribution of lineage of isolates with an AmpC-

like profile dominant in the east (Table S6). Conversely, ESBL isolates were more abundant in 

the west. Different factors might contribute to the observed differences between the two parts 

of Wallonia, which might include different antibiotic usage and farming practices31,32.  

We acknowledge some limitations in our study. Only β-lactam resistant isolates were analyzed. 

However, the rate of ampicillin-susceptible isolates was low, ranging from 11.1 to 16%11 during 

the study period. Therefore, our analysis remains largely representative of the circulating strains 

and provide an accurate view on resistant isolates. Here, we have analyzed isolates from sick 

animals. A similar analysis of carriage isolates would allow us to better define specificities of 

E. coli population in sick calves and to evaluate the circulation of pathogenic isolates among 

healthy animals.  We also did not analyze E. coli isolated from the environment to confirm its 
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contribution to the between farms dissemination of MDR E. coli. Our study relied on short-read 

sequencing, which prevents us from analyzing the contribution of plasmid transmission to the 

virulence and resistance dynamics. Our systematic sampling started in November 2017 and the 

restriction on 3GC started in 2016. However, reduction of 3GC resistance was also observed 

during the three seasons we have analyzed11. Antibiotic usage per herd or per postal code would 

allow to determine its contribution to the difference between west and east of the Meuse. 

However, these data are not available to our knowledge. 

Our analysis showed that a combination of virulence in calf, antibiotic resistance and local 

dissemination all possibly contribute to the observed resilience of calf-infecting E. coli in terms 

of population and β-lactam resistance mechanisms. It also suggests host jumps from bovines to 

humans within the locally disseminated MDR lineages. The extensive geographic sources of 

the isolates demonstrate the importance of local transmission of E. coli and reveals striking 

differences between the east and west of Wallonia. It provides means to reduce transmission by 

limiting the transfer of contaminated material between closely related farms as done prior to 

limit transmission of the viral foot and mouth disease33.  

 

Methods 

 

E. coli isolates, growth conditions and antibiotic susceptibility testing 

E. coli isolates were obtained from young calves of Walloon farms. They were isolated on 

Gassner agar plates (Thermo Fisher Scientific), either from fecal samples of diarrheic calves in 

farms or from intestinal contents or internal organs of calves suffering from diarrhea or 

septicemia and necropsied calves at the ARSIA laboratory as previously described14. Isolates 

from internal organs were considered as pathogenic. Three E. coli colonies from feces or 

intestinal contents were streaked on (i) MINCA agar plates to test the production of fimbriae 

F5 and/or F17 by agglutination tests (Biovac, Beaucouzé, France) and for the CS31a surface 

antigen, (ii) Enterohemolysin (EHLY) agar plates containing washed sheep blood erythrocytes 

(Oxoid) to test the production of an enterohemolysin (Ehly), and (iii) only for seasons S1-3 

(2017-2020) on MacConkey-CTX - lactose plates complemented with 1 mg/L cefotaxime (Led 

Techno). Isolates positive for the surface antigen(s) and for enterohemolysin were considered 

as pathogenic. Other isolates were considered non-pathogenic, but only those growing on 

MacConkey-CTX were kept. Temporal analysis was performed considering only isolates from 

seasons S1-3. The 83 isolates from seasons aS1 and aS2 sequenced to extend the diversity of 
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our collection were isolated from organs or positive for at least one of the virulence factors 

tested. Antibiotic susceptibility testing for resistance against eight β-lactams (Amoxicillin, 

AMX;  Amoxicillin / Clavulanate, AMC; Ceftiofur XNL; Cefquinome, CFQ; Cefotaxime, 

CTX; Cefotaxime / Clavulanate, CTC; Cefoxitin, FOX; Meropenem, MER) was performed by 

disk (I2A, France) diffusion assay following the EUCAST/CASFM-vet guidelines34. Isolates 

were classified in four resistance profiles according to patterns presented in Table S10. Colistin 

susceptibility was determined by microdilution using Sentititre plates (Thermo Fisher 

Scientific) following manufacturer instruction.  

We selected 681 E. coli isolates for WGS from 1495 non redundant isolates from seasons S1-

311,14. They were isolated from the feces of diarrheic calves (n=962) and from internal organs 

(n=272) or the intestinal content (n=261) of calves necropsied at ARSIA (Table S1). Isolates 

from internal organs or with positive agglutination test for fimbriae F5 or F17, the CS31 antigen 

(Biovac, France), or enterohemolysin-producers on washed sheep blood agar plates were 

considered pathogenic14. The 361 remaining isolates from feces or intestinal content were 

positive only on McConkey agar plates complemented with 1 mg/L cefotaxime (Led Techno, 

the Netherlands) and considered here as non-pathogenic (Table S1)14. Isolates were classified 

into four β-lactam resistance profiles: NSBL, amoxicillin resistant only; ESBL 3GC resistant 

with clavulanic acid synergy, AmpC 3GC and 4GC resistant without clavulanic acid synergy, 

and AmpC-like amoxicillin resistant with no or reduced clavulanic synergy and cefoxitin 

resistant11,35 (Table 1, Tables S1).  

Sequenced isolates were selected for WGS to keep the balance between the four β-lactam 

resistance profiles (NSBL, ESBL, AmpC and AmpC-like) across the three calving seasons 

(Table 1). They were from 379 farms spread out over Wallonia (Tables S1). There were up to 

13 farms per postal code and 1 to 11 sequenced isolates per farm (Fig. S1). Two isolates from 

different anatomic origins or from fecal material but showing different phenotypic profiles were 

selected from 68 calves and three isolates from one calf. To obtain more temporal data, we 

selected 83 additional isolates, considered pathogenic according to our criteria from calving 

seasons 2014-2015 and 2015-2016 (aS1, aS2) (Table S2). Fifteen were from herds already 

sampled during seasons S1-3 and 68 from 65 additional farms making a total of 444 herds.  

To respect laws on data privacy, animal and herd identifications were encoded at the data source 

before analysis. 

 

Whole Genome Sequencing, sequence assembly and analyses 
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DNA extractions were performed with the Qiagen DNeasy Blood & Tissue Kit. Sequencing 

libraries were prepared following the manufacturer’s protocol (NEBNext Ultra II FS DNA 

library prep kit). WGS was performed using a NextSeq500 sequencer (Illumina) in paired-end 

reads (2 x 75 nucleotides) or a Novaseq (2 x 150 nucleotides). Reads were processed with 

Cutadapt 2.1036 and Trimmomatic 0.3937. De novo assembly was performed using Shovill 1.1.0 

(RRID:SCR_017077). All sequences are available under the NCBI bioproject PRJEB7957435 

and PRJNA566319 (Tables S1, S2). 

Multilocus Sequence Typing (MLST), based on the Achtman scheme, was done with mlst 

2.19.0 (https://github.com/tseemann/mlst), and Clermont Typing was performed with the in 

silico method38. Resfinder 439 and Pointfinder40 were performed via ABRicate 1.0.1 to detect 

resistance genes and mutations41. Virulence genes were screened using ABRicate 1.2.0 with the 

vf_coli database, updated on 2026-Jan-28. Search was refined by expert viewing for loci with 

missing gene like the pap operon with the identification of a variant expressing a protein 

annotated as "PapG chaperone-binding domain" (refseq_Protein WP_225092971.1). The 

fanCDEFGH genes (F5 pili biosynthesis) seems misidentified in the vf_coli database and we 

instead used the FanCDEFGH protein sequences from Uniprot (P18103, P12050, P25402, 

P25448, P20861, P20862) in our analyses. Draft genomes were annotated using Prokka 

1.14.542. Core-genome MLST (cgMLST) was performed with chewBBACA 3.3.643, based on 

the RIDOM E. coli scheme. Numbers of alleles different between two isolates were determined 

with cgMLST-dists 0.4.0 (https://github.com/tseemann/cgmlst-dists).  

 

Phylogenetic analyses 

ML core genome phylogeny of the 764 isolates was determined with Roary, 3.13.044 and 

RAxML 8.2.1245, with Escherichia fergusonii (NZ_CP057657) as outgroup. Genomes from the 

main sequence types (STs) were contextualized with EnteroBase datasets downloaded in July 

202215. Only the 1521 ST117 sequences with complete metadata were retained. A preliminary 

analysis showed that 72 out of the 81 ST10 isolates belong to the cgMLST hierarchical cluster 

HC100 1126. We included only the 353 genomes from this HC100 out of the 13592 ST10 

EnteroBase isolates. ML phylogenies were generated from recombination-filtered core 

alignments with RAxML45, using Snippy v4.6.0 (https://github.com/tseemann/snippy) and 

Gubbins v2.4.146 and visualized with iTOL v747. The ancestral state (bovine or human) at each 

node of phylogenies was inferred using PastML v1.9.51 using the MPPA (Maximum 

Parsimony with Posterior Averaging) prediction method and the F81 model20. ML phylogenies 

for the PastML analysis were inferred with IQ-TREE/2.4.0, using the previous alignments and 

https://github.com/tseemann/mlst
https://github.com/tseemann/cgmlst-dists
https://github.com/tseemann/snippy
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the GTR+F+ASC+R2 model20. Branch support was assessed via 1000 ultrafast bootstrap 

replicates, and topologies refined by BNNI48.  

 

Geographical distribution of the isolates and clonal dissemination 

Isolates and farms were localized according to the GPS coordinates of their postal codes (Open 

Data Wallonie-Bruxelles, https://www.odwb.be/). Farms were classified as east, west, or 

crossed by the Meuse. After deduplicating clonal isolates from the same animal, we calculated 

genetic (cgMLST allelic) and geographic distances between pairs. Maps and network 

visualizations were generated in R using standard spatial packages (R Core Team, 

https://www.r-project.org/). 

 

Statistical analysis 

Statistical analyses of isolate characteristics were performed with R and Python3 using Fisher’s 

exact test or the chi-squared test, as appropriate. The difference in the ARG number between 

mcr-carrying and non-mcr-carrying isolates was assessed using the non-parametric Wilcoxon 

rank-sum test for independent samples. 

 

Ethics approval 

The samples and the results were obtained from a routine veterinary diagnostic laboratory 

(ARSIA). According to the chapter 8: Art.D63 of the Walloon code (Belgium) for animal 

welfare (https://wallex.wallonie.be/eli/loi-decret/2018/10/04/2018015578/2019/07/01), no 

animal experiment was performed. Stool samples were collected non-invasively. The in-farm-

dead calves arrive at the laboratory to be necropsied, to find an explanation for their deaths 

(most of the time a sepsis). Therefore, ethical approval was not required, as the study complied 

with relevant national guidelines. 

 

Data availability 

Data that support the findings of this study are provided within the manuscript and the 

associated supplementary materials. More specifically, all sequences are available under the 

NCBI bioproject PRJEB7957435 and PRJNA566319 (Tables S1, S2); isolate and sequence 

data are in Table S1, S2 and S4; geographic and genetic distances between isolate pairs are in 

Table S5; colistin MIC values of 15 E. coli isolates are in Table S3.  

 

Code availability  

https://www.odwb.be/
https://www.r-project.org/
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no specific code was used in this study. References of the software used in bioinformatic 

analyses and phylogeny are provided within the manuscript. 
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Figure Legends 

Figure 1. Phylogeny and characteristics of the 764 E. coli isolates from calves. Phylogeny 

was performed by maximum likelihood by using Roary, 3.13.0 [44] and RAxML 8.2.12 [45], 

with Escherichia fergusonii (NZ_CP057657) as outgroup. Genomes were annotated according 

to the figure key as circles from inside to outside: the main ST and the corresponding 

phylogroup, the collecting season, PampC mutations, blaCTX-M genes, mutations in the gyrA and 

parC quinolone resistance determining regions (QRDR) and in parE, and the number of 

resistances to antibiotic families based on genes and mutations identified. Details are in Table 

S1 and S2. The tree was visualized with iTOL v7 [47].  

Figure 2. Sequence type and β-lactamase distribution according to season and β-lactam 

resistance profile. a. Sequence type (ST) distribution of the 681 isolates according to the three 

calving seasons S1, S2 and S3. b. ST distribution according to the four phenotype profiles: 

NSBL, ESBL, AmpC-like and AmpC. Number of isolates of each profile are indicated above 

the histogram. c. β-lactamase gene and PampC mutation frequencies in the 681 isolates according 

to the three calving seasons. d. β-lactamase gene and PampC mutation frequencies according to 

the four β-lactam resistance profiles: NSBL, ESBL, AmpC-like and AmpC. Percentages 

correspond to the percentage of isolates carrying the β-lactamase gene or the PampC mutation, 

explaining why total numbers are higher than 100%. Statistical significance between β-

lactamase gene and ST frequencies were assessed with a global Kruskal-Wallis test.  *  P.<0.05. 

No trend was identified over the three calving seasons. ST (a and b) and β-lactamase genes and 

PampC mutation (c and d) are colored according to the figure key. 

Figure 3. Phylogeny and characteristics of ST88 and ST783 E. coli isolates from the five 

seasons combined with EnteroBase isolates. a. ST88 isolates from the study (n=222) 

combined with 1283 EnteroBase isolates. b. ST783 isolates from the study (n=29) combined 

with 13 EnteroBase isolates. Maximum likelihood phylogeny was performed by using RAxML 

8.2.12 [45]  based on recombination-free core genome alignment, computed with Snippy 4.6.0 

(https://github.com/tseemann/snippy) and Gubbins 2.4.1 [46] to filter recombined regions. 

Genomes were annotated according to the figure key as circles from inside to outside (ST88) 

or from left to right (ST783): the source niche, the continent of origin, yersiniabactin, 

salmochelin, CS31A, pap, afa, astA, PampC mutation and the season and visualized with iTOL 

v7 [47]. Lineages emerging following the acquisition of virulence factors are colored in yellow. 

Clusters reported in table 2 are indicated outside the last circle. 
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Figure 4. Genetic and geographic distances between isolates. a. distribution of the pairwise 

genetic distances in number of different cgMLST alleles for all pairs of deduplicated isolates 

from different herds. b.  Same as a, but for pairs with 0 to 50 different alleles. In orange, pairs 

of isolates from the same herd. c. Relation between the genetic distance between two isolates 

in number of different alleles and the geographic distance in km. 

Figure 5. Local dissemination of closely related isolates and geographic specificity. The 

geographic localization was compared to the phylogenetic proximity by localizing isolates 

according to the GPS coordinates of the postal code. Size of the disk correspond to the number 

of isolates. Colors correspond to tree sublineages and as sectors if more than one sub-lineage. 

Strains were annotated on the right of the tree according to the figure key. From left to right, 

the season and in white isolates from EnteroBase and the herd. The blue line represents the 

Meuse. a. L-ST88-1, isolates were of the whole Wallonia with local clustering of seven sub-

lineages. b. Lineages L-ST88-2, 34 isolates where from herds east of the Meuse and 7 west.  C. 

Lineage L-ST88-3 all isolates were from herds east of the Meuse. d. Lineage L-ST783-1 

isolates were of the whole Wallonia with local clustering of three sub-lineages 

Figure 6. β-lactam resistance profiles and differences in transmission between west and 

east of the Meuse. a. Geographic distribution of the isolates belonging to the four classes of β-

lactam resistance. In each postal code, the number of isolates and the number of herds were 

indicated by the color and the diameter of the disk respectively according to the figure key. b. 

Geographical links of isolates pairs showing less than five different alleles by cgMLST  (blue 

links), between five and ten different alleles (green links), between 11 and 15 (orange links) 

and between 16 and 20 (red links). Circle diameters represent the number of isolates per postal 

code and the thickness of the lines the number of isolates pairs according to the figure key. 
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Table 1: Collected and sequenced E. coli isolates according to the three calving seasons (S1-

3) and the β-lactam resistance profiles@ 
& β-

lactam 

resista

nce 

profile

s 

Pathogenic Non-pathogenic 
Total 

 

WGS/co

llected 

S1 (2017-

2018) 

S2 (2018-

2019) 

S3 (2019-

2020) 

S1 (2017-

2018) 

S2 (2018-

2019) 

S3 (2019-

2020) 
§W

GS 

Colle

cted 

W

GS 

Colle

cted 

W

GS 

Colle

cted 

W

GS 

Colle

cted 

W

GS 

Colle

cted 

W

GS 

Colle

cted 

NSBL 47 327 37 277 39 208 0 8 3 11 1 7 127/838 

ESBL 61 64 69 72 32 48 72 91 60 75 35 38 329/388 

AmpC 9 9 4 4 1 1 13 15 6 6 15 15 48/50 

AmpC

-like 
40 45 36 42 23 29 31 36 29 37 18 22 177/211 

Susce

ptible 
0 7 0 0 0 0 0 1 0 0 0 0 0/8 

Total 
15

7 
452 

14

6 
395 95 286 

11

6 
151 98 129 69 82 

681/149

5 
@Details on collected and sequenced isolates are provided in Table S1 and S8.  &ß-lactam 

resistance profiles (narrow spectrum β-lactamase (NSBL), extended spectrum β-lactamase 

(ESBL), AmpC, and AmpC-like, which corresponded mainly to E. coli chromosomal ampC 

derepression) were as previously described35 and reported in the methods section. §Illumina 

whole genome sequenced. 
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Table 2: Monophyletic lineages gathering &deduplicated isolates from the study 

ST Lineage 
Bootstrap 
value % 

# Isolates 
# Study 
isolates 

$Origin of EnteroBase isolates 
# Human 
isolates 

ST10 L-ST10-1 87,2 12 10 UK (1, farm) Italy (1, Bovine) - 
 L-ST10-2 99,7 15 15  -  - 
 L-ST10-3 100 17 17  -  - 
 L-ST10-4 100 10 10  -  - 

ST57 L-ST57-1 100 6 5 Germany (1, bovine) - 

 L-ST57-2 100 8 5 
Germany (1, animal; 1, human), 
France (1, Human) 

2 

ST88 L-ST88-1 100 52 36 
 the Netherlands (7, bovine; 5 human), 
Spain (2, human), Belgium (1 human), 
Germany (1 human) 

9 

 L-ST88-2 100 69 47 

USA (3, bovine), Ireland (1, human; 1, 
bovine), France (1, human), Belgium 
(1, Human; 2, swine; 4, bovine), 
Switzerland (1, human), Spain (2, 
human), the Netherlands (3, human), 
Unknown (2) 

9 

 L-ST88-3 89 63 63 - - 

 L-ST88-4 100 14 10 
Germany (2, human), Luxembourg (1, 
bovine), the Netherlands (1, human) 

3 

 L-ST88-5 98 13 11 
France (1, human), Luxembourg (1, 
food) 

1 

 L-ST88-6 100 14 7 
France (2, bovine; 1, human; 1, 
poultry), Switzerland (2, human), UK 
(1, human) 

4 

 L-ST88-7 100 5 5 - - 

 L-ST88-8 98 5 5 - - 

ST106 L-ST106-1 75 7 7 -  

ST117 L-ST117-1 98 50 44 

France (1, human;1, bovine), 
Netherlands (1, human), Luxembourg 
(1, swine), Sweden (1, human), USA (1, 
bovine) 

3 

 L-ST117-2 100 15 14 UK (1, Human) 1 

 L-ST117-3 100 6 5 North America (1, human) 1 

ST167 L-ST167-1 96 15 14 1 (unknown) - 

 L-ST167-2 100 8 8 - - 

 L-ST167-3 90 12 8 
Germany (2, human), the Netherlands 
(1, human), UK (1, Human) 

4 

ST345 L-ST345-1 99,6 6 6 - - 

ST457 L-ST457-1 98,6 8 5 Luxembourg (3, Livestock) - 

ST617 L-ST617-1 99,8 14 10 Germany (3, Human) Luxembourg (1) 3 

ST783 L-ST783-1 99,4 32 27 
France (2, bovine), Polland (1, bovine) 
Canada (1, bovine), Luxembourg (1, 
food) 

- 

ST1642 L-ST1642-1 99,9 13 13 - - 

ST2325 L-ST2325-1 100 8 8 - - 
 L-ST2325-2 100 5 5 - - 

Number 
of 

isolates 
 

 
502 420 82 40 

&Only one isolates was considered for clonal isolates from the same animal. #Number of 

isolates. $Country or origin, in parenthesis the number of isolates and the source. 
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