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Abstract

Colonization of chicken gut by pathogenic Escherichia coli harboring mobile colistin resistance (mcr-1) gene is a huge public
and animal health risk. This study was undertaken to evaluate colistin (COL) resistance transfer potentials and pathogenicity
of mcr-1-positive E. coli isolates from chickens in Southeastern Nigeria (SEN). In vitro mcr-1/COL resistance transfer of 22
mer-1-positive E. coli isolates was assayed by conjugation test. A 1:1 v/v broth culture containing 1x 10% colony-forming
unit/mL of each test isolate (donor) and sodium azide—resistant E. coli J53 (recipient) was mated overnight at 37 °C in nutri-
ent broth (NB), and transconjugants were selected on MacConkey agar containing COL (4 pg/mL) and sodium azide (150
pg/mL). Four groups of 10 healthy 1-week-old chickens devoid of COL-resistant organism were orally inoculated with 0.5
mL of 1x 10® cfu/mL broth culture of three strains of mcr-1-positive E. coli and E. coli J53, and one unchallenged group
was used as a control. Clinical signs were monitored regularly and recorded. Periodically collected cloacal swab samples
and organs obtained from animals sacrificed 21 days post-experimental challenge were cultured on selective media and iso-
lates were characterized. Pathogenicity of the donors in the birds was assessed grossly and histomorphologically. Fifty-nine
percent of the 22 mcr-1-positive isolates transferred COL resistance to E. coli 153 at a frequency of 5.0x 107 to 4.5x 107°.
Histopathologically, no lesion was observed in tissue sections of birds in the control group. But in the challenged birds, the
liver had mild hyperaemia, hepatocyte degeneration/necrosis, and mononuclear cell aggregation. Their spleen had moderate
to severe hyperaemia with reactive white pulp while their heart revealed mild to moderate hyperaemia, oedema of myo-
cardial interstices, multifocal areas of myocardial fiber necrosis, and mononuclear cell infiltration. Potentially pathogenic
mcr-1-positive E. coli is spreading COL resistance among Enterobacterales colonizing the gut of chickens in SEN and this
has clinical and public health significance.
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Introduction

Escherichia (E.) coli is a normal inhabitant (commensal
bacterium) in the gut of humans and animals, including
poultry, but opportunistically it causes intestinal and several
extraintestinal disease syndromes (Nolan et al. 2020). Avian
pathogenic E. coli (APEC), especially the antimicrobial-
resistant strains, is a major troubling zoonotic pathogen
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within the poultry industry (Collingwood et al. 2014). The
pathogenicity of APEC is associated with the carriage of
virulence-associated genes (VAGs), but E. coli strains not
carrying VAGs have also been associated with diseases in
poultry birds (Collingwood et al. 2014; Koutsianos et al.
2021).

Colistin (COL) is a critically important last-resort antibi-
otic of the highest priority used for treating deadly infections
caused by multidrug-resistant (MDR) and extensively drug-
resistant (XDR) Gram-negative bacilli in human and ani-
mals. Before 2015, bacterial resistance to COL was thought
to be only by mutations in the chromosomal genes such as
pmrAB, phoQP, and crrAB, and therefore transferred only
vertically among a clone and thus by its very nature rare and
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self-limiting (Carretto et al. 2018; Anyanwu et al. 2021a). In
late 2015, it was discovered that a plasmid-mediated COL
resistance determinant, mobile COL resistance (mcr-1)
gene is threatening the clinical efficacy of COL (Liu et al.
2016). Currently, ten mcr genes (mcr-1 to mcr-10) have
been described (Valiakos and Kapna 2021). Due to the pro-
miscuous nature of conjugative plasmids, a plasmid-borne
mcr gene confers horizontally transmissible COL resistance
unlike mutations in chromosomal genes, chromosomally-
borne mcr, and non-conjugative plasmid-borne mcr genes
that are only vertically transferred in a bacterial clone
(Anyanwu et al. 2021b). The mcr-1 is the most frequently
detected plasmid-encoded COL resistance determinant, and
reports from across the globe have shown that E. coli is the
major trafficker of mcr-1 (Valiakos and Kapna 2021). The
presence of transferable mcr-1 in E. coli colonizing poultry
bird, meat, or environment is a huge zoonotic risk to public
and animal health as it jeopardizes antimicrobial therapy.
Colistin-resistant (COL-r)/mcr-1-positive organisms are
potentially multi- to pandrug-resistant, thus exhibiting resist-
ance to virtually all available antibiotics thereby making their
treatment difficult and often resulting in high morbidity, hos-
pitalization cost, and fatality (McGann et al. 2016). Disturb-
ingly, COL-r E. coli, especially the mcr-positive strains, is
one of the major causes of deadly infections associated with
loss of more than 700,000 human lives per annum worldwide
(Neill 2014; Anyanwu et al. 2021b).

APEC causes avian colibacillosis which causes consider-
able economic and welfare problems attributed to its frequent
occurrence and its adverse effects on growth and health (Ask
et al. 2006). Clinically, colibacillosis in birds is characterized
by respiratory signs, growth retardation, reduced feed intake,
and increased mortality (Ask et al. 2006; Nolan et al. 2020).
Air sacculitis and fibrinous polyserositis (pericarditis, peri-
hepatitis, and peritonitis) are the main gross lesions, and
septicaemia (colisepticaemia/haemorrhagic septicaemia),
sometimes acute, is also common with many other uncom-
mon lesions (Nolan et al. 2020). Colibacillosis causes con-
demnation of infected carcasses at slaughter, and increased
prophylaxis and treatment cost and mortality (Ibrahim et al.
2019). These negative outcomes are aggravated if COL-r
E. coli, especially an mcr gene-harboring strain, is incrimi-
nated in the disease. This is because possession of plasmid-
borne mcr gene often confers survival fitness cost enabling
the organisms to grow even in the presence of antimicrobial
agents (Anyanwu et al. 2021b).

The use of COL in the Nigerian poultry sector, includ-
ing in SEN, is not controlled (Anyanwu et al. 2021a, c),
and there is increasing reports of treatment failure and
increased mortality in cases of avian colibacillosis in Nige-
ria (Okorafor et al. 2019; Anyanwu et al. 2021a). Transfer
of plasmids bearing VAGs and/or resistance genes from
APEC to avian commensal E. coli has been shown to
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confer virulence (Cummins et al. 2017). This can poten-
tially increase the losses due to outbreak of hard-to-treat
diseases associated with COL resistance in poultry. Thus,
there is need to understand the transferability of COL
resistance and pathogenicity of Enterobacterales recovered
from the poultry sector. In available literature, there exists
European (Veldman et al. 2016; Alba et al. 2018; Quesada
et al. 2016; Gelbicova et al. 2019), Asian (Lim et al. 2016;
Sun et al. 2016; Azam et al. 2017; Yamaguchi et al. 2018),
South American (Lentz et al. 2016; Dominguez et al. 2018;
Loayza-Villa et al. 2019), and African (Perreten et al. 2016;
Maamar et al. 2018; Saidani et al. 2019) studies on in vitro
transferability of mcr-1/COL resistance by Enterobacterales
isolated from poultry. But information about COL resist-
ance transfer by mcr gene-positive isolate from the Nige-
rian poultry sector is lacking in the literature. Moreover,
there is paucity of information on in vivo transferability of
mcr-1/COL resistance and pathogenicity/virulence of mcr-1
gene-harboring organisms (Le Devendec et al. 2018; Shen
et al. 2019). Assessing the transferability of mcr-1 gene
and pathogenicity of mcr-1-positive isolates is important in
understanding the epidemiology and impact of COL resist-
ance and devising effective strategies for curbing the spread
of mcr genes. The objective of this study, therefore, was
to evaluate the in vitro and in vivo mcr-1/COL resistance
transfer and pathogenicity of mcr-1-postive E. coli isolates
from chickens at farms in Southeast Nigeria.

Materials and methods

Colistin resistance transfer by mcr-1-positive E. coli
isolates from chickens

Bacterial strains

Test or donor strains consisted of 22 multidrug-resistant and
COL-r mcr-1-positive E. coli of diverse lineages recovered
in 2018 from feces/rectal swabs of clinically healthy
chickens at farms in SEN (Anyanwu et al. 2021a). Stock
cultures of these isolates were sub-cultured on MacConkey
agar (MCA) containing COL (4 pg/mL) and incubated at 37
°C for 18 h to ascertain purity. Recipient strain consisted of
E. coliJ53. E. coli J53, a plasmid-free E. coli strain without
any acquired antimicrobial resistance but resistant only to
sodium azide salt (Matsumura et al. 2018).

In vitro assay of colistin resistance transfer
by the mcr-1-positive E. coli isolates

Ability of the 22 mcr-1-positive E. coli isolates to transfer
COL resistance was assessed by conjugation assay (liquid/
broth mating) following protocols described by Drali et al.
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(2018) with slight modification. Briefly, the recipient strain
was sub-cultured on MCA supplemented with 150 pg/mL
sodium azide (Dominguez et al. 2018) to ascertain for its
purity. Colonies of each of the donors and that of the recipi-
ent were then inoculated into a 2-mL double-concentrated
nutrient broth (NB) and adjusted to 0.5 McFarland’s tur-
bidity to make a final concentration of 1x 10% cfu/mL. The
broth cultures were incubated for 3 h (mid-logarithmic
growth stage) at 37 °C in ambient air. Thereafter, 0.5 mL of
the donor’s broth culture and 0.5 mL of the recipient’s broth
culture (1:1 v/v) were added to a 2-mL double-concentrated
NB, and then incubated at 37 °C for 24 h in ambient air for
conjugation. Transconjugants were selected by inoculating
a loopful (10 pL) of the broth cultures on MCA containing
COL (4 pg/mL) and sodium azide (150 pg/mL) followed by
incubation at 37 °C for 48 h in ambient air. Presence of a
colony on the selective agar was considered positive for con-
jugation. The conjugation (horizontal gene transfer [HGT])
frequency was calculated using the formular described by
Lee (2019):

N,

colony
HGT Frequency =
Vincubation x Checipient X tincupation
where N, is number of transconjugant colonies on COL-

supplemented selective agar plate, V,,..puion 15 VOlume of the
donor-recipient co-incubation cell suspension liquid that was
used in spreading on the surface of COL-supplemented agar
medium plate, C,, ., 1S concentration of recipient cells
in the co-incubation liquid, and ¢ is donor-recipient
co-incubation time.

The parental mcr-1-positive E. coli isolates were classi-
fied into three groups based on the HGT frequency (abun-
dance of transconjugant colonies) as follows: group 1—one
colony; group 2—-two to four colonies; and group 3—five
or more colonies. Isolates in group 3 (i.e., with highest
HGT frequency) were selected and used for in vivo COL
resistance transfer experiment. The transconjugants were
sub-cultured on MCA and incubated at 37 °C for 24 h in
ambient air. They were inoculated on nutrient agar slant,
incubated at 37 °C for 24 h and stocked at 4 °C in the refrig-
erator until needed for further tests.

incubation

Evaluating non-polymyxin resistance cotransfer
by the mcr-1-positive E. coli isolates

Co-resistance of transconjugants against non-polymyxin
antibacterial agents was assessed using disk diffusion
method (Clinical and Laboratory Standards Institute
[CLSI] 2020). Briefly, colony suspension of the paren-
tal isolates and the transconjugants was made as previ-
ously described and spread-inoculated on Mueller—Hinton
agar. Disks impregnated with gentamicin (CN, 10 pg),

sulphamethoxazole-trimethoprim (SXT, 25 ug), and cipro-
floxacin (CIP, 5 pg) were placed strategically on the inocu-
lated plates and incubated at 37 °C for 24 h aerobically. The
inhibitory zone diameter (IZD) around each disk was meas-
ured with a meter rule. Each test was performed in duplicate
and the average IZD was calculated to the nearest whole mil-
limeter (mm) for each isolate and each antibacterial agent.
The IZD was interpreted as susceptible, intermediately sus-
ceptible, or resistant according to the recommendations for
Enterobacterales (CLSI 2020).

In vivo assay of colistin resistance transfer
by the mcr-1-positive E. coli isolates

Ethical clearance

The experiment was performed in accordance with the
revised version of the Animals Scientific Procedures Act of
1986 for the care and use of animals for research purposes
and the protocol was reviewed and approved (reference num-
ber: FVM-UNN-IACUC-2020-0138) by the Institutional
Animal Care and Use Committee (IACUC) of the Faculty of
Veterinary Medicine, University of Nigeria. The experiment
was conducted in the animal facilities of the Department of
Animal Health Production and Department of Veterinary
Pathology and Microbiology, Faculty of Veterinary Medi-
cine, University of Nigeria. Strict biosecurity measures were
implemented to avoid contamination of the birds, includ-
ing the use of unit-specific clothes/gloves, and compulsory
handwashing/showering after visiting the birds.

Experimental animal

Forty 1-day-old chicks were obtained from a day-old chick
distributor in Nsukka, Southeast Nigeria. Cloacal swab was
collected from each of the bird upon arrival (day 0). Chick
starter’s mash (Top feed®) and water were provided for them
ad libitum. They were acclimatized for 1 week in the ani-
mal house of the Department of Animal Health Production
in Faculty of Veterinary Medicine, University of Nigeria.
During the acclimatization period, cloacal swabs were also
collected from the chicks at mid-acclimatization period (day
4), and the end of acclimatization (day 7). The swabs were
inoculated on MCA supplemented with COL (4 pg/mL) and
incubated at 37 °C for 24—48 h in ambient air. Birds whose
cloacal swabs were consistently negative for COL-r organ-
isms in the 3 screening days were selected and used for the
experiment.

Pathogens and preparation of inoculum

Three parental mcr-1-positive E. coli isolates with the
highest HGT frequency—EC602 (ST126/CC10), EC400
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(ST746/CC10), and EC100 (ST398/CC398)-served as
donors of mcr-1/COL resistance while E. coli J53 served
as the recipient. From MCA, colonies of each of the donor
and the recipient were picked and inoculated into a 2-mL
double-concentrated NB. The broth culture was adjusted to
0.5 McFarland’s turbidity to make a final concentration of
1 x 108 cfu/mL. The suspension was then incubated at 37 °C
for 3 h in ambient air.

Animal groups and infection

The 40 1-week-old chicks negative for COL-r organisms
were randomized into four groups of 10 chicks per group.
Group 1, 2, and 3 were inoculated orally with 0.5 mL of
3-h broth culture of the recipient and 0.5 mL of 3-h broth
culture of the donors (1:1 v/v) as follows: group 1-E. coli
EC602 + E. coli 153; group 2-E. coli EC400+ E. coli J53;
and group 3-E. coli EC100+ E. coli ]53. Group 4 was simi-
larly dosed with 1 mL of sterile double-concentrated NB and
served as the control.

Clinical observation, sample collection, bacterial
culture, and histopathology

The physical condition, morbidity, and mortality, if any,
of the birds were observed and recorded for 21 days post-
infection (dpi). Cloacal swabs were collected from seven
randomly selected members of each group on day 2, 7, 14,
and 21 post-infection (p.i.). To select for transconjugants, the
swabs were inoculated on MCA supplemented either with
COL (4 pg/mL), sodium azide (150 pg/mL), or combination
of COL (4 pg/mL) and sodium azide (150 pg/mL). Inocu-
lated plates were incubated at 37 °C for 24—48 h in ambient
air. Growths were recorded and different morphotypes noted.
For each sample, one distinct colony was picked, inoculated
on MCA and incubated at 37 °C for 24 h in ambient air. The
isolates were confirmed as E. coli by subjecting them to
Gram staining, urease, citrate and triple sugar iron agar tests,
and sub-culturing on eosin methylene blue agar.

At the termination of the experiment (21 dpi), the birds
were euthanized using intramuscular injection of keta-
mine hydrochloride at 0.5 mg/kg body weight. Postmor-
tem examination of the birds was carried out following the
standard protocol (Bello et al. 2012). The severity of coli-
bacillosis lesions in the right thoracic air sac, left thoracic
air sac, pericardium, and liver, if any, was scored macro-
scopically following the criteria described by van Eck and
Goren (1991). The criteria were as follows: O=no lesions;
0.5 =one pin head-sized inflammatory spot; 1 =two or
more pin head—sized inflammatory spots; 2 = various fibrin-
ous patches; while 3 =extensive fibrination and exudation.
The maximal score per bird was 12. Mean lesion scores per
group were calculated (van Eck and Goren 1991).
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Sections of internal organs (intestines, spleen, heart, and
liver) were collected in duplicates, one fixed in 10% buffered
formalin and processed for histopathology whereas the other
was unfixed-fresh tissue sample processed for bacterial iso-
lation. The formalin-fixed tissues were embedded in paraffin,
sectioned to 5 pum thickness, stained with hematoxylin and
eosin, and examined microscopically under varying mag-
nifications according to the standard procedure (Bancroft
and Cook 1994). The fresh tissue samples were inoculated
on MCA supplemented with either COL (4 ug/mL), sodium
azide (150 pg/mL), or combination of COL (4 pg/mL) and
sodium azide (150 pg/mL), and incubated at 37 °C for 24
h. Isolates were confirmed as E. coli by using standard tests
mentioned above.

Data analysis

The results of the various tests were curated in Microsoft
Excel version 15.0 and analyzed descriptively.

Results

In vitro COL resistance transfer by the mcr-1-positive
E. coli isolates

Out of the 22 mcr-1-positive E. coli, 13 (59.1%) success-
fully transferred COL resistance to E. coli J53, with transfer
frequency ranging from 5.0x 10~ to 4.5x 107 (Table 1).
Five (38.5%) of these 13 strains transferred COL resistance
at a frequency of 5.0x 1075, while four (30.8%) transferred
at a frequency of 1.5x 107°.

Non-polymyxin coresistance transfer
by the mcr-1-positive E. coli isolates

Out of the 13 strains that successfully transferred COL
resistance, none cotransferred resistance against CN, SXT,
and CIP with COL resistance.

In vivo COL resistance transfer by the mcr-1-positive
E. coliisolates

Atday 2 p.i., 42.9% (3/7) and 57.1% (4/7) of birds in group
1 and 3 were colonized by COL-r E. coli, respectively
(Table 2). By day 7 p.i., transconjugant (E. coli that grew
on medium containing both COL and sodium azide) was
recovered from 28% (2/7) of birds in group 1. On the same
day, 57.1% (4/7) of birds in group 1, and 42.9% (3/7) of
birds in group 2 and 3, were colonized by COL-r E. coli. By
day 21 p.i., transconjugant was also recovered from 28.6%
(2/7) of birds in group 3, while only one bird (14.3%, 1/7) in
group 1 was colonized by COL-r E. coli on that day. COL-r



Comparative Clinical Pathology (2022) 31:323-332

327

Table 1 Colistin resistance transfer frequency of mcr-1-positive Escherichia coli from chickens in Southeast Nigeria

S/N Strain Antimicrobial resistance profile Number of COL resistance transfer

- - transconjugant colonies frequency per donor cell
Parental strain Transconjugant

1 EC49 AMP,CIP,CN,LVX,PIP,TOB,SXT,COL COL 1 5.0x1077

2 EC602 AMP,CIP,CN,LVX,PIP,TOB,SXT,COL COL 5 2.5%107°

3 EC603 AMP,CIP,CN,LVX,PIP,TOB,SXT,COL COL 3 1.5x107°

4 EC131-A AMP,CIP,CN,LVX,PIP,TOB,SXT,COL COL 2 1.0x107°

5 EC700 AMP,CIP,CN,LVX,PIP,TOB,SXT,COL COL 3 1.5x107°

6 EC100 AMP,CIP,CN,LVX,TOB,COL COL 7 3.5%x107°

7 EC160 AMP,CIP,CN,LVX,PIP,TOB,SXT,COL COL 1 5.0x1077

8 EC540 AMP,CIP,LVX,PIP,SXT,COL COL 3 1.5x107°

9 EC11-A AMP,CIP,CN,MER,PIPTAZ,SXT,COL COL 1 5.0x1077

10 EC400 AMP,CIP,CN,LVX,PIP,TOB,SXT,COL COL 9 4.5%107°

11 EC18 AMP,CN,PIP,TOB,SXT,COL COL 1 5.0x1077

12 KL13 AMP,CIP,CN,LVX,PIP,TOB,SXT,COL COL 3 1.5x107°

13 KL37 AMP,CIP,CN,LVX,PIP,TOB,SXT,COL COL 1 5.0x1077

COL colistin, AMP ampicillin, CIP ciprofloxacin, CN gentamicin, PIP piperacillin, LVX levofloxacin, MER meropenem, PIPTAZ piperacillin-

tazobactam, TOB tobramycin, SXT sulphamethoxazole-trimethoprim

Proteus was also isolated from some birds in group 1 and 2
on day 2 and 7 p.i., respectively.

Pathology of mcr-1-positive E. coli
in experimentally-infected chickens

No observable clinical signs were recorded in the birds.
No gross lesions were observed in birds from infected
and the control groups. No organism was isolated from

extraintestinal organs of the infected birds. Histologic
examination of organs from the different groups showed
mild to moderate changes in these organs. The liver was
mildly hyperaemic in group 1 while it was moderately so
in group 2 and 3 birds (Fig. 1). The periportal hepatocytes
degeneration/necrosis was mild in group 1, while it was
moderate in groups 2 and 3. In addition, there were mul-
tifocal areas of hepatocytes necrosis and mononuclear cell
aggregation which was also mild in group 1 but moderate in

Table 2 Recovery of

. . Days post- Group (donor ID)  Growth on supplemented agar (number of birds positive/total
transgonjugants.from Cthl.(eI]S infection number of birds sampled, %)
experimentally infected with
mecr-1-positive E. coli isolates Colistin (4 pg/mL)  Colistin (4 pg/mL) and No antimicrobial
from chickens and E. coli J53 sodium azide (150 pg/mL)
2 1 (EC602) +(3/7,42.9)* - +(7/7, 100)
2 (EC400) - - +(6/7, 85.7)
3 (EC100) +(4/7,57.1) - +(7/7, 100)
4 (Control) - - +(7/7, 100)
7 1 (EC602) +(4/7,57.1) - -
2 (EC400) +(3/7,42.9)* - +(7/7, 100)
3 (EC100) +(3/7,42.9) - +(7/7, 100)
4 (Control) - - +(6/7, 85.7)
14 1 (EC602) +(3/7,42.9) +(2/7, 28.6) +(6/7, 85.7)
2 (EC400) - - +(7/7, 100)
3 (EC100) +(2/7, 28.6) - +(7/7, 100)
4 (Control) - - +(7/7, 100)
21 1 (EC602) +(1/7, 14.3) - +(7/7, 100)
2 (EC400) - +(2/7, 28.6) +(7/7, 100)
3 (EC100) - - +(7/7, 100)
4 (Control) - - +(7/7, 100)

ID identity, + positive growth,— no growth, * Proteus present in culture
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Fig.1 Liver section of chickens experimentally infected with mcr-
1-positive E. coli (EC400/CC10 and EC100/CC398). Note multifo-
cal areas of hepatocellular necrosis and mononuclear cell infiltration
(arrows). CV central vein. H&E stain x 100

groups 2 and 3. None of these changes was observed in the
liver sections of birds in the control (group 4). The spleen
sections of birds in group 2 were moderately to severely
hyperaemic. The white pulp was moderately reactive in the
same group (Fig. 2). These changes were absent in the other
infected groups (1 and 3) and the control (group 4). Sec-
tions of the heart were mildly (in groups 1 and 2) to mod-
erately (in group 2) hyperaemic (Fig. 3). There was mild

to moderate edema of the myocardial interstices in all the
infected groups. There were multifocal areas of myocardial
fiber necrosis and mononuclear cell infiltration. The changes
mentioned were absent in the carcasses of birds from the
control (group 4).

Discussion

Recovery of transconjugants in the conjugation assay in this
study indicates that mcr-1-positive E. coli strains colonizing
chickens in SEN have potentials to transfer mcr-1 gene. The
5.0 1077 to 4.5x 10~° conjugation frequency observed in
this study indicates that the E. coli isolates transferred mcr-1
to the recipient organism by HGT at a high frequency. This
suggests that mcr-1-harboring E. coli in chickens in SEN
could potentially disseminate mcr-1 to other organisms in
the chicken gut at a considerable frequency. Previous studies
on conjugation with mcr-1-positive E. coli from chickens
recorded different conjugation frequencies ranging from
2.6x107" to 5.1x 1072 in Spain (Queseda et al. 2016) and
5.1x1073t0 9.4 x 1073 in Vietnam (Yamaguchi et al. 2018).
Yang et al. (2017) and Loayza-Villa et al. (2019) reported
conjugation frequencies of 2x 10~ and 1 x 10~* among mcr-
1-positive E. coli isolates from chickens, respectively. Dif-
ferences in conjugation frequencies could be due to ratio of
donor to recipient organism used in the studies, and/or type
of plasmid carrying the mcr-1 in the isolates (Potron et al.
2014; Tendon Valérie et al. 2017). It has been reported that
various plasmids transfer mcr-1 to recipient organisms at
different frequencies (Shen et al. 2019).

Fig.2 Splenic tissue of birds experimentally infected with mcr-1-positive
E. coli (EC400/CC10). Note the reactive white pulp (WP) and hyperae-
mia of the red pulp (RP). Also note the thickened arteriole (arrow). H&E
stainx 100
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Fig.3 Section of heart tissue of birds experimentally infected with
mcr-1-positive E. coli (EC602/CC10 and EC400/CC10). Note mul-
tifocal necrosis of myocardial fibers (N) and infiltrated mononuclear
cells in the interstitial spaces (arrows) which are also oedematous
(asterisks). H&E stain x 100
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Recovery of 13 (59.1%) transconjugants among 22 paren-
tal mcr-1-positive E. coli isolates in this study supports that
mcr-1 was carried on conjugative plasmid(s) in more than
half of the isolates. Transfer of mcr-1 gene to a recipient
organism could result in increased fold of COL resistance
in the transconjugants (Sun et al. 2016; Yang et al. 2016).
Thus, the 59.1% transconjugant recovery rate in this study
is worrisome as development and spread of COL resistance
in many poultry farms in SEN will result in a public health
crisis that might be difficult to control. Considering that the
poultry sector contributes hugely to the Nigerian economy,
outbreak of colibacillosis associated with COL-r and mcr-
1-harboring E. coli would result in huge economic loss,
including increased unemployment rate and malnutrition.

The 59.1% transference in this work is significantly higher
than 9.8% COL resistance transference rate among mcr-1-
positive E. coli isolates from poultry birds in Bangladesh
(Amin et al. 2020). It is however lower than 76.9—-100% COL
resistance transference rate among mcr-1-positive E. coli iso-
lates from chickens/chicken meats in European (Veldman et al.
2016; Alba et al. 2018; Queseda et al. 2016) and Asian (Lim
et al. 2016; Yamaguchi et al. 2018) countries. The result how-
ever contrasted the reports of Perreten et al. (2016), Hornsey
et al. (2019), and Saidani et al. (2019) who did not recover any
transconjugant among mcr-1-positive E. coli from chickens.
Differences in the transference rate could be due to the recipi-
ent strain or methodology used in the studies (Hunter et al.
2008; Liu et al. 2018).

However, 9 (40.9%) out of the 22 mcr-1 donors used in
this study did not transfer COL resistance to the recipient E.
coli J53. As previously observed (Falgenhauer et al. 2016),
carriage of mcr-1 on chromosome or non-conjugative plas-
mids is a possible reason as to why some E. coli strains in
this study could not transfer COL resistance by conjugation
(Falgenhauer et al. 2016). The implication of mcr-1 being
located on sites other than conjugative plasmid is that the
gene would be transferred among bacterial clones ensuring
persistence of the gene in the environment (Liu and Liu
2018). Nevertheless, non-transference of COL resistance in
this study might as well be due to the limitations of broth
mating which has been shown to limit antimicrobial resist-
ance transfer (Liu et al. 2019). This may also be responsible
for non-transfer of coresistance against the non-polymyxins
(CN, CIP, and SXT) observed in this study. Gene encod-
ing factors responsible for resistance against the tested
non-polymyxins are mostly chromosomally encoded with
few that are plasmid-mediated (Schwarz et al. 2017; van
Duijkeren et al. 2018). Non-transference of CN, CIP, and
SXT together with COL resistance to a recipient organism
has also been observed in a mcr-1 transferability study on
E. coli isolates from chickens (Yin et al. 2017).

The fact that transconjugant was isolated from two birds in
group 1 (by day 14 p.i.) and group 2 (by day 21 p.i.) indicates

in vivo transfer of COL resistance from the donors to the
recipient. The isolation of transconjugant on day 14 and 21 as
against day 2 and 7 may suggest that the longer the duration
of colonization of the chicken gut by COL-r organisms, the
higher the likelihood of transferability of mcr-1/COL resist-
ance to other organisms. Isolation of COL-r Proteus in this
study further indicates that there was horizontal gene transfer
of mcr-1/COL resistance from the donors to organisms in the
chicken gut. This is plausible since none of the experimen-
tal chicken demonstrated growth of COL-r Proteus during
the pre-experimental screening. Furthermore, Proteus was
thought to be intrinsically resistant to COL, but recent stud-
ies showed that it is a potential carrier of mcr genes, includ-
ing mcr-1 and mcr-3 (Caselli et al. 2018; Alhaj Sulaiman
and Kassem 2019; Ben Khedher et al. 2020). However, non-
recovery of transconjugant from some birds in the infected
groups could be due to variation in host—pathogen interaction
which differs with ability of pathogens to adhere to host cell
receptors, as well as other factors such as hormonal varia-
tions and presence of interacting food substances in the bowel
(Hunter et al. 2008).

The absence of gross lesions in the experimentally
infected birds in this study was not unexpected since the
birds appeared clinically healthy till the end of the experi-
ment. Moreover, the mcr-1 E. coli isolates were recovered
from healthy birds, suggesting that the strains might be com-
mensal in nature. Nonetheless, the mild to moderate histo-
pathologic lesions in the spleen, heart, and liver of birds in
the infected groups suggest that the strains are extraintesti-
nal pathogenic E. coli (ExPEC) strains. In fact, the three E.
coli isolates (EC602, EC400, and EC100) that were used as
mcr-1 gene donor in the in vivo study belonged to clonal
complex (CC) CC10 and CC398. E. coli belonging to these
clonal complexes has been associated with extraintestinal
infections in human and poultry (Ewers et al. 2007; Yamaji
et al. 2018; Manges et al. 2019). Moreover, toxins produced
by some pathogenic/toxinogenic E. coli strains could elicit
tissue/organ damages even in the absence of the organism
itself (Kaper et al. 2004). Therefore, the E. coli isolates in
this study could potentially cause extraintestinal diseases/
lesions in chickens, especially when the immune system of
a colonized bird is compromised. Treatment of infections
associated with these organisms might be difficult since they
are MDR. This could result in considerable financial losses
to the farmers.

Conclusion

Colistin-resistant and mcr-1 gene-harboring E. coli in
the gut of chickens in SEN is potentially pathogenic and
could spread mcr-1/COL resistance to other Enterobacte-
rales. These organisms can aggravate the negative impact
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associated with E. coli infections in poultry and humans.
Thus, there is urgent need to restrict non-therapeutic use of
COL in the Nigerian livestock sector.
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