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Introduction

Abstract

In the last few years, different surveillances have been published in Africa,
especially in northern countries, regarding antimicrobial resistance among
husbandry animals. Information is still scarce, but the available data show a
worrying picture. Although the highest resistance rates have been described
against tetracycline, penicillins and sulphonamides, prevalence of plasmid-
mediated quinolone resistance genes and extended spectrum f-lactamase (ESBL)
are being increasingly reported. Among ESBLs, the CTX-M-1 group was
dominant in most African surveys. Within this group, CTX-M-15 was the main
variant both in animals and humans, except in Tunisia where CTX-M-1 was
more frequently detected among Escherichia coli from poultry. Certain blacrx .
15-harbouring clones (ST131/B2 or ST405/D) are mainly identified in humans,
but they have also been reported in livestock species from Tanzania, Nigeria or
Tunisia. Moreover, several reports suggest an inter-host circulation of specific
plasmids (e.g. blacrx.am.i-carrying Incll/ST3 in Tunisia, IncY- and Inc-
untypeable replicons co-harbouring gnrS1 and blacrx..is in Tanzania and the
worldwide distributed blacrx.m.is-carrying IncF-type plasmids). International
trade of poultry meat seems to have contributed to the spread of other ESBL
variants, such as CTX-M-14, and clones. Furthermore, first descriptions of OXA-
48- and OXA-181-producing E. coli have been recently documented in cattle
from Egypt, and the emergent plasmid-mediated colistin resistance #cr-1 gene
has been also identified in chickens from Algeria, Tunisia and South Africa. These
data reflect the urgent need of a larger regulation in the use of veterinary drugs
and the implementation of surveillance programmes in order to decelerate the
advance of antimicrobial resistance in this continent.

resistant to nearly all available antimicrobials, including
carbapenems.

The rapid increase in the rate of antimicrobial-resistant
bacteria (AMR) reinforced by the opposite tendency in
the development of new active drugs is currently one of
the most serious public health threats, as recognized by
the World Health Organization (http://www.who.int/dru
gresistance/documents/surveillancereport/en).  Resistance
trends in Gram-negative bacilli are particularly alarming
due to limited antibiotic options to treat infections caused
by some organisms (especially Enterobacteriaceae, Pseu-
domonas aeruginosa and Acinetobacter) that are becoming

This global emergence of multidrug-resistant bacteria
has been attributed to the overuse and misuse of
antibiotics, not only in human medicine but also in
farming and veterinary sectors. In fact, the worldwide
use of antibiotics for animal health and production
purposes exceeds the use in humans, and most of the
drugs designed exclusively for veterinary use are closely
related or belong to the same antimicrobial classes of
those indicated for humans (Aarestrup et al. 2008;
Cantas et al. 2013). In Europe, according to the data
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from 10 countries, the amount of veterinary antimi-
crobial agents sold in 2007 varied from 18 to
188 mg kg'  biomass of food-producing animals
(FPA), and were globally predominant the sales of sul-
phonamides and trimethoprim (alone or in combina-
tion), tetracyclines and f-lactams (Grave et al. 2010).
In Japan, the amounts varied between 132 mg kg '
and 153 mg kg™' from 2005 to 2010 (Hosoi et al.
2013). In general, in developed countries, the use of
antibiotics is strictly controlled and documented, but
this is not the case in developing countries of the
African continent where veterinary antimicrobials are
often readily sold in shops and markets without pre-
scriptions (Mainda et al. 2015).

Unfortunately, as expected, it has been demonstrated
that the use of antimicrobial agents in husbandry is
directly related to the incidence of resistant bacteria in
FPA (Baron et al. 2014; Chantziaras et al. 2014). Selec-
tion of these antimicrobial-resistant (AMR) bacteria that
asymptomatically colonize the gut of animals might play
an epidemiological role in the spread of resistance
between FPA and humans, either through direct contact
or consumption of contaminated food. Inter-host trans-
mission is more likely to happen in rural areas of devel-
oping  countries with  mainly  subsistence-based
agricultural economies, such as some regions in Africa,
where people frequently live in close contact with live-
stock animals.

Because of the growing problem of antibiotic resis-
tance worldwide, the number of studies focusing on the
epidemiology of AMR bacteria, with special attention to
extended spectrum f-lactamase (ESBL), plasmid-
mediated AmpC f-lactamase (pAmpC) and carbapene-
mase production in Enterobacteriaceae, has increased
over the last few years. The majority of these reports
have been carried out in Escherichia coli, generally con-
sidered a useful indicator of antimicrobial resistance due
to its medical importance and its presence in a wide
range of hosts. This allows comparisons of prevalence
between different populations and the evaluation of
antimicrobial resistance transmission from animals to
humans and vice versa (Van den Bogaard and Stobber-
ingh 2000). Despite limited resources, the incidence of
AMR Enterobacteriaceae in Africa, and more specifically,
ESBL producers has also been studied at the local level
in different countries. There are also some reviews about
the general situation in the whole continent, but most of
them are concentrated in human clinical and community
settings (Storberg 2014; Sangare et al. 2015; Sekyere et al.
2016). In the present review, we aim to describe the situ-
ation of AMR E. coli in FPA and foods of animal origin
in Africa, with particular focus on ESBL/pAmpC-produ-
cing isolates.

Resistant E. coli in African livestock

Literature search strategy and data extraction

A literature search was conducted in PubMed database
for original articles reporting data on AMR E. coli from
African countries. The review was limited to studies pub-
lished in English between January 2007 and November
2016. We used combinations of relevant keywords, such
as (i) ‘E. coli’; (ii) ‘antimicrobial resistance’, ‘antibiotic
resistance’, ‘antimicrobial usage’, ‘antibiotic usage’,
‘ESBL’, ‘extended spectrum f-lactamases’, ‘carbapene-
mases’; (iii) general (‘livestock animals’, ‘farm animals’,
‘husbandry’, ‘food-producing animals’) and specific ani-
mal descriptors (e.g. ‘poultry’, ‘chickens’, ‘swine’, ‘pigs’,
‘cattle’); (iv) ‘Africa’ and the names of each African
nation. References of articles were reviewed to identify
any other relevant publication and, additionally, an online
search was carried out to consult documents from inter-
national organizations (e.g. WHO, OIE).

The first author, country, year of sampling, sample
type, sample size, animal health status, prevalence and
distribution of antimicrobial resistance, resistance genes/
mechanisms and molecular typing data were extracted
from all the included studies.

Antimicrobial usage in livestock and resistance
patterns in E. coli

Antimicrobial agents can be used in animal husbandry
not only for the treatment and prevention of infectious
diseases but also, at low and subtherapeutic doses, as
growth promoters. Although their use allows to protect
animal health and welfare with lower incidence of disease
and also contributes to food safety, there is evidence to
suggest that are leading to the spread of antimicrobial
resistance (Chantziaras et al. 2014) with important public
health implications. In this sense, on the basis of precau-
tionary principles, European Union banned in 2006 the
use of all growth-promoting antibiotics (Hao et al. 2014).
Unfortunately, this preventive measure has not been taken
all over the world, and antimicrobial agents are still used
for this purpose in many developed and developing coun-
tries.

In general, the use and control of antimicrobials in the
developing world, including countries of the African con-
tinent, remains largely unregulated (Maron et al. 2013).
According to the World Organisation for Animal Health
(http://www.oie.int/), many countries—mainly developing
and emerging ones—do not yet have relevant legislation
concerning appropriate conditions for the use of veteri-
nary products, including antimicrobials. In some cases,
legislation is totally nonexistent, and where it does exist it
is very often not properly applied. Some African studies
focused on the antimicrobial usage in livestock indicate

Letters in Applied Microbiology 64, 318-334 © 2017 The Society for Applied Microbiology 319


http://www.oie.int/

Resistant E. coli in African livestock

that there is an irrational use due to the unregulated
access and even administration of veterinary drugs (Eager
et al. 2012; Adesokan et al. 2015; Mainda et al. 2015).
Even though in many African countries it is illegal for
any person who is not a registered veterinarian to admin-
ister antibiotics, there are no strict control measures, and
often farmers purchase and administer a drug without
veterinary prescription and supervision (Adesokan et al.
2015; Mainda et al. 2015). Unfortunately, the use of
antimicrobials in animals by untrained personnel is not
confined to developing and emerging countries (http://
www.oie.int/).

Furthermore, it is also important to note that the first
study estimating the global trends in antimicrobial use in
livestock production found that the global consumption
of antimicrobials will increase in the future and this rise
is likely to be driven by the growth in consumer demand
for livestock products in middle-income countries and a
shift to large-scale farms where antimicrobials are used
routinely (Van Boeckel et al. 2015).

The data of different surveys conducted in Nigeria
(Adesokan et al. 2012), Zambia (Mainda et al. 2015) and
South Africa (Eager et al. 2012) about the sales of antimi-
crobials for farm animals indicate that, even considering
variations between countries or animal species (mammals
or poultry), tetracyclines and f-lactams (mainly peni-
cillins) are among the first four leading antibiotics com-
monly employed in livestock animal production.
Sulphonamides and macrolides are also frequently con-
sumed antimicrobials, this last group (with reference
specifically to tylosin) has been reported as the most
extensively sold in South Africa for treatment and preven-
tion of veterinary diseases and also, at subtherapeutic
levels, as a registered growth promoter (Eager et al.
2012). Equally worrisome is the veterinary overuse of flu-
oroquinolones (critically important in human medicine)
in some African regions, as it has been documented in a
survey conducted in south-western Nigeria (Adesokan
et al. 2015).

In a study carried out in Ghana, 395 commercial live-
stock keepers who practice intensive or extensive farming
were interviewed about their antibiotic usage practice
(Donkor et al. 2012). Most of the farmers used veterinary
drugs mainly for disease prevention, followed by the dual
purpose of prevention and treatment, only treatment and,
less often, also for growth promotion. Of course, it is
important to mention that the data collected from live-
stock keepers were self-reported, which may pose certain
limitations. Another significant aspect to consider is the
antibiotic administration bias commonly employed in
livestock production, which is obviously different from
those used in human medicine. A survey conducted in
South Africa showed that in-feed dosage forms
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constituted almost 70% of the total of antimicrobial
dosages sold in this country (Eager et al. 2012). This
practice favours that an entire group of animals be medi-
cated at the same time contrary to the individual treat-
ment given to patients.

Moreover, recent data from Nigeria show a significant
increasing trend in the veterinary antimicrobial consump-
tion, which is not proportional to the annual livestock
rate in the area (Adesokan et al. 2015). Regarding the
type of livestock species, some studies suggest a relatively
higher rate of antimicrobial usage among chickens, which
is expressed in the more elevated percentage of resistant
isolates detected among this particular animal population
(Ben Sallem ef al. 2012b; Donkor et al. 2012; Adenipe-
kum et al. 2015). A European report based on data gath-
ered from seven countries also showed higher resistance
rates in poultry (Chantziaras et al. 2014). This may be
explained, in part, by the fact that antibiotic usage is even
higher in intensive farming, more common in poultry,
where animals are reared in close proximity.

In general, although resistance percentages vary signifi-
cantly among regions and studied animal populations, the
highest rates have been reported for tetracycline (10-6—
95%), ampicillin (6:02-95-7%) and trimethoprim/sul-
famethoxazole (4-49-80%) (Wesonga et al. 2010; Donkor
et al. 2012; Adelowo et al. 2014; Adenipekum et al. 2015;
Mainda et al. 2015; Rugumisa et al. 2016). African studies
on foods of animal origin (retail chicken or turkey meat,
beef and pork carcasses) also report that resistance levels
to these antimicrobials are among the most relevant ones
(Soufi et al. 2009; Odwar et al. 2014; Luanda et al. 2016;
Mrutu et al. 2016). This is not surprising because these
drugs have been in use for the longest time both in
human and veterinary medicine (Tadesse ef al. 2012).
Their combined resistance, often due to the co-location
of different determinants in the same mobile genetic ele-
ments (plasmids, transposons and/or integrons), has con-
tributed to the selection of multidrug-resistant (MDR)
isolates worldwide (Wesonga et al. 2010; Tadesse et al.
2012; Adenipekum et al. 2015). The presence and diver-
sity of integrons in E. coli from poultry, poultry meat and
cattle have been studied in various reports from Africa
(Soufi et al. 2009; Ben Slama et al. 2010; Inwezerua et al.
2014; Maamar et al. 2016) and showed high rates of
prevalence of class 1 and class 2 integrons (60%) contain-
ing, as commonly occur, trimethoprim (dfr) and strepto-
mycin (aad) resistance encoding genes.

Regarding other antimicrobial classes, such as quino-
lones and cephalosporins, the picture is even more worry-
ing due to their vital importance in the treatment of a
wide variety of infections in humans and the fact that
resistance against them leaves few therapy options. Live-
stock as reservoirs of ESBL-producer bacteria will be
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discussed in the following sections because of its relevance
in terms of emerging resistance properties and the sub-
stantial literature available. Some studies performed in
Tunisia and Nigeria reported unexpected high prevalence
of resistance to quinolones among cattle (61-2%) (Grami
et al. 2014) and poultry (42-55%) (Fortini et al. 2011;
Adelowo et al. 2014), because this antimicrobial class was
introduced later than others in livestock and is relatively
expensive. Resistance to quinolones and fluoroquinolones
is mainly driven by chromosomal mutations at the quino-
lone resistance determining region (QRDR) of DNA gyr-
ase and topoisomerase IV. However, plasmid-mediated
quinolones resistance mechanisms (PMQR) (such as, gnr
proteins, aac(6)-Ib-cr aminoglycoside acetyltransferase
and efflux pump proteins like QepA or OgxAB) have
been progressively detected and contribute to an increase
in the MIC of quinolones and fluoroquinolones. In Nige-
ria, a country where previous studies had reported a high
prevalence of PMQR genes in clinical samples from
humans (Ogbolu et al. 2011), an important study was
carried out in poultry and pigs to characterize PMQR
determinants and associated plasmids and clones (Fortini
et al. 2011). The resulting data, which identified four
PMQR gene variants (qnrB10, gnrB19, qnrS1 and gepAl)
located on five different plasmid types (IncHI2, ColE,
Incll, IncN and IncX2), suggested that FPA can act as
reservoirs of PMQR determinants. In particular, this work
demonstrated the wide circulation in the area of gnrSl1
gene harboured mainly in IncX2, IncN and Incll plas-
mids, gnrB19 in small ColE-like plasmids and gepAl in
plasmids of HI2 incompatibility group. Moreover, the
same IncI1-ST12 plasmid harbouring gnrS1 was detected
in commensal E. coli isolates from poultry in the men-
tioned study and in Salmonella strains in other indepen-
dent work carried out previously in Nigeria (Fashae et al.
2010). Regarding other remarkable aspect of this study,
all the strains carried the blatgy.; gene and one was posi-
tive for CTX-M-15 f-lactamase. In fact, association
between gnr or aac(6)Ib-cr and bla genes has been fre-
quently reported worldwide, including some African
countries (Mnif et al. 2012; Ben Sallem et al. 2014; Inwe-
zerua et al. 2014; Kilani et al. 2015; Belmahdi et al. 2016;
Ojo et al. 2016; Seni et al. 2016).

It is also important to highlight the detection of E. coli
isolates carrying the emerging plasmid-mediated colistin
resistance gene micr-1 in chickens from Algeria (Olaitan
et al. 2016), South Africa (Perreten et al. 2016) and three
poultry farms from Tunisia (Grami et al. 2016). Tunisian
isolates, collected from chickens imported from France,
were further characterized and demonstrated to carry
blacrxam and mcr-1 genes co-localized on the same
IncHI2-type plasmid. This plasmid was also found in veal
calves in France (Haenni et al. 2016) and food samples in

Resistant E. coli in African livestock

Portugal (Tse and Yuen 2016), highlighting the impact of
food animal trade on the dissemination of mecr-1-
mediated colistin resistance. This polymyxin is currently
considered a last-resort antibiotic for the treatment of
highly resistant pathogenic bacteria in human medicine.
However, it has been also extensively used in animal pro-
duction worldwide (Rhouma et al. 2016) leading to a
potential selection of resistant strains which reflects, once
again, the urgent need of a better control in the global
market of veterinary drugs.

Regarding surveillances performed on specific patho-
genic strains, such as Shiga-toxin producing E. coli 0157,
a high prevalence of MDR isolates (>90%) were reported
in two studies conducted in South Africa (Ateba and
Bezuidenhout 2008; Iweriebor et al. 2015). In both cases,
elevated rates of resistance against sulphametoxazol and
tetracycline were reported, but even more alarming was
the detection of blactx.m and blacyy genes encoding
third-generation cephalosporin resistance (Iweriebor et al.
2015). Healthy domestic ruminants, particularly cattle
and sheep, are considered natural reservoirs of these
pathogens, associated to clinical diseases such as diar-
rhoea, haemorrhagic colitis or haemolytic uraemic syn-
drome in humans. Thus, indirect selection of MDR
isolates can contribute to an emergence of pathogenic
strains posing a risk to public health.

ESBL, plasmid-mediated AMPc and
carbapenemase-producing E. coli in husbandry
animals

The first description of ESBL-producing E. coli from live-
stock origin in the African continent dates back to 2011
(Fortini et al. 2011). Since then, many surveillance reports
have been published, especially in northern Africa, reflect-
ing an increased effort to understand the role of animals
as reservoirs of ESBL and establish good control measures
to avoid the spread of these bacteria.

Data from Table 1, which collects all the published
studies on ESBL-producing E. coli among African live-
stock and derived food, show that the prevalence of these
resistant bacteria among healthy animals was highly vari-
able depending on the study (from 0% to 42-8%). This
variability can be explained, in part, to differences in the
methodology used. Of course, other factors like specific
selective driving forces (antimicrobial usage), farming
practices, geographical particularities, such as the pre-
dominance of specific clones, and even the studied animal
breed (local/exotic) or age have demonstrated to affect
the carriage percentages of ESBL among animals (Reist
et al. 2013; Seni et al. 2016). It is also important to men-
tion that most of the surveys were carried out among
poultry in comparison with other FPA species such as
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cattle or pigs. Although the vast majority of analysed
samples were faeces, one study conducted in Algeria (not
considered in the previously given prevalence estimation
because of the small number of samples included)
reported the presence of ESBL-producing E. coli in the
reproductive and gastrointestinal tract of nine broiler
breeding roosters (Mezhoud et al. 2015). Considering the
few data available on diseased animal population
(Table 2), the number of studies among cattle and poul-
try is more homogeneous and mainly focused on chickens
suffering from colibacillosis and cattle with clinical or
subclinical mastitis. The prevalence of ESBL-producing
E. coli among sick poultry varied from 0 to 24.7% and
for cattle was reported between 0 and 10% (although the
number of studied E. coli strains was considerably lower
in cattle).

Focusing on the diversity of ESBL enzymes among
E. coli isolates from African livestock, those belonging to
CTX-M-1 group have demonstrated to be more abundant
than other ESBL groups or types (SHV or TEM ESBLs).
In the majority of the surveys, blactx.a.1s was the most
common ESBL gene detected with the exception of Tuni-
sia, where many works reported CTX-M-1 as the main
enzyme among poultry (Ben Sallem et al. 2012b; Mnif
et al. 2012; Maamar et al. 2016) (Fig. 1a). In Tunisia,
CTX-M-1 has also been found as the most prevalent vari-
ant among ESBL-producing E. coli of healthy humans’
intestinal microbiota (Ben Sallem et al. 2012a), whereas
CTX-M-15 is the predominant enzyme among clinical
ESBL-producer isolates (Dahmen et al. 2010; Ben Slama
et al. 2011). In fact, blactx.m.15 is in general the most fre-
quently found ESBL gene among African hospital strains,
regardless of the country (Storberg 2014). In Algeria, a
study carried out in slaughtered broilers showed a high
prevalence of blasyy.,, (Belmahdi et al. 2016). However,
most of the isolates carrying this bla gene were taken
from chickens belonging to the same farm and showed
equal sequence type, suggesting a possible spread of a
specific clone in this farm more than a picture of the situ-
ation in the country. It is also remarkable the high rate of
plasmid AmpC (pAmpC) pf-lactamase, belonging in all
cases to CMY-2 variant, identified among commensal
E. coli from healthy chickens in Tunisia (Ben Sallem et al.
2012b; Mnif et al. 2012; Maamar et al. 2016), Algeria
(Belmahdi et al. 2016) and septicemic broilers in Egypt
(Ahmed et al. 2013). CMY-2, together with DHA-1, is the
most frequently detected pAmpC variant among human
clinical isolates in Africa (Storberg 2014).

Considering carbapenemase production among E. coli
isolates in the African continent, although many descrip-
tions have been reported in humans (Robin et al. 2010;
Moquet et al. 2011; Barguigua ef al. 2013; Leski et al.
2013; Mushi et al. 2014) and the hospital environment
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(Chouchani ef al. 2011) over the last 5 years, it has not
been until very recently when the first carbapenemase-
producing E. coli was detected in pets (Yousfi et al. 2016)
and livestock animals (Braun et al. 2016). The previously
described study, conducted in different dairy cattle farms
from Egypt, reported four E. coli strains harbouring
blapxa.4s and one carrying blapxa.1s1 carbapenemase
genes, all of them phenotypically resistant to meropenem
and imipenem. It is also important to mention the detec-
tion of an ertapenem-resistant ESBL-E. coli strain in a
chicken from Nigeria. However, no carbapenemase was
detected in this strain. The resistant phenotype was attrib-
uted to a synergistic effect between CTX-M-15 produc-
tion and dysfunctionality of outer membrane protein
(Ojo et al. 2016).

Although CTX-M-15 was the predominant ESBL
enzyme detected among livestock in many African coun-
tries such as Nigeria, Tanzania or Egypt, only in two
surveillances this bla gene was shown to be associated with
the human epidemic clone ST131. These ST131-CTX-M-
15-producing E. coli isolates were identified in a healthy
swine from Tanzania (Seni et al. 2016) and the blood of
three septicemic broilers from Egypt (Ahmed et al. 2013).
ST405-D strains, which have also been considered vehicles
driving CTX-M-15 worldwide and are frequently associ-
ated with clinical conditions in humans (Ben Slama et al.
2011; Alghoribi et al. 2015; Day et al. 2016), were also
identified among healthy chickens and cattle in Tunisia
and Nigeria respectively. Other clones, such as those
belonging to ST10 complex (ST10 or ST617), are equally
highly distributed among various livestock species and
humans in many African countries like Nigeria (Aibinu
et al. 2012; Ojo et al. 2016) or Tanzania (Mshana et al.
2016; Seni et al. 2016). Concerning the distribution of
ESBL/pAmpC-producing E. coli strains according to the
major phylogenetic groups (A, B1, B2, D), the majority of
the studies showed a dominance of phylogroups A and Bl
over isolates from healthy FPA and derived meat (Ben
Slama et al. 2010; Schaumburg et al. 2014; Abdallah et al.
2015; Rasmussen et al. 2015; Maamar et al. 2016; Seni
et al. 2016). Although phylogroup D has also been
detected quite frequently among ESBL/AmpC producers
from healthy poultry (Mnif ef al. 2012), phylogroup B2
was present at lower rates in all the studies considered in
this review. Regarding publications on diseased animals,
few of them provide a phylogenetic analysis of the ESBL
isolates, making it difficult to generalize.

However, epidemiology of ESBL involves not only a
clonal spread of bacteria but also the horizontal transfer
of bla genes via plasmids and/or other transferable genetic
structures. In this sense, although molecular information
on mobile elements is scarce in Africa, there are some
works that prove the importance of specific plasmids in

322 Letters in Applied Microbiology 64, 318-334 © 2017 The Society for Applied Microbiology



Resistant E. coli in African livestock

C.A. Alonso et al.

(panunuod)
spen
(51L07) 1e 19 ¥Dd  anndnpouday pue
pnoyzen oSN (001) ®dA-N-X1D SRS 6 1593 OsIp 9|qnog |eunsaiulonses SusXoIyD SN eusby
(1) 95011S
‘(1) 0S€LS
‘(1) LEVLLS
‘(1) 89611S
(@O L111S
(o) zieds
() 961 11S
‘(0) zvsLs
‘(€) eYELS
‘(€) €61S
‘(€) GSL1S (L£2) T-AND
9) sovls  (1-0) vL-IN-XLD
(9107) 7e 32 ‘(£) 851S  '(°0L) GL-IN-XLD Bupuanbag Yod
Jewee|N ‘(6) L6l2LS (7°09) L-N-X1D S€ LEL 1591 OsIp 9|gnoa S9d9e4 SUSMIY> €10¢ eisiun|
(89)
umousun ‘(g-g)
L-IN-X1D Buipusnbag
(5102 '(z-88) Y2d
/e 39 luejy oSN SL-IN-X1D 1-9¢ S9 1593 OsIp 9|qnog S9J9e4 SuSddIY> €10¢ eisiung
Ssalepawolp
Bupuanbag "1qaed
(qz1027) e 1® (2:81) T-AND ¥2d ‘asioy ‘s|ned
wsjjes usg SN (8:18) L-N-X1D g€l 08 1593 JsIp 9|qnog Sad9e4  ‘sUIIYD ‘dadys L10¢ elsiun|
(4Dd Agq
papJedsip
auop (€:2€) T-AND Bupuanbag
(2100 LELLS (0-9) GL-N-X1D ¥Dd esu
‘e 19 JUiN -0520) SN (2:89) L-IN-X1D [4% 9¢gl 1591 OsIp 9|gnoa RERELCE] SUIMdIY>D 010¢ elsijun] - UIsYuoN
2dUBI3y3Y  (SaNe|OS! Jjod g (Ddwyd/1gs3 (pa1591 (s|ewiue 159} U031 o|dwes jo adA) soads |ewiuy pouad Apnis  Aiunod  uoibey
Hupnpoud JO "ou |10} sa|dwes/sjewiue JO Jaquunu)
-Ddwyd/gsy UM Uonejal (€30} JO “%) azIs
JO Jaquinu) Ul %) sawAzua adusjenald jjod '3 s|dwes
1SN Ddwyd/1gs3 bunnpo.d

-Ddwyd/gs3

eDl}Y Ul s}oNpoid pooy paAlisp pue sjewliue Aipueq
-sny Ayyesy ur jjod> eiyduayds3 budnpoid-(OdiNyd/1gs3) aseweldel-g ddwy paleipaw-piwse|d/aseweidel-g wnioads papualxa Uo SaIpnis 9dudjeAdld WOy Paldelixa elep Jo Alewwng | djgel

323

Letters in Applied Microbiology 64, 318-334 © 2017 The Society for Applied Microbiology



C.A. Alonso et al.

Resistant E. coli in African livestock

(panunuod)

(2-9€) 9dA-AHS

‘(6:7) dnolb
6-N-XL1D (€'%)
dnoJb-1-A-X 1D
0} buibuojeq
sadAy Jayio ‘(8-€9) (%€-9T 's31e|0s!
GL-N-XLD :s31e|osl /0> '3 8€/01) (10> °3 g€) bupuanbag
(5102) [e 19 £119}0BC0IA}UT sa|dwes 1eaw  9LadLIIDIOR0IDIUT ¥od
ye|lepqy eSN Ile buowy 94} 40 %919 ZLL 1S3 dsip 9|gnog 1esN SuSXdIY>D €10¢ 1dAB3
(6002) ¥Dd
/e 39 4nos eSN - 0 GG 1591 dsIp 9|gnog 183N sAosun ‘suaxdiyD 600C  eisilung
Budpusnbag 9510y ‘Saysl}
(0107) 1e 12 (¢:L) T-AND YDd ‘ajned ‘desys
ewe|s usg eSN (8:26) L-IN-XLD 79l 6/  1S31 2sIp 9|qnoQg 13N 'shadquny ‘suaxdIyD £00C  eisiung
(wauyr Jo
(01) S"AHS (01) %9t bunuasaidal
8-N-X1D ‘so|dwes pooy Bupusnbag saysly ‘desys
(£002) (00 ¥L-IN-XLD ul paydalep Ajuo 4Dd ‘skoxiny ‘sasioy
e 38 unor &SN (09) L-IN-X1D 9Jem $1953) 8-¢L 8/  1S315SIp 3|gnoQ 1B9|N/S909e]  ‘S11ed 'SUIYD £00C  eisiung
(L=u"s9l)
181-¥X0 (5 =u
'€-€8) 87-VYXO
:sauab buipodua
asewsuadeqled)
(6°6) 9dA-AND (slie3s ays
"(7-0) 2dA1-AHS wol} sojdwes skesse
(5-0t) °dA-INTL (/0> *3 bupdnpoud [EIUSWUOIIAUD Kelieoniw
(9107) 18 19 (£-0) 6-N-X1D asewauadeqed) 95 ‘smed x3|dnInIN
unelg oSN (79P) GL-IN-XLD ST 8Ty wolj 017) 99¢ T AL Sqems [e109y dmed 7102 1dAb3
(2) 98051S
‘(L) 6L121S
‘(¢l) L10LLS (07) T-AND bunusnbag
(9107) 18 19 ‘(1) 8€1S ‘(01) L-IN-X1D 42d
Ipyewjeg ‘() vrL1S '(04) TL-AHS 8¢E 19 1s91 2sIp ||qnoq sgems |eunsaiul suSdaIYd ¥10z  eusbly
9dUBISRY  (S91P|OSI /0D °F (Odwyd/1gs3 (po1se1 (s|lewiue 159} U033 o|dwes jo adA) sodads |ewiuy pouad Apnis  Aiunod  uoibey
Bupnpoid JO "ou |10} sajdwies/sjewiue JO Jaquinu)
-Ddwyd/gs3 Uum uonejal 101 JO “%) azls
10 Jsquuinuy) ul %) sawAzua aduseAaud jjod 3 a|dwes
1STA Ddwyd/1gs3 Bbunpoud
-Ddwyd/gsy

(penupuod) | s|qeL

Letters in Applied Microbiology 64, 318-334 © 2017 The Society for Applied Microbiology

324



Resistant E. coli in African livestock

C.A. Alonso et al.

(panunuod)
(wayy jo
%%l bunuasaidal
AL Budusnbag
(9102) (1) SovLS UAIIY> Ul pa1dsiep 4Dd
/e 39 olo ‘(€) 0L1S (001) GL-N-XLD  Auo a19m s1gS3) | G0y 1S91 2sIp ||gnoqg 1e3|\/s89e4 SUBPIYD  ¥10Z-6007  eHIbIN
(5102) 4Dd
/e 15 aMo|O oSN (8-:02) 2dA-N-X1D /502 0GE 1591 DSIp ?|gnod S909e4 sbid ‘sped SN eusbiN
(1102 (ool) Bupuanbag
e 39 unJod4 eSN SL-IN-X1D S0 00¢ 4Dd S909e4 sbid ‘suaxdiyD 9007  euwdbIN
sbid
‘syeob ‘dasys
(z102) 1810 ‘sudpIYd ey
Jojuoq SN - 0 897 - SERCLS| ‘suewiny /007  BUBYUD  UIISIAA
(6'62) dA-INTL asnoys1ybnels
‘(1-6) 2dAy 3y} 1 pa1d9||od
(9107) 18 19 -AHS '(¢-6) 42d sojdwies sgems
equilysiyd eSN adA}-IN-X1D 1-0¢ ¥8E 1591 2sIp 9|qnog Anjnod SUSXIYD SN elquez
(5107) 78 1@
eputein - - 0 9LE - S9d9e4 9ed  vl0¢-€10¢  elquez
(bop ‘bid
'2) LELLS '(bop
'bid '¢) z5821S
‘(Bid "aped lg)
€oeLLs ‘(bd
‘bop ‘uadIyd
‘91ned 17) (0oL) 5L-N (se1e|0S! j0> 3
£191S 3B0SI X1 D I34e[0s| jOd bunnpoud-18s3
1102 "3-19S3 = G7) buduanbas sbop ‘spned
(9102) pasuanbas gz -19S3 pasuanbas 3UWOU3H-3|0YMA sgems ‘sbid ‘suaxdiyd ey
VERERELS 3y} buowy Gz 9y} buowy 807 009 T SAILIA [DPO|D/[E1ORY ‘syeob ‘daays #7107 eluezue]  uidise3
UdIRPRY  (S91e|oS! 0D (Ddwyd/gs3 (pa1sa1 (slewiue 159} U031 o|dwes jo adA| saads [ewiuy  pouad Apnis  Aijunod  uolbay
Budnpoud JO "ou |e10} so|dwes/sjewiue JO Jaquunu)
-Dduwiyd/1gs3 YHm uoneiai 101 JO “%) ozls
JO Jaquunu) Ul %) SeWwAzua 2duajenald jjod '3 a|dwes
1SN >dwydgs3 buidnpoud
-Ddwyd/gs3

(penunuod) 1 sjqeL

325

Letters in Applied Microbiology 64, 318-334 © 2017 The Society for Applied Microbiology



C.A. Alonso et al.

Resistant E. coli in African livestock

‘paiyads 10N SN,

(1) s0zlS
‘(1) GSL1S
‘(1) 9511S
‘(1) zelvls
‘(1) LevLLS
‘(1) ¥z11S
‘(1) zizLs
‘(1) ¥OELLS (8-€1) awAzus
‘(1) Z9LLs Ddwyd/1gs3
‘(1) zv9Ls umousun
‘(1) 8Z0vLS  (9:L2) (paduanbas
‘(1) 0ZLyLS  3o0u) aAmsod susb
‘(1) Lovzls 11oeq
‘(1) Tvs1S '(69) adhians
‘(1) LZLvLS umouun dnolb
‘(1) LLLLS T-N-X1D ‘(€-01)
‘(1) £912ls  adAgns umousun
‘(1) 851 1L1S dnoib |-IN-XLD
() ¥SELS ‘(7€) 1L9-N-X1D Bupusnbag
(S1L07) 1e 19 ‘(@ oLLs ‘(7€) L-IN-XLD ¥dd  (pawoduwiy/jedo))
usssnwisey ‘() 8€1S  (SPE) SL-N-XLD 7Sl 88l 1531 JsIp 8|gnod 123N suSNIYD oSN eueyp
(€-g€) adA-INTL (s9uab N-X1D
‘(¢ 1) 9dA-AHS Ajuo) Bupuasnbag
"(6:S) TE-N-X1D ¥Dd
(r102) 1e e (S-€2) L-IN-XLD 1591 JsIp 3|gnoq (parodwi)
Banquineyds oSN '(€-G€) ¥L-N-X1D IR Y4 09 ¢ LA 19N SusXdlyy - Z10¢-L Lo uogen
9dUIRRY  (SI1e|OSI 10D (>dwyd/gs3 (po1sa1 (slewiue 1591 UOI313Q o|dwes jo adA| sapads jewiuy  pouad Apnis  Aiunod  uolbay
Bupnpoud JO "ou |10} sa|dwes/sjewiue JO Jaquinu)
-Ddwyd/gsy YHm uoneal [B10} JO "%) 9zIs
1O J3quinu) Ul %) SeWAzua 2dusjenald Jjod '3 a|dwes
1SN Ddwyd/ 1953 Bupnpoud
-Ddwyd/gs3

(panunuod) | a|qeL

Letters in Applied Microbiology 64, 318-334 © 2017 The Society for Applied Microbiology

326



C.A. Alonso et al.

W 250%/559(6) @ @ A
®100:0%/1 (1) @

W 32.8%61 (1) L. @@

W 274%73(1) @AO
P\ 42.8%/266 (12) A O

y33.1%/130 (1°) A
W 16.0%/100 (1) A
W 13385 (2) A M\ 14.0%/100 (1°) A
W #3.0%/100 (1°) A

(@

Resistant E. coli in African livestock

Q, 165%/91(3) @M@ EO
&) 16-2%/37 2) @

& 103%20(2) @

Q,26:3%/38 (1) ANO

Q°20‘1%/384 (1) Predominance
of CTX-M-type ESBL (genes
not sequenced)

(b)

Figure 1 Husbandry animal species (a) and food products (b), prevalence of extended spectrum f-lactamase/plasmidic AmpC fS-lactamase (ESBL/
pAMPc)-producing Escherichia coli (%) and distribution of ESBL/pAmpC enzymes detected in the African continent. Prevalence at each location
was calculated considering the global data of published studies [prevalence (%)/number of samples (number of studies considered at each loca-
tion)]. ESBL/pAmpC enzymes are ordered, from left to right, with respect to its detection frequency. “Rectal samples from cattle (n = 210) and
environmental samples from the stalls (n = 56) were considered. ®Only a few samples were sequenced (n = 25). “Imported and locally produced
chicken meat. dImported chicken meat. (@) CTX-M-1; (A) CTX-M-15; (i) CTX-M-14; (@) CTX-M-9; (..) SHV-12; (l) SHV-5; (@) CMY-2 and (O)
Other; (QO) Poultry; (@) Beef; () Sheep. [Colour figure can be viewed at wileyonlinelibrary.com]

the geographical and even interspecies dissemination of
ESBL determinants (Grami et al. 2013, Ojo et al. 2016;
Seni et al. 2016). In this regard, as it has been previously
shown in other continents, the dominance of IncF-type
plasmids carrying the blacrx m.1s gene among E. coli from
human and animal origin has been also reported in Africa
(Grami et al. 2014; Ojo et al. 2016; Seni et al. 2016). But
this emergent CTX-M-15 encoding gene has been also
associated with other less common replicon plasmids such
as IncY-type, which have shown to be very prevalent in
animal isolates from Tanzania. Interestingly, in the same
surveillance, the presence of an Inc-untypeable plasmid,
co-harbouring blacrx.m.is and gnrS1 genes and geneti-
cally homologous to a previously described one from
human origin in Nigeria, was detected in various animals.
In Tunisia, where CTX-M-1 enzyme is broadly dissemi-
nated among poultry, two molecular studies confirmed its
frequent association with IncI1/ST3 plasmids (Ben Sallem
et al. 2014; Grami ef al. 2013). One of these surveys
showed a comparison of clonal lineages and plasmids
from healthy humans, animals and pets in Tunisia and
demonstrated that blactx . -carrying IncI1/ST3 plasmids
and blacyyo-carrying Incl1/ST12 plasmids play a crucial
role in the spread of these f-lactamases among different
host and ecosystems (Ben Sallem et al. 2014). Likewise,

the other work concluded that examined blacrx_y.i-har-
bouring IncI1/ST3 plasmids of E. coli from Tunisian
poultry and pets were identical or highly similar to those
reported in various animal species in Europe (Dahmen
et al. 2012) and in some humans infected with Salmonella
enterica (Cloeckaert et al. 2010), highlighting the interna-
tional role of these mobile elements in CTX-M-1 epi-
demiology. In addition to plasmid promiscuity, the
spread of CTX-M determinants is also favoured by flank-
ing transposable elements, which can co-mobilize bla
genes. This is the case of the ISEcpl element, usually
located immediately upstream blactxy and blacvy.»
genes. Occasionally, it appears truncated by other inser-
tion sequences such as I1S26 (Jouini et al. 2007), ISI0
(Ben Sallem et al. 2012b) or IS5 (Maamar et al. 2016),
which could affect the mobilization and/or the expression
of the f-lactamase gene (Lahlaoui et al. 2014; Maamar
et al. 2016).

ESBL, plasmid-mediated AMPc and
carbapenemase-producing E. coli in animal-
derived food

There are a wide number of studies concerning the
microbiological quality of different types of food derived

Letters in Applied Microbiology 64, 318-334 © 2017 The Society for Applied Microbiology 327
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from FPA (milk, cheese, meat, eggs, etc.) conducted in
Africa. Most of them are focused on the detection of
pathogenic bacteria (especially E. coli 0157) in order to
determine the rate of contamination of the studied pro-
duct (Bankole et al. 2014; Ombarak et al. 2016) or even
to analyse the resistance and/or virulence patterns of bac-
teria present in milk collected from cattle suffering masti-
tis (Ahmed and Shimamoto 2011; Kateete et al. 2013).
However, there are just a few articles regarding the preva-
lence and characterization of ESBL/pAmpC E. coli among
food products derived from healthy animals in different
countries of the African continent. Remarkable data
extracted from these reports is summarized in Table 1.

All the studies, but two which included different animal
species (Jouini et al. 2007; Ben Slama et al. 2010), were
carried out on meat samples or swabs collected from
poultry carcasses. This fact may be a reflection of the reli-
gious and cultural factors which influence the diet of peo-
ple in many African countries. General prevalence of
ESBL/pAmpC E. coli among meat products was an aver-
age of 16-3%, although the risk of cross-contamination at
the slaughterhouses should be considered. This percentage
is significantly lower than those reported in many Euro-
pean countries such as Spain (84%-93-3%) (Egea et al.
2012; Ojer-Usoz et al. 2013) or the Netherlands (76-8%)
(Overdevest et al. 2011), which may indicate that resis-
tance rates are higher in industrial large-scale meat pro-
duction.

Figure 1b shows the diversity of ESBL/pAmpC types
detected among poultry (chicken and turkey), beef and
sheep meat in different countries from Africa. Comparing
with the distribution of enzymes detected among E. coli
isolates from faecal poultry microbiota, a higher percent-
age of CTX-M-14 was identified among derived meat
products. It is important to consider different factors that
can help to understand these differences. First, it is diffi-
cult to elucidate the animal, human or environmental ori-
gin of the isolates due to the fact that contamination
could take place at all the stages of the food-processing
chain including processing, packing and distribution.
Moreover, there are studies that demonstrate the contri-
bution of imported meat from industrialized countries to
the emergence of ESBL and multidrug-resistant isolates in
developing countries (Schaumburg et al. 2014; Rasmussen
et al. 2015). One of these works, carried out in Ghana,
showed significantly higher rates of ESBL/pAmpC E. coli
in imported chicken meat (32-9%) compared to locally
reared chickens (13:9%). CTX-M-15 was the most fre-
quently detected ESBL variant. However, blacrx.a., was
also identified in two samples, one of them from an
imported chicken thigh from Brazil, where this CTX-M
enzyme is well known to be the most prevalent, together
with CTX-M-15, among clinical isolates (Rocha et al.

Resistant E. coli in African livestock

2016). In the other study, conducted in Gabon, only
imported frozen chicken meat samples were screened and
a predominance of CTX-M-14, followed by CTX-M-1,
was detected. Interestingly, all ESBL-producing E. coli iso-
lates were identified in meat imported from Spain and,
consequently, the distribution of ESBL types was shown
to be in accordance to the proportion of CTX-M subtypes
described in this country (Egea et al. 2012; Ojer-Usoz
et al. 2013).

Regarding studies on food from healthy animals, only
two performed a molecular study of the clonal lineages
associated with the spread of ESBLs (Jouini et al. 2013;
Rasmussen et al. 2015). Considering data from both
reports, a high clonal diversity was observed, being
slightly prevalent E. coli isolates belonging to ST155, ST10
and ST38. These sequence types have been previously
identified in humans and livestock animals (Ben Sallem
et al. 2012a; Day et al. 2016), also associated to CTX-M-1
group ESBLs, suggesting a potential implication of the
food chain in the spread of these resistant clones among
different settings.

Although none of the studies performed in Africa have
reported carbapenemase-producing E. coli isolates among
food derived from livestock animals, it is important to
highlight the detection of 12 NDM-producing Klebsiella
isolates in retail chicken meat samples from Egypt
(Abdallah et al. 2015). Moreover, a recent study con-
ducted in the same country has demonstrated a high rate
of carbapenemase-producing  Klebsiella — pneumoniae
strains, harbouring blanpy, blaoxa-ag and/or blagpc genes
in broiler chickens (35%), drinking water (25%) and
humans living in contact with chickens (56%) (Hamza
et al. 2016). Further studies based on multilocus sequence
typing (MLST) or whole-genome sequencing should be
performed to determine the potential inter-host transmis-
sion of these strains through direct contact and/or inges-
tion of derived contaminated meat.

Conclusions

The increasing rate of antimicrobial resistance bacteria
is a global problem that affects both human and animal
ecosystems. In the African region, the real magnitude
of this issue is difficult to estimate due to the fact that
antimicrobial resistance surveillance programmes are
limited to a few countries (Ndihokubwayo ef al. 2013).
The potential inter-host spread of resistant clones or
even their encoding determinants through direct contact
or ingestion of contaminated food pose a worrisome
public health risk. Although in the last decade the
number of surveys in Africa has increased, available
information is still scarce in many countries, especially
in Southern and Eastern Africa. Moreover, further

Letters in Applied Microbiology 64, 318-334 © 2017 The Society for Applied Microbiology 329
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molecular studies are required to characterize the pre-
vailing clonal lineages and plasmids harbouring resis-
tance encoding genes in this continent. The
combination of factors such as the uncontrolled use of
antimicrobials in livestock production, certain farming
practices and manure management systems as well as
close contact with animal may favour the selection of
AMR bacteria and transmission from animals to
humans and vice versa. Additionally, international live-
stock and derived meat trade is leading to an emer-
gence in the dissemination of resistant strains and
genetic determinants. Resistance to ‘old’ antimicrobials,
such as tetracycline, penicillins or sulphonamides, which
have been in use for a long time both in human and
veterinary medicine is not surprising. However, in the
last few years a significant increase in the prevalence of
resistance to other clinically critical drugs (i.e. quino-
lones and third/fourth generation cephalosporins) has
been reported among commensal E. coli from healthy
livestock species. In most cases, resistance to both
antimicrobial families is co-selected and disseminated
not only by clonal spread but also horizontally via
plasmids carrying gqnr or aac(6)Ib-cr and bla genes
(especially, of the CTX-M group). Furthermore, car-
bapenem- and colistin-resistant E. coli strains are also
emerging among husbandry animals in Africa, which
demonstrates the urgent need of a better control of the
usage of veterinary drugs and the implementation of
effective surveillance programmes to stop the dissemina-
tion of MDR E. coli strains.
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