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a b s t r a c t 

Objectives : This study aimed to characterize Escherichia coli isolates from cloacal samples of white stork 

nestlings, with a special focus on extended-spectrum β-lactamases (ESBLs)-producing E. coli isolates and 

their plasmid content. 

Methods : Cloacal samples of 88 animals were seeded on MacConkey-agar and chromogenic-ESBL plates 

to recover E. coli and ESBL-producing E. coli . Antimicrobial susceptibility was screened using the disc 

diffusion method, and the genotypic characterization was performed by polymerase chain reaction (PCR) 

and subsequent sequencing. S1 nuclease Pulsed-Field-Gel-Electrophoresis (PFGE), Southern blotting, and 

conjugation essays were performed on ESBL-producing E. coli , as well as whole-genome sequencing by 

short- and long-reads. The four bla ESBL -carrying plasmids were completely sequenced. 

Results : A total of 113 non-ESBL-producing E. coli isolates were collected on antibiotic-free MacConkey- 

agar, of which 27 (23.9%) showed a multidrug-resistance (MDR) phenotype, mainly associated with 

β-lactam-phenicol-sulfonamide resistance ( bla TEM 

/ cmlA / floR / sul1 / sul2 / sul3 ). Moreover, four white stork 

nestlings carried ESBL-producing E. coli (4.5%) with the following characteristics: bla SHV-12 /ST38-D, 

bla SHV-12 /ST58-B1, bla CTX-M-1 /ST162-B1, and bla CTX-M-32 /ST155-B1 . Whole-genome sequencing followed by 

Southern blot hybridizations on S1-PFGE gels in ESBL-positive isolates proved that the bla CTX-M-1 gene 

and one of the bla SHV-12 genes were carried by IncI1/pST3 plasmids, while the second bla SHV-12 gene and 

the bla CTX-M-32 gene were located on IncF plasmids. The two bla SHV-12 genes and the two bla CTX-M 

genes 

had similar but non-identical close genetic environments, as all four genes were flanked by a variety of 

insertion sequences. 

Conclusion : The role played by several genetic platforms in the mobility of ESBL genes allows for inter- 

changeability on a remarkably small scale (gene-plasmid-clones), which may support the spread of ESBL 

genes. 

© 2023 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The World Health Organization defines third- and fourth- 

eneration extended-spectrum cephalosporins (ESCs) as critically 
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mportant antimicrobials for human health [1] . Among Gram- 

egative bacteria, resistance to ESCs has become a major public 

ealth challenge that is related to the high level of spread of 

xtended-spectrum β-lactamases (ESBLs). To date, the ESBL phe- 

otype is largely conferred by genes of the CTX-M family, although 

lder TEM/SHV variants, including bla SHV-12 , currently cause noso- 

omial and community-acquired infections [2] in many countries 

n Europe and North America [3] . ESBL-producing E. coli have 

een widely detected not only in humans, but also in food [4] , 
ty for Antimicrobial Chemotherapy. This is an open access article under the CC BY 
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Fig. 1. Geographical location of the different white stork nestlings sampling areas in Ciudad Real (Castilla–La Mancha, Spain). 
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ood-producing animals [5] , companion animals [6] , and even 

ildlife [7] , hence the use of this gene/species linkage as a major 

arker of antimicrobial resistance (AMR) burden in the "One 

ealth" approach. 

AMR in migratory birds most likely reflects contamination of 

heir natural habitats with genes, plasmids, or clones, since the se- 

ective pressure of antibiotics is expected to be very weak in the 

nvironment. Acquisition of ESBL-producing E. coli most likely oc- 

urs through feeding (eg, in areas with intensive livestock produc- 

ion or open rubbish dumps) and foraging behaviour such as scav- 

nging or predation. Once the ESBL genes have been acquired in 

heir gut, migratory birds can spread these genes over vast dis- 

ances by faecal shedding, within and between continents [ 8 , 9 ], 

endering them potential AMR vectors for the wider environment, 

nimals, and humans. 

Worldwide, cases of ESBL-producing E. coli have been reported 

n migratory birds, from gulls in Patagonia [ 10 , 11 ], Chile, Canada

12] , and Europe [13] to rooks in Austria [14] or several avian 

pecies in Pakistan [15] , as well as all over the world. In Spain,

la CTX-M 

and/or bla SHV-12 genes have been identified from yellow- 

egged gulls in Barcelona [16] , from a griffon vulture in Eastern 

pain [17] , and from diverse bird species throughout the country 

18] . The first detection of ESBL-producing E. coli in adult white 

torks ( Ciconia ciconia ) in Spain was reported in 2016 [18] , show-

ng high rates of ESBL production (44.4%). However, a recent study 

eported much lower rates (8.8% of ESBL and/or acquired AmpC 

-lactamase producers), which suggests that white stork nestlings 

ay also be prone to carry resistant bacteria despite having only 

ndirect contact with antibiotic-exposed environments [8] . This 

rompted us to study white stork nestlings, whose diet relies en- 

irely on parental feeding. Five white stork colonies subjected to a 

radient of anthropogenic pressure were sampled with the aim to 

i) evaluate the presence of E. coli independently of their resistance 

henotype, and (ii) selectively detect ESBL-producing E. coli iso- 

ates. These resistant isolates were fully characterized to evaluate 

he risk of transmission of these ESBL genes, plasmids, or clones 

nder the One Health approach. 
187 
. Material and methods 

.1. Ethics 

Nestling handling was carried out following international, na- 

ional, and/or institutional guidelines for the care and ethical use 

f animals, specifically directive 2010/63/EU, Spanish laws 9/2003 

nd 32/2007, and RD 53/2013. All procedures were approved by the 

thical committee for animal experimentation of the University of 

astilla-La Mancha and authorized by the regional government of 

astilla–La Mancha (permit no.: VS/MLCE/avp_21_198). 

.2. Study design 

Cloacal swabs (n = 88) from white stork nestlings ( C. cico- 

ia ) were collected from five colonies located in South–Central 

pain (Ciudad Real province): two from natural habitats (Natural- 

, Natural-2), one from a semi-natural setting with nearby land- 

lls (Semi-landfill) and two from anthropized habitats located near 

olid household waste landfill premises (Landfill-1 and Landfill- 

) ( Fig. 1 ). Satellite transmitter data collected in 2013–2020 from 

dult white storks tagged on four of the five colonies showed that, 

uring the breeding season, adults foraged in the vicinity of the 

olony and moved to their respective nests to feed their nestlings 

19] . White stork nestlings were sampled in June 2021 at 45–55 

ays of age (prior to fledging). They were extracted from the nest 

y gently wrapping them in a towel and lowering them to the floor 

y hand or in a large bag. Cloacal swabs were stored in AMIES 

ransport medium without charcoal and maintained at 4 °C until 

rrival at the laboratory, where they were frozen at -80 °C. 

.3. Bacterial isolation and identification 

Cloacal swabs were enriched at 37 °C for 24 h in 5 mL of Brain

eart Infusion (BHI) broth. Different aliquots (10–100 μL) of this 

nrichment step were seeded on MacConkey agar supplemented or 
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ot with cefotaxime (2 μg/mL) and on chromogenic selective me- 

ia (Brilliance TM ESBL Agar; Oxoid). After incubation at 37 °C for 24 

, one to six (if possible) presumptive E. coli isolates were selected 

rom each media, and identification was performed by MALDI-TOF 

ass spectrometry (MALDI Biotyper®, Bruker). 

.4. Antimicrobial susceptibility testing 

Susceptibility testing of E. coli isolates was performed by the 

isc diffusion method using the Clinical Laboratory and Stan- 

ards Institute (CLSI) methodology and breakpoints [20] . Twelve 

ntibiotics of both human and veterinary interest were tested: 

mpicillin, amoxicillin/clavulanate, ceftazidime, cefotaxime, cefox- 

tin, imipenem, ciprofloxacin, gentamicin, amikacin, chlorampheni- 

ol, trimethoprim/sulfamethoxazole, and tetracycline. Screening 

or phenotypic ESBL production was performed by the dou- 

le disc synergy test using cefotaxime, ceftazidime, and amoxi- 

illin/clavulanate discs [20] . E. coli ATCC 25922 was used as a con- 

rol strain. 

.5. Characterization of AMR genes and integrons 

The presence of genes conferring resistance to β-lactams 

 bla TEM 

, bla SHV , and bla CTX-M 

), quinolones ( qnrA, qnrB, qnrS, aac(6 ′ )-

b-cr, and qepA, as well as mutations in the gyrA and parC genes), 

minoglycosides ( aac(3)-I, aac(3)-II, aac(3)-III, aac(3)-IV ) and tetra- 

yclines ( tet (A), tet (B)) were analyzed by polymerase chain reaction 

PCR) and sequencing [ 21 , 22 ]. The presence of class 1 and class 2

ntegrons was detected by PCR amplification of the integrase genes 

ntI1 and intI2 , and their complete sequence was obtained using 

he “primer-walking” PCR strategy [21] . 

.6. Molecular typing of E. coli isolates 

The phylogenetic groups (A, B1, B2, C, D, E, and F) of all E. 

oli isolates were determined according to Clermont et al [23] . 

SBL-producing isolates were typed by multilocus sequence typing 

MLST) using the Achtman scheme, obtaining the sequence types 

STs) as well as the clonal complexes (ST Cplx) ( https://enterobase. 

arwick.ac.uk/species/ecoli/allele _ st _ search ). 

.7. Conjugal transfer 

Conjugation experiments for ESBL-producing E. coli isolates 

ere carried out in Luria Bertani broth using the rifampicin- 

esistant E. coli strain J53 as the recipient strain. Transconju- 

ants were selected on BHI agar plates containing rifampicin (100 

g/mL) and cefotaxime (2 μg/mL) and controlled by phenotypic 

creening and targeted PCR for the detection of the bla ESBL genes 

nd replicon content [24] . 

.8. Short-read sequencing 

Bacterial genomic DNA was extracted using the NucleoSpin®

icrobial DNA Kit (Macherey-Nagel) according to the manufac- 

urer’s instructions. DNA concentration and purity were respec- 

ively determined using the Qubit R 3.0 Fluorometer (Thermo 

isher Scientific) and the NanoDrop One (Ozyme). Short-read 

2 × 150 paired-end) sequencing was performed using the No- 

aSeq 60 0 0 Illumina technology. Illumina adapter sequences were 

emoved, and reads were quality trimmed using trimmomatic ver- 

ion 0.38.1. De novo assemblies were generated with Shovill ver- 

ion 1.1.0, and the quality of assemblies was assessed using QUAST 

.2.0 (Table S1). STs, pST, plasmid replicon content, and resistance 

enes were determined using the CGE online tools MLSTFinder 

.0.9, pMLSTFinder 2.0, PlasmidFinder 2.1, and ResFinder 4.1 ( http: 

/www.genomicepidemiology.org/ ). 
188 
.9. Plasmid characterization using Southern blot and long-read 

equencing 

Bla ESBL -carrying plasmids were identified, and their respective 

izes were determined by Southern blotting on S1 and Pulsed- 

ield-Gel-Electrophoresis (PFGE) using adequate DIG-labelled 

robes (Roche Applied Science, Meylan, France) according to 

he manufacturer’s protocol. All ESBL-producing E. coli isolates 

ere additionally long-read sequenced. MinION libraries were 

repared according to the manufacturer’s instructions (Oxford 

anopore Technologies, UK) using the native barcoding expansion 

it (EXP-NBD104; Oxford Nanopore Technologies) and the ligation 

equencing kit (SQK-LSK109). Sequencing was performed on a 

inION sequencer (SpotON Mk 1 R9) flow cell (FLO-MIN106D). 

ssembly of Illumina short reads and Nanopore long reads was 

erformed using Unicycler [25] . The resulting files were used to 

x individual base errors, indels, and local miss-assemblies, using 

ilon [26] . 

.10. Genome sequencing analysis 

Using the RAST Prokaryotic Genome Annotation Server, func- 

ional annotation of the plasmids was completed. Data were manu- 

lly curated using the Artemis software, IS finder ( https://www-is. 

iotoul.fr ), and Swiss-Prot database ( http://www.uniprot.org ). Se- 

uence comparison was done using the EMBOSS Needle align- 

ent tool ( https://www.ebi.ac.uk/Tools/psa/emboss _ needle/ ) and 

CBI Basic Local Alignment Search Tool ( https://blast.ncbi.nlm.nih. 

ov/Blast.cgi ). Using DNAPlotter, a circular map of the bla ESBL - 

arrying plasmids was created [27–29] . 

.11. Data availability 

The full-length sequence of plasmids pUR5229, pUR5239, 

UR5279, and pUR5854 (carried by E. coli X5229, X5239, X5279, 

nd X5854, respectively) as well as the structure of Tn 21 of E. 

oli X5229 were deposited in the EMBL database under the ac- 

ession numbers OQ658192 , OQ747074 , OQ747075 , OQ747076 and 

Q787092 , respectively. 

Raw sequence reads obtained by short-read sequencing and 

eported in this paper were deposited under NCBI BioProject 

RJNA954768 . 

. Results 

.1. Carriage of resistant E. coli in white stork nestlings 

Of the 88 cloacal samples taken from individual white stork 

estlings, 78 (88.6%) presented growth of at least one E. coli 

solate on non-selective plates. Since one to six presumptive E. 

oli colonies were picked out, 194 E. coli isolates were collected. 

ased on antibiotic susceptibility tests and phylogroups, only non- 

uplicate isolates were kept for further characterization, leading to 

 collection of 117 E. coli isolates. 

The cloacal swabs taken from four white stork nestlings (4/88, 

.5%) led to the isolation of ESBL-producing isolates on selective 

lates. It is noteworthy that these ESBL-positive E. coli grew not 

nly on MacConkey-CTX plates but also extensively on antibiotic- 

ree MacConkey agar ( > 500 CFU/plate on selective and non- 

elective media). 

.2. Antimicrobial susceptibility and resistance determinants in 

on-ESBL-producing E. coli isolates 

Among the 113 non-ESBL-producing E. coli isolates, 48 (42.5%) 

howed resistance to at least one antibiotic, whereas 27 iso- 

ates (23.9%) showed a MDR phenotype mainly associated with 

https://enterobase.warwick.ac.uk/species/ecoli/allele_st_search
http://www.genomicepidemiology.org/
https://www-is.biotoul.fr
http://www.uniprot.org
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
https://blast.ncbi.nlm.nih.gov/Blast.cgi


S. Martínez-Álvarez, P. Châtre, T. Cardona-Cabrera et al. Journal of Global Antimicrobial Resistance 34 (2023) 186–194 

Table 1 

Overall distribution of antimicrobial resistance in the 117 E. coli isolates from white stork nestling cloacal 

samples and based on whether they are ESBL-producing or non-ESBL-producing E. coli . 

Antibiotics Total E. coli (n = 117) ESBL E. coli (n = 4) / non ESBL 

E. coli (n = 113) 

n % n % 

Amoxicillin-clavulanate 4 3.4 2/2 50.0/1.8 

Ampicillin 33 28.2 4/29 100.0/25.7 

Cefotaxime 4 3.4 4/0 100.0/0.0 

Ceftazidime 4 3.4 4/0 100.0/0.0 

Cefoxitin 0 0.0 0/0 0.0/0.0 

Imipenem 0 0.0 0/0 0.0/0.0 

Amikacin 0 0.0 0/0 0.0/0.0 

Gentamicin 4 3.4 0/4 0.0/3.5 

Chloramphenicol 15 12.8 1/14 25.0/12.4 

Tetracycline 27 23.1 2/25 50.0/22.1 

Trimethoprim/sulfamethoxazole 22 18.8 2/20 50.0/17.7 

Ciprofloxacin 22 18.8 4/18 100.0/15.9 
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eta-lactam-phenicol-sulphonamide resistances. Antibiotic resis- 

ance rates for non-ESBL-producing E. coli isolates were signifi- 

antly lower than those of ESBL producers ( Table 1 ). A wide di-

ersity of resistance genes was detected, with resistance to ampi- 

illin (25.7%, n = 29) and tetracycline (22.1%, n = 25) due to the 

la TEM 

, tet (A), and tet (B) genes. Resistance to ciprofloxacin (15.9%, 

 = 18) was averaged by the Plasmid Mediated Quinolone Re- 

istance (PMQR) genes ( aac(6 ′ )-Ib-cr ) and point mutations in the 

uinolone resistance determining region of the topoisomerases 

yrA and parC (S80I, D87N/ S83I). Furthermore, chloramphenicol 

nd/or florfenicol resistance (12.4%, n = 14) was mostly encoded 

y cmlA and floR , while sulphonamide resistance (SXT-R) (17.7%, 

 = 20) was due to the sul1, sul2 , and/or sul3 genes (Fig. S1). Ad-

itionally, the presence of class 1 and/or 2 integrons was detected 

n two isolates carrying the following gene cassette arrays: intI1- 

adA1-qacE1-sul1 and intI2-aadA1-sat2 (Table S2). 

.3. Genetic diversity of ESBL-producing isolates 

The four ESBL-producing isolates belonged to the 

la SHV-12 /ST38-D, bla SHV-12 /ST58-B1, bla CTX-M-1 /ST162-B1, and 

la CTX-M-32 /ST155-B1 clones, and all except one showed MDR 

henotypes ( Table 2 ). The isolate X5279 was the only carrier of 

 PMQR gene, namely qnrS1 , which was chromosomally encoded. 

his gene was inserted in an atypical class 1 integron described 

or the first time in this study, with the gene cassette array aadA1- 

nu (F) and the flanking element IS 26 located where this insertion 

equence truncated the conserved segment 3 ′ CS. 

.4. Characterization of the bla ESBL -carrying plasmids 

The bla CTX-M-1 gene (strain X5854) and one of the two bla SHV-12 

enes (strain X5229) were located on IncI1/pST3 (pUR5854 and 

UR5229), as proved by Southern blot hybridizations and MinION 

equencing ( Fig. 2 ). These plasmids did not carry additional re- 

istance genes or integrons ( Table 2 ). The bla CTX-M-32 gene (strain 

5239) and the second bla SHV-12 gene (strain X5279) were found 

n IncF plasmids (pUR5239 and pUR5279) belonging to the F4:A- 

B- and F24:A-:B58 formulas, respectively ( Fig. 2 , Table 2 ). Conju- 

al transfer of the bla ESBL -carrying plasmids, whose sizes varied be- 

ween 90,0 0 0 and 102,0 0 0 bp, was evidenced in all isolates, with

onjugation frequencies ranging from 10 –3 to 10 –5 ( Table 2 ). 

.4.1. Inc I1/pST3 plasmids 

The replication, transfer, and leading regions of pUR5854 and 

UR5229 were very similar to those of other IncI1 plasmids, with 

ome insertions/deletions suggesting recombination between re- 

ated plasmids ( Fig. 2 ). The entire region involved in conjugal 
189 
ransfer ( tra / trb genes) was closely related (99.69% identity) to the 

rchetypal IncI1 plasmid R64 (accession number AP005147 ). The 

arger portions of the backbone shared high identity (99.0%) with 

ach other (Fig. S3A) and in turn with plasmids pCFSAN0 0 0520 

 CP074613 ), pC1122_2 ( CP067953 ) and pEC405 ( CP094200 ) from 

almonella enterica, Klebsiella pneumoniae , and E. coli strains. 

UR5854 and pUR5229 presented accessory modules of different 

izes. pUR5229 presented a large adaptability module (11,747 bp) 

ssociated with AMR, located between the replication and ph-doc 

oxin-antitoxin systems (leading region) ( Fig. 2 A). This resistance 

odule comprised a Tn 1721 -derived transposon, the bla SHV-12 gene, 

anking elements (IS 26 - deoR -IS 1294 ), two additional insertion se- 

uences (IS 66 and IS 26 ), and a transposase IS 91 -like. In contrast,

UR5854 had a much smaller accessory module (2,824 bp), located 

n the transfer module between the tra/trb and pil region ( Fig. 2 B)

nd comprising the bla CTX-M-1 gene, the flanking element IS Ecp1 , 

nd the metalloprotein wbuC . 

.4.2. IncF plasmids 

Both pUR5239 and pUR5279 plasmids, despite having differ- 

nt FAB formulas, showed 97.13% homology and 55% coverage (Fig. 

3B). Therefore, most of the transfer region and the stability mod- 

le were strongly associated with each other and with plasmids 

LAO22 ( OP242255 ), p47EC ( CP057369 ), and pF18S043 ( CP082385 ) 

rom E. coli and S. enterica strains, respectively. pUR5239 and 

UR5279 had large accessory modules (between 28,0 0 0 and 

0,0 0 0 bp) ( Fig. 2 C, 2 D). Both presented a resistance module com-

rising a Tn 21 -derived transposon containing an atypical class 1 

ntegron, the ESBL gene ( bla SHV-12 or bla CTX-M-32 ), and the genetic 

latforms IS 26 - �Tn 1721 or IS 26 -IS Kpn26 -IS Ecp1 . The Tn 21 -derived

egion carried the left and right Tn 21 terminal IRs and the genes 

nvolving its own transposition ( tnpA, tnpR, tnpM ). In addition, the 

mperfect terminal IRi of the class 1 integron In 2 and the class 

 integrase gene ( intI1 ) were also conserved, although the entire 

tructure of the In 2 integron was missing in both cases. Instead of 

n 2 , two atypical integrons were found, whose arrays included (i) 

he standard 5 ′ -CS ( intI1 gene), (ii) the gene cassettes: aadA22/, the 

ew structure estX -IS 1294 - psp - aadA2 - cmlA1 - aadA1 - qacL ); and (iv)

he genetic platforms (IS 1 -IS 26 - strA - strB -IS 26 - bla TEM-1A -IS 66 -IS 26/

np 256- like(IS 256 )- sul3 - mef (B)-IS 26 -IS 66 -IS 26 ). These two genetic

latforms presented a terminal common region consisting of IS 26 , 

S 66 , and a set of proteins of known and unknown function. The 

ef (B) gene, encoding a macrolide-efflux protein, was found to be 

isrupted by IS 26 . The IS 26 - bla SHV-12 - deoR segment was followed

y a �Tn 1721 in both pUR5239 and pUR5279, without detection 

f the characteristic region encoding the tetracycline resistance. 

he �Tn 1721 contained only the genes involved in its transposi- 
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Fig. 2. Circular map of the four bla ESBL -carrying plasmids (A) pUR5229 (accession number OQ658192 ), (B) pUR5854 (accession number OQ747076 ), (C) pUR5239 (accession 

number OQ747074 ), and (D) pUR5279 (accession number OQ747075 ). 
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191 
ion ( tnpR, tnpA ) and the inverted repeat sequences IRR and IRL 

 Fig. 3 ). 

The mercury resistance module ( merRTPCAD ), normally located 

n Tn 21 , was not found in the pUR5239 and pUR5279 plasmids. 

owever, this Tn 21 transposon was found on the IncF plasmid 

f the X5229 isolate, which carries the bla SHV-12 gene on an 

ncI1/pST3 plasmid. Our study revealed the structure of a �Tn 21 , 

n which the mercury resistance module flanked on the left end by 

S 26 was inserted, as well as an atypical class 1 integron ( dfrA5- 

S 26 ) different from those detected in the other Tn 21 derivatives 

Fig. S4). 

.5. Genetic environment of the bla ESBL genes 

The bla SHV-12 was located on an IncF/F24:A-:B58 plasmid 

pUR5279) and an IncI1/pST3 plasmid (pUR5229). In pUR5279, the 

la SHV-12 gene was flanked by an IS 26 located 130 bp upstream and 

y the putative transcriptional regulatory gene deoR located 20 bp 

ownstream (Fig. S2A). In pUR5229, the IS 26 and the deoR gene 

ere also found upstream and downstream the of bla SHV-12 gene. 

owever, IS 26 was located 268 bp upstream and truncated a pro- 

ein of unknown function located 53 bp upstream, while the deoR 

ene was truncated at position 599 by the insertion of a 94 bp 

NA segment preceding an IS 1294 element. 

The flanking regions of the bla CTX-M-1 and bla CTX-M-32 genes 

ere similar, despite the fact that they were respectively located 

n an IncI1/pST3 (pUR5854) and on an IncF/F4:A-:B- plasmid 

pUR5239). In pUR5854, the IS Ecp1 was located 287 bp upstream 

f the bla CTX-M-1 gene, and the metalloprotein wbuC was 26 bp 

ownstream. In pUR5239, wbuC was also located downstream of 

he bla CTX-M-32 gene (46 bp), while the upstream region presented 

he insertion of an additional IS Kpn26 inserted 300 bp upstream of 

he bla CTX-M-32 gene and preceded by the IS Ecp1 truncating a pro- 

ein of undefined function (Fig. S2B). 

. Discussion 

This study revealed that 88.6% of white stork nestlings, whose 

iet only relies on parents feeding, were colonized by E. coli iso- 

ates. Among them, 41.0% were resistant to at least one antibi- 

tic, and 23.1% were MDR isolates, containing up to seven dif- 

erent AMR genes that might be potentially mobile. Additionally, 

our white stork nestlings (4.5%) were heavily colonized by ESBL- 

roducing E. coli . Comparisons with the few previous studies on 

hite storks in Spain are unfortunately difficult. Indeed, Alcalá

t al. [18] only sampled nine injured adult white storks, of which 

our were ESBL carriers. As a result, the small number of isolates 

revents any reliable conclusion being drawn. A previous com- 

arative study showed that white storks sampled at rehabilita- 

ion centres reflect a different section of the population (fledged 

estlings and adults that feed at rubbish dumps) than nestlings 

hat are representative of the habitat of their colony [30] . The sec- 

nd study on ESBL-producing E. coli from white storks in Spain 

onducted by Höfle et al. [8] analyzed 467 samples, including 441 

rom white stork nestlings; the mean proportion of ESBL- and/or 

cquired AmpC beta-lactamase-producing E. coli isolates from both 

dult white storks and nestlings was 8.8%, but large disparities 

ere found, with proportions of ESBL-positive nestlings ranging 

rom 0% (in 6/11 sampling sites) to 37.2% in one specific sam- 

ling site. This indicates that proportions found in one place can- 

ot be inferred to all situations. In any case, the presence of ESBL- 

roducing E. coli in nestlings is of concern, firstly because it was 

ost likely passed on by the parent who nurtured it, and secondly 

ecause the colonial behaviour of storks might favour the efficient 

ransmission of ESBL-conferring genes by the multiplicity of con- 

acts between adult and juvenile birds. 
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Fig. 3. Linear illustration of the resistance complexes of pUR5239 (IncF/F4:A-:B-), pUR5279 (IncF/F24:A-:B58), and pUR5229 (IncI1 pST3) and comparative mapping of this 

region with Tn 21 (accession number AF071413 ) and Tn 1721 (accession number X61367 ). A few important genes have been tagged. The coding reading frames are shown as 

arrows ("transcription direction" is indicated by the arrowheads). ISs are displayed as boxes, and the arrows without boxes represent transposon genes. Vertical lines denote 

the IRs of the ISs, the transposons, or the In 2 integron. 
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The four ESBL-producing E. coli belonged to the lineages ST38, 

T58, ST155, and ST162. Interestingly, ST58, ST38, and ST162 are 

andemic clones reported in numerous human and non-human 

ontexts [31–33] including wild birds [34] . ST155, which is com- 

only found in African poultry [35] , belongs to the same clonal 

omplex as ST58 (CC155) [36] and has been described in wild 

irds in France [37] . This strongly suggests that these pandemic 

lones with a weak host specificity can be transported over long 

istances and are then able to colonize numerous hosts, possi- 

ly also transmitting plasmidic resistance genes to other bacterial 

ackgrounds. 

The detected ESBL-producing E. coli presented a mixed combi- 

ation of genes and plasmids. Indeed, the bla SHV-12 gene was iden- 
192 
ified in two isolates, carried in ST58 on an IncI1/pST3 plasmid and 

n ST38 on an IncF plasmid. The two bla CTX-M 

genes were also al- 

ernatively carried by an IncI1/pST3 plasmid ( bla CTX-M-1 in ST162) 

r an IncF plasmid ( bla CTX-M-32 in ST155). IncI1/pST3 plasmids are 

ajor carriers of the bla CTX-M-1 gene, and to a lesser extent, of 

la SHV-12 [38] ; they have recurrently been identified in the poultry 

roduction and food thereof [ 39 , 40 ], and in pets [6] and domes-

ic animals [41] , as well as in less antibiotic-exposed hosts such as 

torks [8] . Likewise, IncF are also major vectors of bla CTX-M 

genes. 

s an example of the wide spread and adaptability of these plas- 

ids, the IncF/F4:A-:B- plasmid carrying bla CTX-M-1 in our study 

as also been associated with the epidemic ST131 E. coli clone car- 

ying bla CTX-M-14 in diarrhoeic patients in Japan [42] . It is notewor- 
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hy that our study evidenced the presence of bla SHV-12 on an IncF 

lasmid, which is a rare event [43] . 

The two IncI1 plasmids only carried the ESBL-conferring genes 

ith no other associated resistance genes, which is a common fea- 

ure for these plasmids. On the contrary, the two IncF plasmids 

howed an MDR phenotype associated with the presence of atyp- 

cal class 1 integrons, embedded in both cases in Tn 21 , containing 

he gene cassettes aadA22 for the bla CTX-M-32 -carrying ST155 and 

adA2 - cmlA1 - aadA1 for the bla SHV-12 -carrying ST38. Interestingly, 

he new structure of the atypical integron ( intI1 - estX -IS 1294 - psp -

adA2 - cmlA1 - aadA1 - qacL -IS 1 - sul3 ) in the X5279 isolate presented

imilarities with those found integrated into Tn 21 -derived trans- 

osons in other bla SHV-12 -carrying IncI1 plasmids [44] . Since these 

ransposons have extensively spread across Enterobacterales in sev- 

ral genetic backgrounds [ 39 , 44 ], we might hypothesize that the 

ransposon in our X5279 isolate has been mobilized from IncI1 

lasmids, which are also common carriers of the bla SHV-12 gene. 

Analysis of the close genetic environment of the bla SHV-12 gene 

roved that this gene is usually flanked by an IS 26 and the puta-

ive transcriptional regulatory deoR gene, itself followed by a sec- 

nd IS 26 representing a putative composite transposon or another 

obilizable element [43–45] . In our study, this organization was 

roadly comparable except for the left flank of the deoR gene, 

hich was followed by Tn 1721- like, located downstream of the 

la SHV-12 gene [39] . In pUR5229, the deoR was truncated by a gene 

tructure containing a DNA fragment preceded by IS 1294 , an inser- 

ion that might favour the block exchange of bla SHV-12 . The close 

enetic environment of the two bla CTX-M 

genes was also conserved, 

ith the presence of the wbuC -IS Ecp1 element . This genetic envi- 

onment has already been associated with diverse bla CTX-M 

genes 

46] , including bla CTX-M-15 and bla CTX-M-55 [47] , but, to our knowl- 

dge, this is its first description for bla CTX-M-1 . The genetic environ- 

ent of bla CTX-M-32 was identical to the one previously detected in 

airy farms where IncHI2 plasmids harboured IS Ecp1 with IS Kpn26 

n the opposite orientation [48] . The presence of these different 

ypes of gene platforms plays an important role in the mobility of 

SBL genes and allows interchangeability at a very small scale. This 

roves multiple levels of transmissibility at the level of the genes, 

lasmids, or clones, reflecting diversified evolutionary processes. 

In conclusion, this study revealed that ESBL-producing E. coli 

solates were genetically diverse but carried highly similar plas- 

ids and genes. The horizontal dissemination was primarily pro- 

oted by IncI1 and IncF plasmids, which displayed highly con- 

erved co-located resistance genes. While this study provides sig- 

ificant information on the clones, genes, and plasmids that col- 

nize white stork nestlings, additional studies involving a larger 

umber of samples are now required to identify the sources of 

ontamination and the pathways of transmission of these resis- 

ance determinants. 
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