Journal of Global Antimicrobial Resistance 26 (2021) 335-341

Journal of Global Antimicrobial Resistance

Contents lists available at ScienceDirect

r GLOBAL
ROBIAL
RESISTANCE

journal homepage: www.elsevier.com/locate/jgar

Genomic characterisation of extended-spectrum )
B-lactamase-producing multidrug-resistant Escherichia coli in Rabat,
Morocco

Jérome Ambroise®!, Elmostafa Benaissa®“!, Léonid Mwana Wa Bene Irenge ®,
El Mehdi Belouad®, Bertrand Bearzatto®?, Jean-Francois Durant?, Jamal Badir?,
Mostafa Elouennass®9, Jean-Luc Gala®%+

a Center for Applied Molecular Technologies, Institute of Clinical and Experimental Research, Université catholique de Louvain, Brussels, Belgium

b Department of Bacteriology, Mohammed V Military Teaching Hospital/Faculty of Medicine and Pharmacy (University Mohammed V), Rabat, Morocco
¢ Epidemiology and Bacterial Resistance Research Team, Faculty of Medicine and Pharmacy, Mohammed V University, Rabat, Morocco

d Defence Laboratories Department, ACOS Ops&Trg, Belgian Armed Forces, Peutie, Belgium

ARTICLE INFO

Article history:

Received 10 February 2021
Revised 29 June 2021
Accepted 7 July 2021
Available online 22 July 2021

Edited by Stefania Stefani

Keywords:

Escherichia coli

EXPEC

Whole-genome sequencing
Multidrug resistance
Extended-spectrum pB-lactamase
ESBL

ABSTRACT

Objectives: Extended-spectrum fS-lactamase (ESBL)-producing Escherichia coli are an increasingly signif-
icant cause of hospital- and community-acquired infections worldwide. Whereas several reports have
highlighted their increased prevalence also in North African countries, genomic data on isolates asso-
ciated with these infections are still scarce. This study aimed to provide data on ESBL-producing E. coli
isolates from patients with extraintestinal infections at the Military Teaching Hospital Mohamed V of
Rabat, Morocco.
Methods: Whole-genome sequencing was carried out on 18 ESBL-producing extraintestinal pathogenic E.
coli (EXPEC) isolates for analysis of phylogenomic evolution, virulence factors and antimicrobial resistance
genes. Data were compared with ExXPEC lineages from several surrounding countries using multilocus
sequence typing (MLST) and single nucleotide polymorphism-based phylogenetic approaches.
Results: The majority of E. coli isolates were ST131 (n = 15), followed by ST617 (n = 2) and a novel se-
quence type (ST10703) that is closely related to the pandemic ST405 clone. All ST131 isolates belonged
to the 025b-ST131 pandemic clone. They harboured more virulence genes than their non-ST131 coun-
terparts. IncF plasmid replicons and the blacrx.u-15 B-lactamase gene were identified in all isolates. No
ESBL-producing E. coli isolates carried any known carbapenemase gene.
Conclusion: Our findings underscore the pre-eminence of ST131 as the major factor driving the expan-
sion of EXPEC in the Rabat region while highlighting the potential links with isolates circulating in other
neighbouring countries.
© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial
Chemotherapy.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

low them to colonise tissues and survive out of the intestinal
environment and to cause extraintestinal disease [2]. Multidrug-

Extraintestinal pathogenic Escherichia coli (EXPEC) are associated
with severe infections at non-intestinal sites (e.g. urinary tract,
bloodstream, cerebrospinal fluid) both in hospital and community
settings [1]. EXPEC isolates carry specific virulence genes that al-
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resistant (MDR) ExPEC play a major role in the worldwide in-
creasing prevalence of infections caused by Gram-negative bacte-
ria [3]. Indeed, most MDR ExPEC display an extended spectrum
B-lactamase (ESBL)-producing phenotype often associated with re-
sistance to other antimicrobial agents such as fluoroquinolones,
gentamicin and sulfonamides [4,5]. A number of molecular stud-
ies from different continents have shown the major role played by
some major EXPEC lineages in the pandemic expansion of mul-
tidrug resistance [3,5]. While a high prevalence of MDR ESBL-
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producing Enterobacteriaceae has been reported in Morocco and
other North African countries [6-8], genomic characterisation of
the EXPEC lineages is still lacking. Up to now, EXPEC studies in
Morocco mainly focused on molecular characterisation of genes as-
sociated with an ESBL phenotype [9] and their potential relation-
ship with worldwide lineages, including those reported in neigh-
bouring Spain [10-12] and Tunisia [13]. Whole-genome sequencing
(WGS) of bacterial pathogens has now become a necessary tool for
monitoring pathogen evolution and defining antibiotic resistance
from One Health and Global Health perspectives and especially the
acquisition of antimicrobial resistance (AMR) and virulence genes
[14]. In this study, WGS was used to analyse non-duplicate ESBL-
producing EXPEC isolates (n = 18) collected from patients at the
Military Teaching Hospital Mohamed V of Rabat, Morocco, and to
carry out subsequent phylogenomic analyses and characterisation
of virulence and resistance genetic determinants.

2. Methods
2.1. Bacterial isolates

Between January and June 2019, Gram-negative bacteria
(n = 2959) were isolated from adult patients presenting at the
700-bed Military Teaching Hospital Mohamed V of Rabat with ex-
traintestinal infections, mainly urinary tract infections. In brief,
urinary samples were directly inoculated onto CLED (cysteine-
lactose-electrolyte-deficient) agar plates and were incubated at
37°C for 24-48 h under normal atmosphere. All significant colonies
were identified by morphological and biochemical characteristics.
Biochemical identification of suspected Enterobacteriaceae at the
species level was performed using API20E ready-to-use galleries
(bioMérieux SA, Marcy-I'Etoile, France) according to the manufac-
turer's instructions. Escherichia coli isolates (n = 949, i.e. 32.1% of
consecutively collected Gram-negative bacteria) were selected for
further analyses including antimicrobial susceptibility testing.

2.2. Antimicrobial susceptibility testing

Susceptibility of the E. coli isolates to 14 antimicrobial
agents (ampicillin, mecillinam, amoxicillin/clavulanic acid,
piperacillin/tazobactam, cefoxitin, cefixime, ceftriaxone, er-

tapenem, imipenem, fosfomycin, gentamicin, amikacin, norfloxacin
and trimethoprim/sulfamethoxazole) was determined by the disk
diffusion method according to the guidelines of the European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST) [15] as
updated in January 2021. Minimum inhibitory concentrations
(MIC) for colistin were determined by the broth microdilution
method using a Sensititre Antimicrobial Susceptibility Testing
System (Thermo Fisher Scientific, IlIkirch, France) according to the
manufacturer’s recommendations. EUCAST breakpoints were used
to interpret the susceptibility or resistance status of each isolate.
An ESBL production assay was performed by the double-disk
synergy method as described by Drieux et al. [16]. Escherichia coli
ATCC 35218 and Klebsiella pneumoniae ATCC 700603 strains were
used as ESBL-negative and -positive controls, respectively, whereas
E. coli ATCC 25922 and E. coli NCTC 13846 were used as colistin-
susceptible and -resistant strains, respectively. Carbapenemase
detection was performed using the B-CARBA™ test (Bio-Rad,
Temse, Belgium) according to the manufacturer’s instructions.

2.3. Whole-genome sequencing (WGS)

Whole-genome paired-end sequencing was performed using a
MiSeq sequencer (Illumina Inc., San Diego, CA, USA). Accordingly,
genomic DNA (gDNA) from ESBL-producing E. coli was isolated us-
ing an EZ1 Advanced XL Biorobot and the Tissue DNA Kit (QIA-
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GEN, Hilden, Germany) with the Bacterial Card according to the
manufacturer’s instructions. For each isolate, gDNA was quanti-
fied using a Qubit® fluorometer (Thermo Fisher Scientific, Eugene,
OR, USA) and was normalised to 0.333 ng/uL. A standard Nex-
tera XT library (Illumina Inc.) was constructed for each genome
with 1 ng of gDNA as recommended by the manufacturer. Briefly,
gDNA was simultaneously fragmented and tagged with sequenc-
ing adapters in a single step using Nextera transposome (Nextera
XT DNA Library Preparation Kit; Illumina Inc.). Tagmented DNA
was then amplified (12-cycle PCR amplification) and cleaned up
with 0.5 x Agencourt® AMPure® XP beads (Beckman Coulter, Indi-
anapolis, IN, USA). Nextera libraries were quantified using a Qubit
dsDNA High Sensitivity Assay Kit (Thermo Fisher Scientific, Eugene,
OR, USA) and the size profile was analysed on a 2100 Bioanalyzer
using High Sensitivity DNA Assay Kit (Agilent Technologies, Wald-
bronn, Germany). Fragments with sizes ranging from 373 bp to
3226 bp (mean 961 bp) were generated. Libraries selected for se-
quencing were normalised to 2 nM and were pooled. The 2 nM
pooled library was denatured and diluted to 14 pM prior to load-
ing on a MiSeq flow cell (MiSeq Reagent Kit v.3, 600 cycles) for a
2 x 300-bp paired-end sequencing run.

2.4. Bioinformatics analysis

Raw sequencing data of the 18 E. coli isolates from Rabat
have been submitted to the European Nucleotide Archive (ENA)
(http://www.ebi.ac.uk/ena) and are available under accession no.
PRJEB42611. These data were analysed using the following bioin-
formatics pipeline. All reads were quality checked by FastQC
v.0.11.9 [17] and were processed using Trimmomatic v.0.39 [18].
Paired-end reads from each E. coli isolate were assembled de novo
using the SPAdes v.3.13.0 algorithm [19] to generate a draft genome
sequence for each isolate, and quality assessment for genome as-
semblies was carried out using QUAST 5.0.2 [20]. In addition, the
quality and completeness of the genome assemblies was confirmed
with BUSCO v.4.1.1 algorithm and the bacteria_odb10 data set [21].

The PATRIC database [22,23] was used to identify complete or
draft genomes of other E. coli strains isolated from patients be-
tween 2000-2020 in Morocco and other surrounding countries, e.g.
Spain, Portugal, Egypt and Saudi Arabia. It is worth nothing that
no complete or draft WGS genomes were available for other sur-
rounding countries at the time of presenting the current data (e.g.
Algeria, Mauritania). In silico multilocus sequence typing (MLST)
typing was performed on all genomes using the E. coli MLST
scheme developed by Achtman, the home-made EcoliGenomic
R package (https://github.com/JeromeAmbroise/EcoliGenomic), and
the E. coli allele sequences and MLST profiles available in the En-
teroBase database (https://enterobase.warwick.ac.uk/species/index/
ecoli) [24]. In parallel, WGS data were used to characterise E. coli
isolates through the combination of four DNA gene markers (i.e.
arpA, chuA, yjaA and TSPE4-C2) as described by Clermont et al.
[25]. In brief, E. coli draft genomes were screened for the presence
of these four genetic markers, a combination thereof determining
the phylogenetic clustered distribution of the isolates.

All genomes were submitted to kSNP3.0 with default settings
except for a k-mer size of 19 and the ‘-core’ option. This soft-
ware performs single nucleotide polymorphism (SNP) identifica-
tion without genome alignment or a requirement for reference
genomes [26]. The kSNP3 parsimony phylogenetic tree based on
the core genome was rooted on the Egypt_2000_1102 isolate us-
ing Dendroscope 3 v.3.7.5 [27] and was visualised using the ggtree
R package [28]. The EcoliGenomic R package was also used to
screen all genomes for the virulence factor genes described in Ex-
PEC [28-30], or available in the VirulenceFinder database (https:
/[cge.cbs.dtu.dk/services/VirulenceFinder/) [29], or in the Virulence
Factor Database (VFDB) (http://www.mgc.ac.cn/VFs/) [30]. The cut-
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Fig. 1. Phylogenetic tree of Escherichia coli isolates from Rabat, Morocco, along with other isolates from neighbouring countries, and corresponding heatmap of virulence
genes from the Virulence Factor Database (VFDB). The kSNP3 parsimony tree is based on single nucleotide polymorphisms (SNPs) within the core genomes of E. coli isolates

from Rabat (in black) along with other isolates from neighbouring countries includ
Multilocus sequence typing (MLST) and Clermont phylogroups derived from genome

fully covered genes, while grey and white cells indicate partially covered and non-

including entD and espL1. The functions of the virulence genes listed in VFDB are rep

off value of sequence identity was set to 80%. The ggtree R package
was used to display the coverage percentage of each gene within
grayscale heatmaps.

Concurrently, each draft genome was screened for the pres-
ence of AMR genes and SNP-based AMR chromosomal determi-
nants using the AMRFinder tool developed by the National Cen-
ter for Biotechnology Information (NCBI) [31]. Draft genomes were
screened for the presence of plasmids incompatibility (Inc) groups,
especially the IncF group that is widespread in EXPEC [32]. The
replicon scheme typing (RST) developed by Villa et al. [33] was
used for IncF plasmid classification according to the FAB (FII, FIA,
FIB) formula.

3. Results
3.1. Antimicrobial susceptibility patterns

From the collection of E. coli isolates (n = 949), 10.6% (n = 101)
were associated with an ESBL-producing phenotype. Among these,
18 isolates (17.8%) were randomly selected for WGS analysis. All
18 ESBL isolates exhibited resistance to ampicillin, cefixime, cef-
triaxone and norfloxacin, while 6 isolates were resistant to gen-
tamicin (Supplementary file 1). Three isolates were susceptible to
trimethoprim/sulfamethoxazole. In contrast, all isolates were sus-
ceptible to cefoxitin, mecillinam, ertapenem, imipenem and col-
istin. All 18 isolates were negative by the 8 CARBA™ assay.

ing Spain, Portugal, Egypt and Saudi Arabia and extracted from the PATRIC database.
assemblies are indicated with vertical black lines. In the heatmap, black cells indicate
covered genes, respectively. Large deletions are therefore observed for several genes

orted in Supplementary file 4.

3.2. Whole-genome sequencing (WGS) and assembly

Computation of the total number of reads and quality metrics
of the genome assemblies (Supplementary file 2) showed homoge-
neous results with high-quality metrics for all isolates from Mo-
rocco. In addition, a completeness score of 100% with the BUSCO
algorithm was obtained for each genome.

3.3. Multilocus sequence typing (MLST) and phylogenomic analysis

As shown in Fig. 1, the overwhelming majority of Moroccan Ex-
PEC isolates (15/18) belonged to ST131 by MLST. All of the ST131
isolates belonged to the same phylogenetic group B2 according to
the Clermont classification [25].

A cluster of ST131 isolates from Rabat was composed by 7 iso-
lates (from CTMA_1597 to CTMA_1603) displaying very low (0-2)
SNP pairwise differences in their core genomes. The SNP pairwise
distance between this cluster and other ST131 isolates from Rabat
ranged around 50-100 in the core genomes. The SNP pairwise dis-
tance between this cluster and ST131 isolates from Saudi Arabia
was equal to 61 and 887 for 025b_H4 and SA186, respectively.

Two isolates (CTMA_1606 and CTMA_1610) belonged to ST617
and Clermont phylogenetic group A. One isolate (CTMA_1608) dis-
played a novel sequence type, reported here for the first time,
and was assigned the new ST10703 profile. This sequence type is
closely related to ST405 with a single point mutation in the fumC
allele compared with the seven gene-based MLST typing (Warwick
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Fig. 2. Sequence reads coverage plots of espL1 and entD virulence genes. This figure compares a ST131 isolate (CTMA_1607) with a non-ST131 isolate (CTMA_1606). In the
ST131 isolate (CTM-1607), there is a deletion extending from 798-1670 in espL1 and from 643-756 in entD.

scheme). This isolate was the single representative isolate of Cler-
mont phylogenetic group D.

3.4. Detection of virulence factor genes

Comparison of Moroccan ST131 and non-ST131 (i.e. ST617 and
ST10703) EXPEC isolates showed more virulence genes in the for-
mer group (Fig. 1; Supplementary file 3). Several deletions were
observed specifically in all ST131 isolates (e.g. entD, sfaC, sfaB, pic)
(Fig. 1) but other deletions (espL1) were also observed in several
STs (ST131 and ST617). A 873-bp and 114-bp deletion were ob-
served in the espL1 and entD virulence genes (Fig. 2). In contrast,
ST131 EXPEC strain CTMA_1596 harboured fewer virulence factor
genes, while especially lacking a cluster of iucA, iucB, iucC, iucD,
iutA, kpsD, kpsM, papX, sfaX, papl, sat, sfaB, sfaC, iha and traT genes.

3.5. Detection of antimicrobial resistance (AMR) determinants

Each draft genome sequence of EXPEC isolates from Rabat har-
boured AMR genetic determinants. They consisted of either chro-
mosomal SNP-based determinants (Fig. 3) or plasmid-mediated
AMR genes (Fig. 4), both mechanisms being involved in resistance
against various classes of critically-important antibiotics.

SNP-based determinants of AMR found in Moroccan E. coli iso-
lates conferred resistance to three distinct classes of antibiotics, in-
cluding fosfomycin (V251 in ptsI and E350Q in uhpT), fosmidomycin
(S352T in cyaA) and quinolones (D87N and S83L in gyrA, E84V and
S80I in parC, and 1529L and S458A in parE).

Plasmid-mediated AMR genes conferred resistance to eight dif-
ferent classes of antibiotics, including aminoglycosides, aminogly-
coside/quinolone, B-lactams, macrolides, phenicols, sulfonamides,
tetracycline and trimethoprim. It is of note that the blacry.m-15
gene was identified in all (18/18) Moroccan EXPEC isolates.

WGS-based analysis identified IncF plasmid replicons in all
isolates. Seven different RST profiles belonging to the IncF
group were characterised in the 18 plasmid replicons: F2:A1:B-
(CTMA_1596, CTMA_1597, CTMA_1598, CTMA_1599, CTMA_1600,
CTMA_1601, CTMA_1602, CTMA_1603); F1:A1:B- (CTMA_1605);
F31:A4:B1 (CTMA_1606, CTMA_1607); F1:A1:B16 (CTMA_1604,
CTMA_1611, CTMA_1614); F1:A-:B23 (CTMA_1612, CTMA_1613);
F31:A4:B10 (CTMA_1608); and F31:A4:B8 (CTMA_1610). Except for
IncF, no other incompatibility plasmid replicon types (i.e. IncA/C,
IncH1, IncH2, IncI1, and IncN) were characterised in these isolates.
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4. Discussion

Despite several reports on infections in Morocco caused by
MDR ESBL-producing Enterobacteriaceae, including E. coli [9,34],
genomic EXPEC lineages were hitherto lacking. Our study con-
tributes to this needed molecular characterisation. While the num-
ber of EXPEC isolates analysed (n 18) is limited, this WGS
study suggests that ESBL-producing E. coli 025b-ST131 carrying the
blactx.m-15 gene is one of the main EXPEC lineage representative in
Rabat. This finding is in line with studies from other continents,
showing that E. coli ST131 is a pandemic MDR EXPEC lineage as-
sociated both with urinary tract infections and bloodstream infec-
tions [35-37]. This pandemic lineage is a real concern consider-
ing the successful combination of its MDR profile and high viru-
lence gene content, an observation that appears to contradict the
common view that a high MDR phenotypic pattern is associated
with a fitness cost leading to decreases pathogenicity [38]. ST131
strains have been shown to exhibit high levels of genomic plas-
ticity, including frequent recombination and plasmid flux, particu-
larly involving IncF-type plasmids that facilitate the spread of an-
tibiotic resistance and virulence genes [39]. Not surprisingly, nearly
all ST131 isolates were associated with a large number of virulence
genes. However, it worth noting that the virulence gene content
somewhat differed from that observed in a previous study by our
team on ExPEC in eastern Democratic Republic of Congo [36]. In-
terestingly, one ST131 isolate from Rabat (CTMA_1596) displayed
fewer virulence factors as it lacked a cluster of genes including
iucA, iucB, iucC, iucD, iutA, kpsD, kpsM, papX, sfaX, papl, sat, sfaB,
sfaC, iha and traT, which are virulence genes usually identified in
ST131 isolates [40]. Our results also highlight the close relation-
ship of Moroccan ST131 isolates to isolates from other regions of
the world, including Saudi Arabia, a country primed for dissem-
ination of MDR EXPEC as a natural consequence of the Hajj, the
Mecca pilgrimage that is the largest annual gatherings in the Is-
lamic world. One of the inherent limitations of this study is the
low number of EXPEC isolates, which could possibly explain why
no ST405 isolate was identified despite this sequence type being
reported as one of the widespread clones in Africa [6,28,33]. In-
terestingly enough, a novel ST (ST10703) with a high similarity to
ST405 was identified making it probably an offshoot of the latter.
While this apparent lack of ST405 isolates needs to be addressed in
complementary WGS studies, it will also be interesting to monitor
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the potential spread of this novel ST10703 and see how its poten-
tial future spread compares both with ST131 and ST405 lineages.

Inferring the resistance phenotype from genomic analysis of
AMR remains challenging for most micro-organisms as the num-
ber of resistance mechanisms involved is extremely large and a
range of genes most probably interact in a complex manner to
give rise to resistance. On the other hand, culture-based assays for
drugs can be unreliable in some species and depend on the qual-
ity of reagents used and the experience of the operator. Despite
these limitations in phenotypic inference, our study showed that
resistance to B-lactams (ampicillin, amoxicillin/clavulanic acid and
third-generation cephalosporins) exactly matched the presence of
blacrx.v in ST131 E. coli, as confirmed by several authors [41,42].
Likewise, previous reports have shown that phenotypic resistance
to quinolones (ciprofloxacin and norfloxacin) and amino acid sub-
stitutions in the quinolone resistance-determining regions (QRDRs)
of gyrA (S83L and D87N) and parC (S80I and E84V) correlated 100%
[43-45]. In this study, another gene associated with low pheno-
typic quinolone resistance is the plasmid-mediated aac(6’)-Ib-cr5
[46].
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Regarding trimethoprim/sulfamethoxazole, a very good corre-
lation was found between phenotypic and genotypic resistance
(i.e. sull and dfr17 genes), except for one isolate (CTMA_1606)
that showed a major discrepant result; indeed, the latter iso-
late harboured three resistance genes (sull, sul2 and dfr17) but
remained susceptible to trimethoprim/sulfamethoxazole. Another
major phenotype-genotype discrepancy was observed with iso-
late CTMA_1613 that lacked these three aforementioned AMR
genes while being resistant to trimethoprim/sulfamethoxazole.
Moreover, no phenotype-genotype correlation was seen with
aac(3) and aadA aminoglycoside resistance genes. Whereas current
data confirm previous reports on B-lactam and quinolone resis-
tance, these data are too limited to infer strong conclusions on
AMR genes and phenotypic resistance correlation, especially re-
garding aminoglycosides and trimethoprim/sulfamethoxazole. Cur-
rently, algorithms are being developed to help improve the
inference of phenotype from genotype [47]. These algorithms
depend on data collected in many countries on large col-
lections of bacteria. In this respect, genome characterisation
of ESBL-producing MDR bacteria in Morocco where such data
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Fig. 4. Heatmap of plasmid-mediated antimicrobial resistance (AMR) genes. AMR genes were identified using the AMRFinder tool. Black cells indicate the presence of the

corresponding AMR gene.

were up to now lacking somehow contributes to enrich these
databases.

In conclusion, our findings underscore the pre-eminence of
ST131 as the major factor driving expansion of EXPEC in Rabat re-
gion while highlighting the potential links with isolates circulating
in other neighbouring countries.

Appendix A. Supplementary data: Supplementary material re-
lated to this article can be found, in the online version.
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