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In vitro transduction of antimicrobial resistance genes into
Escherichia coli isolates from backyard poultry in Mexico

Juan Martin Talavera-Gonzdlez, Martin Talavera-Rojas, Edgardo Soriano-Vargas,
Jesus Vazquez-Navarrete, and Celene Salgado-Miranda

Abstract: The transmission of multidrug-resistant pathogens and antimicrobial resistance genes is an emerging
problem involving multiple factors (humans, domestic animals, wildlife). The aim of this study was to investigate
the presence of Escherichia coli isolates with different antimicrobial resistance genes from backyard poultry and to
demonstrate the in vitro transduction phenomenon of these genes between phages from migratory wild birds and
poultry E. coli isolates. We collected 197 E. coli isolates from chickens, turkeys, and ducks in backyard production
units (northern region of the State of Mexico). Isolates were resistant to ampicillin (80.7%), tetracycline (64.4%), car-
benicillin (56.3%), and nalidixic acid and trimethoprim-sulfamethoxazole (both, 26.9%). Moreover, the genes blargy
(56.3%), tetB (20.8%), tetA (19.2%), sull (7.6%), sulll (10.1%), qnrA (9.6%), and qnrB (5.5%) were found. In vitro transduction
using phages from migratory wild birds sampled in the wetland Chimaliapan (State of Mexico) was successfully
achieved. It was possible to transduce gqnrA, tetB, blargy, and sulll genes to E. coli isolates from poultry. This is the
first report that describes the transduction of antimicrobial resistance genes from phages of migratory wild birds
to poultry and suggests the possible transmission in backyard production units.
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Résumé : La transmission d’agents pathogénes multirésistants et de génes de résistance aux antimicrobiens est un
probléme en émergence impliquant de multiples facteurs (humains, animaux domestiques, faune). L'objectif de
cette étude était d’étudier la présence d’isolats d’Escherichia coli comportant différents génes de résistance aux anti-
microbiens provenant de volailles urbaines et de démontrer le phénomeéne de transduction in vitro de ces génes
entre les phages d’oiseaux sauvages migrateurs et les isolats d’E. coli de volaille. Les auteurs ont récolté 197 isolats
d’E. coli de poulets, de dindes et de canards dans des unités de production urbaines (région nord de I’Etat de Mex-
ico). Les isolats étaient résistants a I'ampicilline (80,7 %), a la tétracycline (64,4 %), a la carbénicilline (56,3 %), ainsi
qu’a l'acide nalidixique et au triméthoprime-sulfaméthoxazole (26,9 % chacun). De plus, les génes blargy (56,3 %),
tetB (20,8 %), tetA (19,2 %), sull (7,6 %), sulll (10,1 %), qnrA (9,6 %) et qnrB (5,5 %) ont été trouvés. La transduction in vitro a
I'aide des phages d’oiseaux sauvages migrateurs échantillonnés dans la zone humide de Chimaliapan (Etat de Mex-
ico) a été réalisée avec succes. Il a été possible de transduire les génes qnrA, tetB, blargy et sulll a des isolats d’E. coli
provenant de volailles. Il s’agit du premier rapport qui décrit la transduction des genes de résistance aux antimicro-
biens des phages des oiseaux sauvages migrateurs aux volailles et suggere la transmission possible dans les unités
de production urbaines. [Traduit par la Rédaction]

Mots-clés : volailles urbaines, résistance aux antimicrobiens, bactériophages, transduction, oiseaux sauvages.

Introduction Although the commercial poultry industry is the main
supplier in Mexico, backyard poultry farms are very

Poultry production is one of the most important common throughout the country in rural and peri-

industries worldwide. In Mexico, poultry foods are part urban regions. Both production systems are prone to
of the diet of 60% of the population and contribute up to infections by Escherichia coli or other pathogens that
55% of the animal protein intake (CEDRSSA 2019). could inflict economic losses; hence, the implementation
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of antimicrobial therapy is necessary in several cases
(Ahmed et al. 2013).

While commercial farms have well-established vacci-
nation programs and guidelines that lessen the impact
of the disease, backyard poultry farms usually lack vet-
erinary supervision, driving the mishandling of anti-
biotics. The gut microbiota is then subjected to selective
pressure that can lead to the acquisition of antimicro-
bial resistance genes (ARGs) and consequently the devel-
opment of multidrug-resistant (MDR) microorganisms,
including E. coli (van den Bogaard et al. 2001). These
microorganisms are evacuated daily through feces that
are washed away by rain from rural households that
lack domestic waste disposal systems for excreta, pro-
moting pollution of aquatic environments like rivers,
lagoons, or wetlands, which are places where multiple
species coexist, and among them, wild birds stand out
as vectors responsible for disseminating pathogens to
distant regions (Sedefio-Diaz and Lépez-Lopez 2007;
Alcald et al. 2016).

During the migration phenomenon, over 20 wild bird
species arrive in Mexico; a recent study reported MDR
E. coli isolates from some wild birds in the wetlands of
Lerma, State of Mexico (Ramirez-Martinez et al. 2018).
These wild birds travel in rural and peri-urban regions
with crops, pastures, and backyard production units,
where they can have direct contact with poultry and
other domestic animals (Parker et al. 2016). In Mexico,
antimicrobial resistance (AMR) to antibiotics, ARGs, and
virulence factors from pathogens in the poultry indus-
try have been described; nonetheless, there is a knowl-
edge gap about the frequency of multidrug resistance
linked to ARGs in backyard poultry in rural and peri-
urban regions.

When there are interactions between different ani-
mal species and humans, the risk of transmission of
pathogens and development of infectious illness is
high; moreover, the swap of virulence and ARGs
through mobile genetic elements like bacteriophages,
plasmids, and transposons could rearrange the genetic
structure of the normal microbiota. In vitro transduc-
tion by bacteriophages has been reported in different
investigations with bacterial isolates from animals and
humans capable of exchanging genetic material (even
among microorganisms of different genera); neverthe-
less, there is no transduction evidence between bacte-
rial isolates from migratory wild birds and poultry
(Garcia-Aljaro et al. 2006).

This work aimed to describe the frequency of AMR
and ARGs in poultry from rural and peri-urban areas in
the northern region of the State of Mexico and to evalu-
ate the in vitro transduction between E. coli isolates
from migratory birds and backyard poultry to appraise
the potential risk of transmission when these species
interact.
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Materials and methods

Sample collection in poultry

A total of 322 cloacal samples were collected from
apparently healthy poultry (chickens, 214 samples; tur-
keys, 54 samples; and ducks, 54 samples) in backyard
production units of rural and peri-urban areas from
4 municipalities: Atlacomulco (81 samples), El Oro
(80 samples), Jocotitldn (80 samples), and Ixtlahuaca
(81 samples), located in the northern region of the State
of Mexico, Mexico.

Sample collection in wild birds

From July (2017) through March (2018), a total of
63 cloacal samples were opportunistically collected
from hunter-harvested wild birds. Samples belonged to
9 duck species: Anas crecca (6), Mareca americana (5), Anas
diazi (6), Mareca strepera (12), Anas acuta (4), Spatula discors
(10), Oxyura jamaicensis (2), Spatula clypeata (12), Spatula
cyanoptera (3), and 3 unidentified species. Samples were
individually collected in sterile tubes with Stuart media
and stored at 4 °C and transported to the laboratory. The
study area was Ciénega Chimaliapan, which is highly
polluted with sewage and belongs to the system of wet-
lands Ciénegas of Lerma located in the State of Mexico,
Mexico (9°14'N, 99°30'W) with an approximate distance
of ~85 km from Atlacomulco, 113 km from El Oro,
56 km from Ixtlahuaca, and 73 km from Jocotitldn,
where backyard production units were sampled.

Isolation and identification of E. coli

Samples were collected with a cloacal swab and car-
ried to the Centro de Investigacion y Estudios Avanza-
dos en Salud Animal in Stuart transport medium at 4 °C.
Each sample was plated onto MacConkey agar and incu-
bated at 37 °C for 24 h. Colonies with morphology simi-
lar to E. coli were subjected to biochemical tests (triple
sugar iron agar, lysine iron agar, sulfide indole motility,
and Simmons citrate agar). Finally, identification was
confirmed by amplification of the uidA gene with end-
point PCR (Aguilar-Montes de Oca et al. 2015).

Antimicrobial susceptibility

A Kirby-Bauer test was carried out according to the
Clinical and Laboratory Standard Institute (CLSI 2012).
The selected antimicrobial discs were ampicillin 10 pg
(AMP), amikacin 30 pg (AMK), carbenicillin 100 pg (CAR),
gentamicin 10 pg (GEN), cephalothin 30 pg (CEF), cefo-
taxime 30 pg (CTX), netilmicin 30 pg (NET), ciprofloxacin
5 pg (CIP), norfloxacin 10 pg (NOR), chloramphenicol
30 pg (CHL), trimethoprim-sulfamethoxazole 25 ug
(SXT), nitrofurantoin 300 pg (NIT), nalidixic acid 30 pg
(NAL), and tetracycline 30 pug (TET). The CLSI guidelines
for control strain (E. coli ATCC 25922), interpretation,
and classification were followed. Isolates were classified
as MDR when AMR to >3 antibiotics classes was detected
(CLSI 2012, 2015).
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Table 1. Primers used in this study.

Gene  Primer name Sequence (5'-3’)

Amplicon

size (bp) Reference

blatgyy MultiTSO-T_for CATTTCCGTGTCGCCCTITATTC 800

Dallenne et al. 2010

MultiTSO-T_rev  CGTTCATCCATAGTTGCCTGAC

qnrA QnrAm_F

AGAGGATTTCTCACGCCAGG 580

Kraychete et al. 2016

QnrAm_R TGCCAGGCACAGATCTTGAC
qnrB QnrBm_F GGMATHGAAATTCGCCACTG 264
QnrBm_R TTTGCYGYYCGCCAGTCGAA
tetA Tet (A)-F GTGAAACCCAACATACCCC 888 Hedayatianfard et al. 2014
Tet (A)-R GAAGGCAAGCAGGATGTAG
tetB Tet (B)-F CCTTATCATGCCAGTCTTGC 774
Tet (B)-R ACTGCCGTTTTTTCGCC

sull Sul 1-F

CGGCGTGGGCTACCTGAACG 433

Kerrn et al. 2002

Sul1-B GCCGATCGCGTGAAGTTCCG

sulll Sul 2-F

GCGCTCAAGGCAGATGGCATT 293

Sul 2-B GCGTTTGATACCGGCACCCGT

uidA UAL1939b
UAL2105b

ATGGAATTTCGCCGATTTTGC 187
ATTGTTTGCCTCCCTGCTGC

Heijnen and Medema 2006

Detection of ARGs

PCR was used to confirm gene presence in bacterio-
phages and donor and recipient strains. Primers and
amplification conditions are listed in Table 1. All sam-
ples were screened with a multiplex PCR to detect AMR
to quinolones (gnrA and gnrB genes), tetracyclines (tetA
and tetB), and sulfonamides (sull and sulll), and with a
PCR to detect blargy. Amplicons were visualized in a
UV transilluminator after running at 75 V for 1 h on
a 2% agarose gel containing ethidium bromide (0.05 mg/L).

Selection of donor and recipient isolates

Four MDR E. coli isolates from wild birds with the
presence of several ARGs (D1, D11, D21, and D22) were
selected to be donor isolates and obtain the phages.
Fourteen isolates from wilds birds and 13 E. coli isolates
from domestic poultry (free of phenotypic and molecular
resistance to the antibiotics and free of the ARGs
screened) were selected to be used as recipient isolates. Of
the E. coli isolates from backyard poultry, 9 were from the
municipality of Ixtlahuaca (2 from chickens, 1 from
turkey, and 6 from ducks) and 4 were from El Oro (from
chickens).

Prophage induction and identification of recipient
isolates

Three serial dilutions of donor isolates were prepared
(1/10, 1/100, and 1/1000) in tryptic soy broth (TSB) and
incubated at 37 °C for 3-4 h. Next, a 5 pL aliquot of each
dilution was placed on Petri dishes with tryptic soy agar
(TSA) and incubated for 4 h at 37 °C. Afterwards, the
Petri dishes were irradiated with UV light (320 nm) for
10-15 s, and immediately 3 mL of soft agar (supple-
mented with 0.3 mL of a 5 mol/L MgCl, solution and
0.2 mL of a 2 mol/L CaCl, solution) plus 0.5 mL of the re-
cipient strains in exponential phase was poured in the
plates and the plates were then incubated at 37 °C for

24 h. Finally, the Petri dishes were examined for bacte-
riophage lysis (Sekulovi¢ and Fortier 2016).

Phage purification and amplification

Only one lysis area of each identified recipient isolate
was collected with a pipette tip and transferred to
0.5 mL of TSB supplemented with 10 mmol/L MgCl, and
10 mmol/L CaCl, and kept at room temperature for 3 h.
Later, the supernatant was filtered and serially diluted
(up to 10~ *) with 0.5 mL of TSB. Subsequently, an aliquot
(100 pL) of each dilution and the receptor isolate (100 pL)
were mixed in soft agar and poured in TSA, followed by
incubation at 37 °C for 24 h. This purification process
was repeated at least 3 times to ensure the purification
of each phage (Sekulovi¢ and Fortier 2016). To obtain
high titer stocks of phage, 6-7 plaques and 100 mg of re-
ceptor isolate were mixed in 10 mL of TSB supplemented
with 10 mmol/L MgCl, + 10 mmol/L CaCl, and incubated
at 37 °C for 5-7 h until visual bacterial lysis was
observed, followed by filtration. Afterward, 50 pL of this
first phage lysate was freshly mixed with 100 pL of recip-
ient isolate and incubated at 37 °C for 5-7 h and filtered;
a phage titration was performed before storage (Fortier
and Moineau 2009).

Bacteriophage titration

A mix of 100 pL of each recipient isolate and 100 pL of
the phage lysate (10 ' to 10~ ®) was made in soft agar and
poured in TSA plates, followed by incubation at 37 °C
for 24 h.

The titer range was calculated and expressed as plaque-
forming units per millilitre (PFU/mL) (Kropinski et al.
2009). The values ranged from ~3.8 x 10° to 6.7 x
10° PFU/mL.

Extraction and purification of bacteriophage DNA
DNase (1 pL) and RNase (1 puL) were added to 1 mL of

phage lysate and incubated at 37 °C for 30 min to

<. Published by NRC Research Press
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Table 2. Antimicrobial resistance of Escherichia coli isolates by municipality in the State of Mexico.

% Antimicrobial resistance (no. of isolates) in the municipalities of:

Antibiotic  Atlacomulco (n=73) El1Oro (n=44)

Ixtlahuaca (n=30) Jocotitldn (1=50) Total (n=197)

AMK 13.7(10) 46(2)
AMP 82.2 (60) 72.7(32)
CAR 45.2(33) 431(19)
CEF 5.4 (4) 11. 3( )
CTX —

CIP 9.5(7) 9(4)
CHL 16.4 (12) 11.3(5)
GEN 5.4 (4) —
NET 1.3(1) 6.8(3)
NIT 10.9(8) 2.2(1)
NOR 6.8(5) 9(4)
SXT 28.7(21) 22.7(10)
NAL 23.2(17) 20.4(9)
TET 73.9 (54) 68.1(30)
CAZ J— J—

6.7(2) — 71(14)
60 (18) 98 (49) 80.7(159)
63.3(19) 80 (40) 56.3 (111)
26.6(8) 6(3) 101(20)
3.3(1) 2(1) 1(2)
43.3(13) 12(6) 15.2(30)
30(9) 12(6) 16.2(32)
16.6(5) 6(3) 6(12)
13.3(4) 2(1) 5(9)
— 4(2) 5 5(11)
46.6(14) 14(7) 15.2(30)
36.6(11) 22 (11) 26.9(53)
56.6(17) 20 (10) 26.9(53)
66.6(20) 46(23) 64.4 (127)
3.3(1) — 0.5(1)

Note: AMK, amikacin; AMP, ampicillin; CAR, carbenicillin; CEF, cephalothin; CTX, cefotaxime; CIP, ciprofloxacin;
CHL, chloramphenicol; GEN, gentamicin; NET, netilmicin; NIT, nitrofurantoin; NOR, norfloxacin; SXT, trimethoprim-
sulfamethoxazole; NAL, nalidixic acid; TET, tetracycline; CAZ, ceftazidime.

remove bacterial DNA, followed by the addition of
proteinase K (10 pL) and incubation for 10 min at 37 °C;
then 0.1 mL of SDS was added and incubated at 65 °C
for 30 min. The supernatant was mixed manually with
an equivalent volume of phenol-chloroform-isoamyl
alcohol (25:24:1) at room temperature and centrifugated
for 10 min at 13000g. The aqueous phase was mixed
with isopropanol and the pellet was washed with etha-
nol (70%) and centrifuged at 13 000g for 5 min; this wash-
ing process was repeated two more times. Finally, the
pellet was suspended in 50 pL of 10 mmol/L Tris-HCl
(Sekulovi¢ and Fortier 2016). To confirm the removal of
bacterial DNA, a PCR with the uidA gene was carried out
(Colomer-Lluch et al. 2014a). The purity and concentra-
tion of DNA were determined with a nanodrop spectro-
photometer (Quawell ¢5000) at an absorbance of 260 nm.

In vitro transduction

A mix of 10 pL of recipient strains (overnight culture)
and 10 pL of phage lysate was incubated for 30 min at 37 °C.
TSB was added to the mix and then incubated with shaking
for 2 h. TSA was centrifuged at 12 000 g for 3 min, the su-
pernatant was discarded and the pellet was resuspended
in 150 pL of Mueller-Hinton broth and poured in Mueller—
Hinton agar (Shousha et al. 2015). A Kirby-Bauer test was
performed according to the CLSI (2012). In addition, the
genes were confirmed through PCR as described in the
screening section of Materials and methods.

Results

Isolation and identification of E. coli from poultry
Sixty-one percent of the E. coli isolates in this study
were collected from poultry. The highest number of iso-
lates were from the municipality of Atlacomulco (37%),
followed by Jocotitldn (25.3%), E1 Oro (22.3%), and Ixtla-
huaca (15.2%). The frequency of E. coli isolates in poultry

species was 81.2% for chickens, 13.2% for ducks, and 5.6%
for turkeys.

Antimicrobial susceptibility

Most of the isolates were resistant to AMP (80.7%), fol-
lowed by TET (64.4%), CAR (56.3%), and finally NAL and
SXT (both 26.9%) (Table 2). With respect to poultry spe-
cies, 78.1% of E. coli isolates from chicken showed anti-
microbial resistance to AMP, followed by TET (68.7%),
SXT (26.8%), and NAL (25%). Similarly, 100% of E. coli iso-
lates from turkey were resistant to AMP, followed by
TET (63.3%), NAL (63.6%), and SXT (27.2%). In the case of
isolates from duck, 69.2% were resistant to AMP, 38.4%
to TET, 26.9% to SXT, and 23% to NAL (Table 2). Multire-
sistance was found in 66.6% of isolates from Ixtlahuaca,
58.8% from Atlacomulco, 50% from Jocotitldn, and 45.5%
from E1 Oro.

Detection of ARGs in E. coli isolates from poultry

Genes related to AMR against quinolones, sulfona-
mides, tetracyclines, and B-lactamics were found. The
blatgy gene was the most frequent ARG (56.3%), followed
by tetB (20.8%), tetA (19.2%), sulll (10.1%), gnrA (9.6%), sull
(9.5%), and finally qnrB (5.5%) (Table 3).

Bacteriophage isolation

Four bacteriophages were isolated from MDR bacterial
isolates collected from migratory birds (Anas crecca, Anas
acuta, Oxyura jamaicensis, and Spatula discors) (Table 4).
The bacteriophages titer ranged from 3.8 x 10° to 6.7 x
10° PFU/mL, and four ARGs were detected (Table 5).

Transduction

Phages were able to infect a total of 8/13 (61.5%) non-
resistant E. coli isolates from backyard poultry, 3
belonged to the municipality of El Oro (chicken) and 5
to Ixtlahuaca (1 from chicken and 4 from ducks), and a
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Table 3. Detected genes in poultry according to municipalities and species.

No. of isolates expressing gene in the municipality of:

Atlacomulco El1Oro Ixtlahuaca Jocotitlan

Gene CK TY DU CK TY DU CK TY DU CK TY DU
Blarem 55 - - 20 - - 9 4 3 15 2 3
tetA 21 - - 9 - - 3 - 4 1 1 1
tetB 30 - - 7 - - 1 1 2 3 1 1
qnrA 8 - - 8 - - 1 - - 1 - 1
qnrB 5 - - 1 - - - 1 - 3 1
sull 10 - - 6 - - - 1 - - -

sulll 10 - - 4 - - - 1 - 3 1 -

Note: CK, chicken; TY, turkey; DU, duck.

Table 4. Bacteriophage origin and phenotypic and genotypic profile of Escherichia coli isolates obtained from migratory wild
birds.

ID

Susceptibility test

Species AMK AMP CAR CEF CTX CIP CHL GEN NET NIT NOR SXT NAL TET sull

sulll tetA tetB blargy qnrA qniB

D1
D2
D3
D4
D5
De6
D7
D8
D9
D10
D11
D12
D13
D14
D15
D16
D17
D18
D19
D20
D21
D22
D23
D24

w»
w

Anas crecca*
Anas diazi
Mareca Americana
Unknwon
Mareca strepera
Anas acuta
Mareca strepera
Spatula clypeata
Spatula cyanoptera
Spatula clypeata
Anas acuta*

Anas acuta
Spatula cyanoptera
Spatula discors
Spatula discors
Spatula discors
Spatula discors
Spatula clypeata
Mareca strepera
Anas crecca
Oxyura jamaicensis* 1
Spatula discors* S
Oxyura jamaicensis S
Anas diazi S

NULVNLNLNLLNLLNLLNLLNLVLNVLWN
LTI II I I L LR VLU ERE— W
LU LRI F UL FnNULnuLn—FnNnunnnxgnno
NULLLLNNLNLNLLNLLLNLLNLNLLLLLLLnHnn®W
LNULUIINUNLNLNLLLLNLANIHNLLLLKnn V-
LUNHITHNDLNLNLNNLNLNLNLNLLNLVNV VW,
LI HINUNLNLNLLLLLNLLNHNLLLLLLNnnW
NLLVLLLNNLNLNLLLLLLNLNLNLNLLLNLLVVWV
N LUV UNLVNLVLNLLLLNLNLNLNLLLLnnnnWn
LI HINNLNLNLVLLLLNLLNHNLLLLLNVnW

— "IN LAy ununnunnxnx
+

VNI HINLNLNLNLNLNLNLNLLLANINLNLNLNLNLNLV KK
VNI HILOLLNL—= LN NLLNLLNLV—nK

Resistance (%) 0 30.7 346 1150 11576 115 0 0 115 11.5 15.3 19.2 41

- -+ 4+ + -

I
I
I
I+ +
I
I

I+ o+ 1
I I
I I
I+ + + +
I
I

12.5 12.5 8.3 41.6 125 41

Note: AMK, amikacin; AMP, ampicillin; CAR, carbenicillin; CEF, cephalothin; CIP, ciprofloxacin; CHL, chloramphenicol; GEN, gentamicin;
ID, identification; NOR, norfloxacin; SXT, trimethoprim-sulfamethoxazole; NAL, nalidixic acid; TET, tetracycline. S, sensitive; I, intermediate;
R, resistant; ARGs, antimicrobial resistance genes; +, gene present; —, gene absent.

*Bird species from which phages were isolated.

Table 5. Origin and characteristics of phage isolates.

E. coliisolate (ID)  Bird species Phage isolate (ID) Phage titer (PFU/mL) ARGs

D1 Anas crecca T1 4.2x10° tetB

D11 Anas acuta T11 6.5x10° qnrA

D21 Oxyura jamaicensis  T21 3.8x10° qnrA, sulll
D22 Spatula discors T22 6.7x10° tetB, blargm

Note: ID, identification. ARGs, antimicrobial resistance genes.
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Table 6. Lysogenic conversion of antimicrobial resistance genes (ARGs) and phenotypic expression.

Phenotypic Transduced Infected E. coli isolates Infected E. coli isolates (ID)
Phage ID AMR transduced ARGs from backyard poultry from wild birds
T1 CAR, TET tetB CK, D5, D12, D16
T11 GEN, NAL qnrA CK,, DUy, and CK;, D2, D8, D10, D24
T21 SXT, NAL sul2 + qnrA DUy, (2 isolates) D15, D23
T22 AMP, TET tetB + blagpy CK, and DUy, D6, D7

Note: ID, identification; AMR, antimicrobial resistance; CAR, carbenicillin; TET, tetracycline; GEN, gentamicin; NAL,
nalidixic acid; SXT, trimethoprim-sulfamethoxazole; AMP, ampicillin; CK,, chicken isolate from El Oro; CKy, chicken
isolate from Ixtlahuaca; DUy, duck isolate from Ixtlahuaca.

total of 11/14 (78.5%) non-resistant E. coli isolates from 6/9
(66.6%) wild birds species. Lysogenic conversion of 3/13
(23%) and 4/14 (28.5%) E. coli isolates from poultry and
wild birds, respectively, were observed with phage T11,
while phages T21 and T22 were able to infect 4/13 (30.7%)
isolates from poultry and 4/14 (28.5%) from wild birds
and expressed sulll, gnrA, tetB, and blargy genes. Finally,
the lysogenic conversion was detected in 1/13 (7.6%)
E. coli isolates from poultry and 3/14 (21.4%) with tetB
gene expressed (Table 6).

Discussion

Antimicrobial resistance has become a relevant focus
in human and veterinary medicine. Overdependence on
frequently used antibiotics in therapy and prophylaxis
of infectious diseases and as growth promoters in live-
stock has caused a selective pressure in the animals’ gut
microbiota (Okpara et al. 2018; Koga et al. 2015).

Escherichia coli is usually considered a beneficial com-
mensal of the gastrointestinal tract in animals; none-
theless, some strains of this microorganism can be
pathogenic and are responsible for colibacillosis in the
poultry industry (van Hoek et al. 2016). In this work, we
collected 197 E. coli isolates from rural and peri-urban
areas where poultry is in direct or indirect contact with
other animal species and humans. In similar studies,
MDR E. coli isolates were widespread in backyard pro-
duction units. For example, Okpara et al. (2018) found
49 extended-spectrum f-lactamase (ESBL)-producing
E. coli isolates from backyard animals including poultry
in Nigeria, while Armas-Freire et al. (2015) reported
246 E. coli isolates from poultry in a rural area from
Ecuador with a high frequency of AMR to quinolones.
A mix of several species including pigs, chickens,
turkeys, ducks, sheep, cattle, or horses are observed in
backyard production units; these animals are usually
employed as self-consumption or as a secondary eco-
nomic income. In general, these production units did
not have adequate biosecurity measures; moreover,
poor regulation of the sale of antibiotics and restricted
access to veterinary services can boost an inadequate
use of clinically relevant drugs by unqualified staff, trig-
gering the emergence of MDR bacteria (Amin et al. 2020;
Okpara et al. 2018).

The AMR frequencies to AMP reported by Kissinga
et al. (2018) in domestic ducks and backyards flocks in

Tanzania were similar to those of our study (81.3% and
80.7%, respectively). In contrast, they found higher re-
sistance than our study to SXT (75.8% and 26.9%, respec-
tively) and CFX (62.3% in their study and 1% in our
study). However, the resistance to TET was lower in their
work (59.3%) than in this investigation (64.4%). Such dif-
ferences could be attributed to particular aspects in the
management of antibiotics in human and veterinary
medicine.

Another investigation in Canada by Agunos et al.
(2019), found resistance to be lower in E. coli strains from
turkeys than reported in our work, specifically with
regard to AMP (43% and 100%, respectively) and NAL (4%
and 63%, respectively). Benklaouz et al. (2020) reported a
higher frequency of resistance in E. coli isolates from
poultry than we found our work for TET (68% and 80.6%,
respectively) and SXT (26.8% and 73.7%, respectively).
Differences in the management of agricultural produc-
tion units, including sanitization, use of antibiotics, or
production systems (but also differences in the way of
sampling) could explain the discrepancies observed in
several studies (Bertelloni et al. 2015; Brower et al. 2017).

On the other hand, several studies have discovered
MDR E. coli harboring virulence factors and ARGs with
clinical relevance in backyard poultry (Samanta et al.
2014). In our investigation, the blargy gene was found in
56.3% of isolates, while tetA was found in 19.2%, sull in
9.5%, qnrB in 5.5%, and qnrA in 9.6%. Similar frequencies
of the same genes have been reported in E. coli strains
isolated from domestic chickens in Iran (Staji et al. 2018)
and from broilers with septicemia in Egypt (Ahmed
et al. 2013). An important component in the fight
against AMR is the detection of ARGs in animal farms.
If we consider that E. coli is a normal commensal of
gut microbiota, the possibility to generate a genetic
exchange of ARGs or virulence genes between nearby
animal populations, such as wild birds, increases expo-
nentially (Lambrecht et al. 2019; Dolejska et al. 2007).

AMR to B-lactamics and tetracyclines has been reported
in isolates from the gut microbiome of wild birds
(Marcelino et al. 2019). In this study, the resistance to
AMP of E. coli isolates from wild birds is lower than
that reported by Shobrak and Abo-Amer (2014) in Saudi
Arabia (30.7% and 75%, respectively), to NAL according
to Hui et al. (2020) in Singapore (15.3% and 19.2%,
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respectively), and to TET reported in Brazil by Borges
etal. (2017) in E. coli isolates from wild birds and pigeons
(19.2% and 42.8%, respectively). In contrast, the resist-
ance to GEN was higher than reported by Rey et al.
(2016) from wild birds from illegal trade markets in
Rio de Janeiro (11.5% and 10.9%, respectively). However,
the resistance to SXT and CIP was comparable than
informed by Hui et al. (2020) in E. coli isolates from
resident wild birds recovered from urban areas and rec-
reational parks. There is a close link between anthropo-
genic activities and the acquisition of AMR in migratory
birds from aquatic ecosystems.

In this study, we detected that 41.6% of E. coli isolates
from wild birds harbored blargy; 12.5% sulll, tetA, and
qnrA; 8.3% tetB; and 4.1% both sull and gnrB. Previous
investigation, have reported the occurance of the same
ARGS in E. coli strains of wild birds situated in rivers
around areas with agricultural and livestock activities
and near sewage treatment plants (Dolejska et al. 2007;
Marcelino et al. 2019).

Aquatic ecosystems serve as one of the main reser-
voirs and trafficking routes of ARGs and virulence fac-
tors amid wildlife and anthropogenic activities, while
migratory birds spread them in other ecosystems and
other animal species, including humans that have con-
tact with polluted water or through the food chain
(Anand et al. 2016; Muniesa et al. 2013; Bonnedahl and
Jarhult 2014).

Ciénega Chimaliapan is a wetland used as a stopover for
North American migratory wild birds for the fall-winter
period. High pollution with organic and inorganic waste is
observed, since the region is surrounded by several towns
with farming and industrial activities; therefore, it is a
place that supports the emergence and exchange of MDR
microorganism and phages harboring ARGs (Sedefio-Diaz
and Lépez-Lopez 2007; Herndndez-Colina et al. 2018;
Anand et al. 2016).

We identified 4 phages obtained in MDR E. coli isolates
from wild migratory birds (Anas crecca, Anas acuta, Oxyura
jamaicensis, and Spatula discors). Previous research in this
wetland by Ramirez-Martinez et al. (2018) discovered at
least six bacteriophages families (Myoviridae, Spihoviridae,
Podoviridae, Ackermanviridae, Inoviridae, and Microviridae)
from feces of similar migratory wild bird species (Anas
acuta, Mareca americana, Oxyura jamaicencis, Spatula clypeata,
Spatula cyanoptera, and Spatula discors); however, no ARGs
from these phages were reported. Another study in a wet-
land in India illustrated a high diversity of phages from
4 families (Microviridae, Myoviridae, Podoviridae, and
Siphoviridae) in the feces of waterfowl (Anas platyrhynchos)
(Fawaz et al. 2016). These investigations confirm the
ubiquity of bacteriophages in polluted aquatic environ-
ments with organic waste from livestock and agricul-
tural activities and the relevance of these ecosystems in
the transmission of ARGs (Calero-Cdseres et al. 2019).

The findings of many studies support the potential
for bidirectional transmission of ARG-bearing phages
between domestic and wild birds, for example, when
wild birds feed and defecate on agricultural soils
(Elmberg et al. 2017). In this study, the phages were able
to infect 11 E. coli from 4 wild bird species (Mareca
strepera, Anas acuta, Spatula discors, Anas diazi, Spatula
clypeata, and Oxyura jamaicensis). Curiously Ross and
Topp (2015) reported phages with ARGs in agricultural
soils, rivers, wetlands, and other areas near urban popu-
lations that are geographic stopovers for migratory
birds (Marcelino et al. 2019) and points where phages
display a great diversity of ARGs (Colomer-Lluch et al.
2014a; Marti et al. 2014).

An indirect (wastewater treatment plant, grassland)
or direct (interaction with other species) relationship
among migratory wild birds harboring phages with
ARGs and backyard poultry farms in rural or peri-urban
areas allows the pollution of food and drink of poultry
(chicken, ducks, and turkeys) with feces of wild birds,
thereby creating a cycle of dissemination of these genes
(Kobayashi et al. 2009; Elmberg et al. 2017; Fawaz et al.
2016).

In this work, 8 bacterial isolates from backyard poultry
(4 from chicken and 4 from ducks) were infected by
phages. Lima et al. (2017) discovered phages in the fecal
virome from apparently healthy chickens from poultry in
Brazil, while Sharma et al. (2020) detected phages in ESBL-
producing E. coli in poultry; usually the coding genes of
these proteins are linked with mobile genetic elements,
including phages.

Multiple studies have shown that ARGs-bearing phages
are relatively common in different environments as well
human and animal microbial communities (Muniesa and
Jofre 2000). Our work recorded a density of 3.8 x 10° to
6.7 x 10° PFU/mL of E. coli phages from wild birds. Calci
et al. (1998) reported different densities of phages from
domestic animals (4.4 x 10° to 1.1 x 10’ PFU/mL) and water-
fowl (44 x 10° to 5.9 x 10° PFU/mL). Furthermore,
Muniesa and Jofre (1998) determined the density of envi-
ronmental phages from wastewater treatment plants in
Spain to be 1.8 x 10* to 2.5 x 10* PFU/mL.

The phages included in this work encompassed ARGs
(tetB, gnrA, sulll, and blargy) that have been described in
the fecal virome of humans and animals. For example,
in China, Yang et al. (2020) detected sull and sulll genes
in phages from broilers and laying hens. Other investi-
gations reported gnrA, sull, and blatgm genes inserted
into the phages genome in rivers polluted by human
and animal waste, slaughterhouse wastewater (from
cattle and poultry), and wastewater treatment plants
(Colomer-Lluch et al. 2011, 2014a, 2014b).

Bacteriophages could play a starring role as reservoirs
of ARGs with clinical relevance. For example, Subirats
et al. (2016) detected blargy incorporated in phages from
residual water samples from a hospital in Spain. Quirés
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et al. (2014) reported the isolation of phages with blargy
and gnrA in human fecal samples. Finally, the sull, blargy,
and qnrA genes harbored by phages of 3 different fami-
lies could be detected before and after a regimen with
ciprofloxacin in fecal human samples (Ferndndez-Orth
etal. 2019).

Several investigations mention that animals and
humans apparently healthy (with or without antibiotic
treatments) excrete phages that carry numerous ARGs
and these can be disseminated in aquatic ecosystems
(rivers, swamps, and wastewater treatment plants) where
wild birds can attain them and spread them constantly
during migration (Quirés et al. 2014; Ferndndez-Orth et al.
2019; Elmberg et al. 2017; Calero-Cdseres et al. 2019).

Aquatic ecosystems can be strategic sites where trans-
duction and lysogenic conversion take place and con-
tribute to the emergence of new MDR strains. In this
investigation, phage T22 transduced the tetB and blargy
genes to 4 recipient isolates (2 from backyard poultry
and 2 wild birds), and T1 transduced the tetB gene to
1 E. coli isolate from backyard poultry and 3 isolates
from wild birds. All recipient isolates showed lysogenic
conversion. Shousha et al. (2015) reported the lysogenic
conversion of 5 E. coli reference strains employing
phages collected from chicken meat carrying tetA and
blarpy genes. Another example is the transduction of a
pSTS7-like resistance plasmid that confers resistance
against tetracyclines and aminoglycosides to Staphylo-
coccus aureus and Staphylococcus sciuri through phage
$»879 obtained from S. sciuri (Zeman et al. 2017).

Four E. coli isolates (2 from backyard poultry and
2 from wild birds) showed lysogenic conversion when
sulll and qnrA genes were transduced by phage T21.
Muniesa et al. (2011) pointed out that successful environ-
mental transduction depends on adequate concentra-
tions of phage and bacteria, an optimal bacterial
physiological state, and suitable environmental condi-
tions. Additionally, Colavecchio et al. (2017) suggest that
some phages are more prone to acquire and disseminate
certain ARGs in different ecosystems. We also found
that 7 E. coli isolates (3 from backyard poultry and 4 wild
birds) were lysogenized by phage T11 that harbored
the gnrA gene. The incorporation of ARGs and virulence
factors to bacterial strains through the transduction
phenomenon provide conditions for the emergence of
new pathogen strains (Eichhorn et al. 2018).

The bacteriophage’s proficiency to transport and
spread ARGs and virulence factors in different environ-
ments is an epidemiological risk for people that live
daily in animal production units, especially those
who live in rural and peri-urban areas. For example,
Eichhorn et al. (2018) carried out an experiment in
which stx genes were successfully lysogenized to 3 atypi-
cal enteropathogenic E. coli (murine, human, and bovine)
with zoonotic potential using the phage $3538 Astx,:cat
that was present in isolates of enterohaemorrhagic E. coli.
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Other investigation demonstrated that commensal E. coli
from children and adults were lysogenized by phage
®734, which harbors the stx2 gene (Iversen et al. 2015). It is
evident that phages have a significant performance in
bacterial diversity, ecology, and evolution.

Finally, this work is the first to demonstrate the
in vitro transduction phenomenon of ARGs between
phages from migratory wild-birds and poultry E. coli iso-
lates and show the need to include and broaden studies
in backyard poultry farms and wildlife as well as moni-
tor the dissemination route of phages with ARGs related
to AMR.
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