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Specificities and commonalities of carbapenemase producing Escherichia coli isolated in France from
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ABSTRACT

Carbapenemase-producing Escherichia coli (CP-Ec) represent a major public health threat with a risk
of dissemination in the community as it has occurred for lineages producing extended spectrum R-
lactamases. To characterize the extend of CP-Ec spread in France, isolates from screening and infection
samples received at the French National Reference Centre laboratory (F-NRC) for carbapenemase-
producing Enterobacterales were investigated. Six hundred and ninety one CP-Ec isolates collected
between 2012 and 2015 and 22 before were fully sequenced. Analysis of their genome sequences
revealed some disseminating multidrug resistant (MDR) lineages frequently acquiring diverse
carbapenemase genes mainly belonging to clonal complex (CC) 23 (ST 410) and CC10 (ST10, ST167)
and sporadicisolates including rare ST131 isolates (n=17). However, the most represented ST was ST38
(n=92) with four disseminated lineages carrying blaoxassiike g€nes inserted in the chromosome.
Globally, the most frequent carbapenemase gene (n=457) was blagyass. It was also less frequently
associated with MDR isolates being the only resistance gene in 119 isolates. Thus, outside the ST38
clades, its acquisition was frequently sporadic with no sign of dissemination, reflecting the circulation
of the IncL plasmid pOXA-48 in France and its high frequency of conjugation. In contrast blaoxa.1g1 Or
blaxpv genes were often associated with the evolution of MDR E. coli lineages characterized by

mutations in ftsl and ompC.

IMPORTANCE

Carbapenemase-producing Escherichia coli (CP-Ec) might be difficult to detect, as minimal inhibitory
concentrations can be very low. However, their absolute number and their proportion among
carbapenem-resistant Enterobacterales have been increasing, as reported by WHO and national
surveillance programs. This suggests a still largely uncharacterized community spread of these isolates.
Here we have characterized the diversity and evolution of CP-Ec isolated in France before 2016. We
show that carbapenemase genes are associated with a wide variety of E. coli genomic backgrounds
and a small number of dominant phylogenetic lineages. In a significant proportion of CP-Ec, the most
frequent carbapenemase gene blaoyxass, Was detected in isolates lacking any other resistance gene,
reflecting the dissemination of pOXA-48 plasmids, likely in the absence of any antibiotic pressure. In
contrast carbapenemase gene transfer may also occur in multi-drug resistant E. coli, ultimately giving

rise to at-risk lineages encoding carbapenemases with a high potential of dissemination.
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INTRODUCTION

Escherichia coli is one of the first causes of diverse bacterial infections in the community and in the
hospital. In particular, it is the most frequent cause of urinary tract infection (UTI) and 50-60% of
women will suffer at least once a UTI during her life (1). Therefore, multidrug resistance (MDR) in E. coli
is a major public health issue making E. coli infections more difficult to treat. In addition, as
carbapenemase-producing Enterobacterales (CPE) are increasingly detected (2, 3) and E. coli is an
ubiquitous member of the normal gut microbiome in humans, carbapenemase-producing E. coli (CP-
Ec) are also becoming a major actor for the global dissemination of carbapenemase genes (4).

The emergence and spread of carbapenem-resistant Gram-negative bacteria is mainly linked to the
widespread dissemination through horizontal gene transfer (HGT) of mobile genetic elements (MGEs)
encoding carbapenemases. These carbapenemases belong to Ambler class A (mainly KPC-type), class
B (metallo-B-lactamases IMP-, VIM- and NDM-types) or class D (OXA-48-like enzymes) of beta-
lactamases (5). The global epidemiology of extended spectrum R-lactamases (ESBL) producing E. coli
has been characterized through multiple studies, revealing in Western countries the major
contribution of the sequence type (ST)131 lineage in the high prevalence of blacrx.v family ESBL genes
(6). Much less is known with respect to CP-Ec.

Since in 2012, the French National Reference Centre Laboratory for carbapenemase-producing
Enterobacterales (F-NRC) has experienced a steady increase in the number of CP-Ec isolates received
each year (2). A multi locus sequence typing (MLST) analysis of isolates received in 2012 and 2013
revealed a broad diversity of STs, as the 140 analyzed isolates belonged to 50 different STs. However,
a few STs were over-represented (7), such as the ST38 (24 isolates) and the ST410 (10 isolates). In that
study, only one isolate belonged to ST131, contrasting with the situation in the UK where ST131
isolates represented 10% of the CP-Ec isolates received between 2014 and 2016 by Public Health
England (8). On the other hand, a genome based survey of CPE in the Netherlands between 2014 and
2018, revealed that the 264 received E. coli isolates belonged to 87 different STs, with three dominant
lineages, ST38 (n=46), ST167 (n=22) and ST405 (n=16) representing 32 % of the isolates (9). F-NRC
isolates also showed a predominance of isolates producing OXA-48-like carbapenemases followed by
NDM-producing isolates and suggested clonally related isolates among ST38 OXA-48-producing
isolates and ST410 OXA-181-producing isolates, respectively (7).

As whole-genome sequencing (WGS) significantly increases our ability to infer phylogenetic
relationships between isolates, we recently sequenced 50 ST410 CP-Ec isolates received by the F-NRC
between 2011 and 2015 (10) and found that 72% of them belonged to a newly described ST410 lineage
producing OXA-181 (11). We showed that this clade is characterized by mutations in the two porin
genes ompC and ompF leading to a decreased outer membrane permeability to certain B-lactams and

by a four-codon duplication (YRIN) in the fts/ gene encoding the penicillin binding protein 3 (PBP3)
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89 leading to a decreased susceptibility to B-lactams targeting this PBP (10). After a thorough analysis of
90 CP-Ec genome sequences from public databases for mutations in these three genes, we proposed that
91 CP-Ec followed three different evolutionary trajectories. In some lineages which are enriched in CP-Ec
92 isolates and have disseminated globally, acquisition of carbapenem resistance genes might have been
93 facilitated by the mutations in porin genes and in ftsl. In ST38, the genetic background and in particular
94  a specific ompC allele with reduced permeability to some R-lactams may have similarly facilitated the
95 acquisition of carbapenemase genes. In contrast, other CP-Ec isolates including from ST131 might have
96 occurred sporadically following the acquisition of plasmids encoding carbapenemase and with no clue
97  of dissemination (10).
98 Here we thoroughly characterized the diversity of CP-Ec circulating in France by sequencing the
99  genome of almost all isolates received by the F-NRC from its creation until 2015 (Table S1). By
100  combining whole genome phylogeny with the addition of E. coli genome sequences publicly available
101 (Table S2), and tracking mutations in candidate genes, we show that three different situations are
102 encountered. The high transmission potency of the IncL pOXA-48 plasmids has led to a high frequency
103 of OXA-48-producing isolates, often characterized by susceptibility to most non-RB-lactam antibiotics.
104  On the other hand, an increasing number of CP-Ec lineages, mainly producing OXA-181 and NDM
105 carbapenemases, are observed in France as in other Eurpean countries. These lineages are multi-drug
106 (MDR) or extensively drug resistant (XRD) lineages. They are strongly mutated in quinolone resistance
107 determinants and are often mutated in fts/ and in porin genes. Finally, the rapid dissemination of four
108  OXA-48/0XA-244 ST38 lineages might have been favored by the chromosomal integration of the
109  carbapenemase gene.
110
111  RESULTS
112
113  CP-Ecisolates collected until 2015 by the French National Reference Center.
114 Isolates analyzed in this work were sent to the F-NRC laboratory on a voluntary basis from private and
115 public clinical laboratories from different parts of France mainly between the years 2012 to 2015.
116 During this period, we encountered a regular increase in the number of isolates received each year
117 (Fig 1A) corresponding to an increasing number of isolated strains and an increasing frequency of
118 isolates sent to the F-NRC. 713 CP-Ecisolates, including 22 collected from 2001 to 2011 were submitted
119 to WGS. The 691 sequenced isolates of the 2012-2015 period represented 87.5 % of the 790 CP-Ec
120 isolates received by the F-NRC during this period.
121  The majority of the sequenced isolates (66.5%, 474/713) were from rectal swab screening of patients
122 suspected of carrying CPE (patients repatriated from an hospital abroad, patients that have visited a

123 foreign country within the last six months, contact patients of a former carrier, or a previously known
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124 carrier), 24% (172/713) were considered to be responsible for infection (isolated from clinical
125 samples), and the source was unknown for 67 isolates (Fig. 1A, Table S1). During the four-year period,
126  The number of infection-related isolates was found to increase more slowly than the number of
127 screening or of unknown source isolates. A nearly two-fold decrease in the proportion of clinical versus
128  total isolates was observed between 2013 and 2014 (Fig. 1B). Among the 172 isolates associated with
129 disease, 122 were isolated from urine (71%), 15 from blood samples, eight from deep site samples,
130 eight from wound samples, nine from the respiratory tract, three from vaginal samples, three from
131 pus, three from bile, and one from the skin of a newborn. All these isolates were previously identified
132  ascarbapenemase producers by PCR.

133

134 Diversity of CP-Ec isolates as assessed by whole genome sequencing.

135  The genome sequences of the 713 CP-Ec isolates were first analyzed following de novo assembly. For
136 each isolate, we determined its MLST type (Achtman scheme), its phylogroup (ClermonTyping) and its
137 antibiotic resistance genes (ARG) content. We also searched for mutations in the quinolone resistance
138 determining regions (QRDRs) of gyrA, parC and parE, and for mutations in fts/, ompC and ompF we
139 previously identified as associated with CP-Ec disseminated lineages (10) (table S1). F-NRC CP-Ec were
140  assigned to 168 different STs including six new allelic combinations. ST38 was the most prevalent ST
141  (n=92, 12.9 %), followed by ST10 (n=67, 9.4 %), ST410 (n=64, 9 %), and ST167 (n=34, 4.8 %). Ten
142 additional STs were represented by at least 10 isolates (Fig. S1A, table S1) and 154 STs with less than
143  tenisolates including 102 STs with a single isolate.

144  We next performed a core genome phylogeny following read mapping using strain MG1655
145 (NC_000913.3) as reference genome sequence. The phylogenetic tree, estimated from 372,238 core
146 SNPs was consistent with the results of phylogroup determination by using in silico ClermonTyping (12)
147 except for a few isolates (Fig. 2). In agreement with the MLST-based analysis, this tree showed a broad
148 diversity of CP-Ec isolates belonging to the eight phylogroups and three dominant clades
149  corresponding to CC10 (phylogroup A; including ST10, ST167 and ST617), CC23 (phylogroup C;
150 including ST410, ST88 and ST90) and ST38 (phylogroup D) with 161, 97, and 98 isolates respectively,
151 accounting for 49.9 % of the F-NRC CP-Ec isolates analyzed (Fig. 2). Phylogroup B2 isolates represented
152 11 % of the total isolates (n=80) and only 17 CP-ST131 isoaltes were identified. Fluctuations in the
153 proportions of the main STs could be observed during the four years of the analysis but no clear
154  tendency could be identified (Fig. S1A).

155 Infection-related and screening isolates were intermixed throughout the phylogeny (Fig. 2). However,
156 an enrichment in infection-related isolates was observed in phylogroup C (Pearson's Chi-squared test,

157  p<0.02, ddI1) and phylogroup B2 (Pearson's Chi-squared test p<0.0005, ddl1) (Fig. S1B). In phylogroup
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158 B2, 5 out of 9 ST127 isolates, 5 out of 17 ST131 isolates and 7 out of 8 ST636 were responsible for UTls
159  (Table S1).

160

161 Diversity of antibiotic resistance genes carried by CP-Ec isolates

162  The number of acquired ARGs was found to vary between 1 and 26 among the 713 CP-Ec isolates. The
163 median was higher in phylogroup C isolates (m=16) and lower in isolates from phylogroup B2 (m=3)
164  compared to other phylogroups (Medians: A: 9; B1: 9; D: 11) (Fig. 3A). An ESBL of the CTX-M family
165  was present in 40.7% (N=290) of the isolates, with a predominance of blacrx.m.15 gene (N=205) (Table
166  S1). Mutations in gyrA, parC and/or parE potentially leading to fluoroquinolone (FQ) resistance
167 occurred in 425 CP-Ec isolates (59.6%), with mutations in gyrA, parC and parE identified in 412 isolates,
168 309 and 261 isolates respectively (Table S1). Up to five mutations in QRDRs were identified in 19
169 isolates and 250 isolates had four mutations in QRDR, suggesting they have been submitted to a long-
170  term evolution under antibiotic pressure including FQ (Table S1). Globally a higher number of
171 mutations in QRDR was associated with a higher number of resistance genes (Fig. 3B), furthering the
172 link between the number of QRDR mutations and a likely evolution under antibiotic selective pressure
173  for CP-Ec isolates.

174 Four isolates from 2015, two ST648 collected in a same hospital at one-week interval, one ST216 and
175 one ST744, encoded a mcr-9 gene conferring resistance to colistin (Table S1). Although not associated
176  with infection, the four isolates were MDR, carrying 13 to 20 acquired ARGs in addition to mcr-9 and
177 carbapenemase genes (blayw.1 for three of them, blaypm.1 and blagya.as for one). Determination of the
178 MIC for colistin for these four isolates were at the resistance breakpoint (MIC=2 mg/I).

179

180 Diversity of carbapenemase genes

181 Carbapenemase genes identified by WGS (Table S1) were in agreement with molecular data collected
182 by the F-NRC laboratory. The blaoxass and blaoxa.1g1 genes were the most frequent carbapenemase
183 genes detected in 464 (65%) and 101 (14.1%) E. coli isolates respectively. Twenty-nine other isolates
184 carried minor blagya.ss.ike genes (Table S1). blaypy family genes were detected in 14.9% (106/713) of
185 the CP-Ec isolates (blanpm-s in 49 isolates and blaypm.1 in 41). Three additional blaypy alleles were
186 identified: blaxpm.7 (n=10) including a variant coding for a NDM7-like carbapenemase with a S24G
187 mutation, blanpm.4 (N=5), and blaypm-s (N=1). Four different blay, alleles were detected in 18 isolates:
188 blaym.1 (n=8), blaym.s (n=8), blaym.> (n=1), and blaym.29 (n=1). Only five E. coli isolates expressed blaypc.
189 2 (n=2) or blagpcz (n=3) alleles. In twelve isolates, two different carbapenemase genes were found;
190 blaoya.as / blaxpw.1 was the most frequent co-occurrence (n=5) (Table S1).

191  The analysis of the number of additional ARGs and of mutations in QRDR regions showed that,

192 compared with other carbapenemase genes the presence of blaoya4s Was frequently associated with
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193 less resistant isolates (Fig. 4A, 4B). In particular it was the only ARG in 117 isolates among the 457
194 (24.5%) encoding this carbapenemase, including 23 infection-related isolates. Among those isolates,
195 only five showed mutations in QRDR. Conversely, only two blaypy.1 gene carrying isolates among 42
196  and one blayxpu.s gene carrying isolates among 49 carried no other ARG.

197  Atemporal analysis of the proportion of isolates displaying blaoxa.4s did not reveal significant variations
198  (Pearson's Chi-squared test, p=0.05, ddl= 3) during the 2012-2015 period (Fig. 4C). In contrast, the
199 frequency of blaoxa.1s1 relatively to other alleles was found to significantly increase from 0 % in 2012
200 to0 18.9% in 2015 (Pearson's Chi-squared test, p < 0.0002 ddI=3) (Fig. 4C).

201  We observed some association between the carbapenemase gene and the ST. Among the 22 STs with
202 at least seven F-NRC CP-Ec isolates, fourteen predominantly displayed blaoya.as (Fig. 5A); blaoya.as was
203 also predominant in STs represented by six or less isolates. In three lineages, ST410, ST940, and
204 ST1284, blaoya1s1 Was the predominant allele. These three STs grouped 74% of the blaoxa.1s1 gene
205 carrying E. coli isolates from the F-NRC, and ST410 accounted for 50.5% of them. Finally, blagya.204 Was
206 the most prevalent allele in ST90 and blaypm.s the predominant allele in ST636.

207

208  Characteristics of the STs preferentially associated with F-NRC CP-Ec isolates.

209 Eight among the 14 STs with more than 10 CP-Ec isolates (ST410, ST167, ST940, ST405, ST617, ST90,
210  ST1284, ST101) were characterized by a larger number of ARGs (median > 10) and a larger number of
211 mutations in QRDR as compared to ST38, ST10, ST131, ST69, ST88 and ST represented by less than
212 seven isolates (Fig. 5 B, C). ST648 isolates have an intermediate position, being highly mutated in QRDR
213 but less rich in ARGs. Analysis of CP-Ec isolates from the F-NRC for polymorphisms in fts/ revealed that
214 131 (18.4%) had a four-AA-insertion between positions 333 and 334 of PBP3, the insertion being
215 particularly prevalent in ST101, ST167, ST410 and ST1284 (Sup. Table 1 and Fig. 5D). Similarly, ompC
216 alleles we previously characterized as modifying susceptibility to antibiotics were more prevalent in
217 some STs: an ST38-like ompC allele resulting from a recombination event or a G138D mutation were
218 present in 33 and 26 isolates belonging to six different ST, whereas the R195L mutation was observed
219 in 50 isolates all from ST410 (Table S1 and Fig. 5E). In addition, 144 isolates belonging to phylogroups
220 D and F possessed the ST38-like allele inherited vertically. On the other hand the ompF gene was
221  pseudogeneized in 47 isolates (Table S1).

222  To analyze the phylogenetic relationships between F-NRC Cp-Ec and other Cp-Ec isolates collected
223 worldwide, we built ST-based maximum-likelihood trees for the 14 STs with more than 10 isolates and
224 included to this analysis genome sequences publicly available (Table S2). Together with the analysis of
225  QRDR mutations and mutations in fts/ and ompC, this showed that 51 (80%) of the ST410 (Fig.S2A), 17
226  (49%) of the ST167 (Sup Fig.S2B), 3 (33%) of the ST405 (Sup Fig.S2C) and 8 (62%) of the ST101 (Fig.
227 S2D) F-NRC CP-Ec belonged to internationally disseminating MDR subclades enriched in CP we
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228 previously identified (10). Subclades characterized by mutations in fts/ and ompC, mainly expressed
229 blaoxa-1s1 (ST410) or blaypw (other lineages). Other isolates belonging to these ST were dispersed on
230  their respective phylogenies and with no sign of clonal dissemination for most of them.

231 ST38 corresponded to the most represented ST (n=92) among the studied CP-Ec. The phylogenetic
232 reconstruction together with 314 additional non redundant CP-Ec genome sequences retrieved from

233  Enterobase (http://enterobase.warwick.ac.uk/) and 150 non-CP isolates from NCBI provided

234  evidence that 80.4% (n=67) of the French isolates clustered into four clades (Fig. 6). Three of them, G1
235 (n=35), G2 (n=25) and G4 (n=4) only contained isolates encoding blaoxass, While G3 (n=7), included
236 isolates expressing blaoxasg Or its single nucleotide derivative blagyaz44. All but one isolates in G1
237 expressed blacrx.m24, While isolates of G3 expressed blacry.m-14b- The phylogenetic analysis provided
238 evidence of worldwide dissemination of G1, G3 and G4 clades and multiple introduction in France.
239 Strickingly, among the 28 isolates of the G2 clade 24 were collected in France and four in the
240 Netherlands, suggesting at this time a more regional dissemination. In none of the isolates of the four
241 clades, an IncL plasmid, that generally encode blagya-as (13), could be identified by PlasmidFinder (14).
242 It suggests a chromosomal integration as previously shown among ST38 isolates collected in the UK
243 (15). Analysis of two isolates of the G1 and G3 cluster (G1: GCA_900607445.1; G3: GCA_004759025.1),
244 whose genome sequences were completely assembled, confirmed that blagya.as and blaoxa-z4s, in these
245 two isolates respectively, were chromosomally integrated. To assess the genetic support of blaoyaas in
246  the two other clades, we have determined the complete genome sequence of two isolates belonging
247  to G2 (CNR65D6) and G4 (CNR8518) by combining long-read Pacbio and lllumina sequencing and found
248 that both possess as chromosomally inserterted blaoya.as gene. A fifth clade, composed of seven closely
249 related French isolates corresponded to a possible outbreak in the East of Paris between December
250 2014 and December 2015. These isolates are predicted to be highly resistant as they are carrying in
251 addition to blaym.4, blacrx-m-1s, as well as 15 to 18 additional ARGs and five mutations in QRDRs.

252 ST10 E. coli isolates are commensals of a variety of mammals and bird species (16) and studies in
253 different contexts have shown that this ST is also associated with ARGs carriage (17, 18). The 67 F-NRC
254  ST10 CP-Ec isolates were distributed throughout the ST10 phylogeny. Nonetheless 31 isolates
255 belonged to a clade enriched with carbapenemase producers (Fig. S3A, in green) that mainly expressed
256 blaoxa.as, With the exception of three isolates expressing blaoya.1s1, three expressing blaypws and one
257 and blayy.4. Two of the blagya.1s: and the three blaypw.s expressing isolates were closely related, shared
258  a CTX-M-27 ESBL, four mutations in QRDR and a fts/ allele with a four AA YRIN insertion (Fig. S3A, in
259  red).

260  ST131 isolates are major contributors for extra-intestinal infections and the main responsible for the

261 dissemination of CTX-M-15 ESBL (19, 20). ST131 evolution has been thoroughly analyzed and four main
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262 lineages A, B, C1 and C2 have been described (21). We identified only 17 ST131 CP-Ec isolates received
263 by the F-NRC (Fig. 2), ten belonged to lineage A, while the others were scattered in the three other
264 lineages (Fig. S3B). The main carbapenemase associated with these isolates was OXA-48 (N=10). We
265 also did not observe any association with the carriage of blacx.m genes, as only four ST131 CP-Ec
266 isolates carryied a blacrx.m-15 gene. These results are in accordance with the UK survey (8) and our
267 previous observations from sequences retrieved from public databases (10).

268  ST940 (phylogroup B1) and ST1284 (phylogroup A) represented 2.4% (n=17) and 1.9% (n=14) of the
269 sequenced isolates while they were poorly represented in sequence databases. For instance, in May,
270 2021, only 83 and 103 sequences genome sequences could be retrieved from Enterobase for these ST
271 respectively, but with 43% (n=36) and 22% (n=22) carrying a carbapenemase gene respectively. This
272 suggested that ST940 and ST1284 were associated with the dissemination of carbapenemase genes.
273 Phylogenetic trees were drawn by adding the non-redundant sequences from enterobase to those of
274  the F-NRC and NCBI. For ST940 (Fig. S4A) this revealed a well-differentiated sub-clade of 18 isolates
275 from Asia, Australia and Europe carrrying blaxpm.s and sharing mutations in fts/ and ompC. Isolates
276  from the F-NRC were distributed on the tree, showing that the over-representation of ST940 in France
277 did not result from local outbreaks. Three F-NRC isolates belonged to a second smaller sub-clade of
278 blanpm expressing isolates, also mutated in fts/ and ompC. In contrast, in ST1284, thirteen encoding
279 blaoxa-181, Wwere found to be closely related (Fig. S4B). Metadata analysis showed that 12 out of them
280  were recovered from the same health facility in the Paris suburb during a one-month period in 2015,
281 demonstrating a local outbreak origin. A fourteenth unrelated isolate expressed blaypm.s. The F-NRC
282 isolates belonged to a clade characterized by four mutations in QRDR determinants, a YRIN duplication
283 in PBP3, a G137D mutation in OmpC and containing additional OXA-181- or NDM-producing isolates.
284 Among the fifteen ST90 CP-Ec isolates, nine encoding the blaoya204 allele were isolated in hospitals East
285 of Paris between August 2012 to April 2013 and suspected to be associated with the use of a
286 contaminated endoscope (22). Isolates closely related to this outbreak reappeared in 2014 (three
287  times), and in 2015 (twice), also in East of Paris located hospitals. They belonged to a MDR clade
288 characterized by four mutations in QRDR (Fig. S5A). Finally, in the four last STs with more than 10 CP-
289 Ec isolates (ST69, ST88, ST617, and ST648), French CP-Ec isolates were distributed throughout their
290 respective phylogenetic trees (FigS5B and C,S6A and B) with no sign of clonal dissemination, except for
291 a small cluster of five ST69 from two geographical regions and expressing blaOXA-48.

292 In addition to potential outbreaks detected in ST38 (blaym.a), in STI0 (blaoya204) and ST1284 (blaoxa.
293 181), we also found evidence for another potential outbreak among isolates belonging to the ST359.
294 The five isolates encoded blaoxa.ag and blacrxm-32 and had three mutations in QRDR. They were isolated

295 during January 2014, four of them in the south-eastern part of France and one in the Parisian suburbs.

296
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297  DISCUSSION

298  The prevalence of CP-Ec is increasing worldwide. However whether this reveals conjugation event in
299 E. coli isolates by circulating CP-encoding plasmids or the emergence and dissemination of at-risk
300 clonesisstill largely unknown. Here, we have analyzed, by using WGS, 691 (87.8%) of the CP-Ecisolates
301 received by the F-NRC during the period 2012-2015 and 22 isolates from the Bicetre hospital strain
302 collection (2001-2011) to characterize both the diversity of carbapenemase genes and of CP-Ec isolates
303 in France. Altogether 713 CP-Ec were sequenced, representing to our knowledge the most extended
304  collection of CP-Ec sequenced, published to date.

305 The number of CP-Ec isolates sent to the F-NRC was found to strongly increase during the four-year
306 period of analysis, which might be a consequence of an increased circulation of CP-Ec in France but
307 also of an increased screening of potential CPE carriers at their admission at hospital. Indeed, while
308 the number of infection-related CP-Ec isolates was regularly increasing, their proportion compared to
309 the total number of received and sequenced isolates decreased by two-fold, with a clear change
310  observed between 2013 and 2014 (Fig. 1). This is likely a consequence of the implementation of the
311 recommendations on MDR screening of the French Public Health Advisory Board 2013 (23). However,
312 as CP-Ec isolates were sent on a voluntary basis by clinical laboratories, we cannot exclude some
313  sampling bias.

314 The most predominant carbapenemase allele was blaoxa.as (65%) followed by blagya-1s1 (14.1%) which
315 detection constantly increased from no cases in 2012 to 73 in 2015. Next was blaypm.s that was found
316  to progressively substitute to the blaypw.1 gene in frequency of detection (Fig. 4). The predominance
317 of blaoya-as.ike geNes and particularly of blagya.as, among CP-Ec was also noted in other studies (9, 24,25)
318 although in lower proportions. The small number of blayc genes detected in these studies is in contrast
319  with the situation reported in K. pneumoniae for many European countries (26). However, blaoxa.s
320  was found the most prevalent allele in K. pneumoniae in France (2) and in the Netherlands (9). This
321 difference might result from a lower capacity for blagc encoding plasmids to conjugate to E. coli as
322 compared to pOXA-48 or to a higher fitness cost. It might also be linked to sampling differences as
323 different thresholds of carbapenem susceptibility might have been used to collect CRE isolates among
324  studies. Indeed OXA-48-like carbapenemases are generally associated with lower levels of carbapenem
325  resistance than KPC.

326 The number of ARGs identified in the CP-Ec isolates from the F-NRC varied from one (the
327 carbapenemase gene only) to 26, showing that carbapenemase genes were acquired not only in MDR
328 isolates but also in an E. coli population that can be considered as "naive" relative to an evolution
329 under antibiotic selective pressure and resident of the intestinal microbiota. This was particularly true
330 forisolates producing blaoxa4s that were generally associated with a lower number of resistance genes

331 than isolates producing other carbapenemases, irrespectively of their clinical status (Fig. 4A). In
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332 particular 118 out of the 121 (97.5%) isolates with no other ARG than the carbapenemase gene carried
333 blaoxass. Therefore, the predominance of blapyaas among the carbapenemase genes identified in the
334 F-NRC collection might mainly rely on the higher conjugative transfer rate of pOXA-48 related plasmids
335 compared to those encoding other carbapenemases (27). pOXA48 has indeed been shown to rapidly
336 conjugate among Enterobacterales in hospitalized patients (28). This could also explain the high
337 frequency of blagya.s carrying isolates belonging to ST10, ST69, ST88, ST127, ST12 and ST58 (Fig. 5),
338  that carried a small number of resistance genes and QRDR mutations and among which four were
339 previously identified among the most frequent E. coli ST characterized from fecal samples (29).

340 On the other hand, MDR CP-Ec isolates may result from the transfer of carbapenem resistance genes
341 into isolates already selected through multiple exposures to antibiotic treatments that have already
342 acquired multi-resistance plasmids or chromosomal mutations increasing their intrinsic drug
343 resistance, such as mutations in QRDR, in fts/ and/or in porin genes. Alternatively, the circulation of
344  carbapenem-resistant lineages, such as the OXA-181-producing ST410 E. coli lineage, showing a stable
345 association between the lineage and the resistance gene, may also occur and significantly contribute
346  to the number of CP-Ec isolates collected. Discriminating between both alternatives would require a
347 more extended comparison of plasmids carried in these lineages after long-read sequencing similarly
348 to what been done in K. pneumoniae (30). Strikingly, the analysis of fts/ alleles coding for a PBP3 with
349  the four amino-acid duplication revealed a contrasted situation among CP-Ec isolates collected in
350 France, with the duplication in fts/ found in 72.3%, 77.8% and 67% of the isolates carrying blanxpm.s
351  (34/47), blanpw-7 (7/9) and blaoya1s1 (68/101) genes but in only 0.7% (4/458) of the isolates carrying
352  blaoxass. We previously proposed that the fixation of mutations reducing the intrinsic susceptibiliy to
353 carbapenems might have favored the efficient conjugative transfer of plasmids carrying the
354  carbapenemase genes from other CPE species in the gut (10). The transconjugant would be selected
355 in a context of low biliary excretion of carbapenems or other R-lactams after parenteral administration.
356 Increasing the proportion of the donor and recipient bacteria would therefore be less necessary for
357 plasmids with high conjugative rates, such as pOXA-48 (27). Alternatively, these mutations might also
358 have favored the plasmid maintenance by increasing the resistance level and selection of the isolates
359 during RB-lactam or carbapenem treament. Of particular concern in France are the OXA-181 producing
360 ST410 and the NDM (NDM-1, -5 and -7) ST167 lineages that significantly contribute to the circulation
361 of carbapenem resistance. However our study also reveals smaller lineages, that although less
362 frequently encountered in international studies, are nevertheless circulating. In contrast we did not
363 obtain evidence for clonal dissemination of CP-Ec ST131 lineages derived from the B2 clade responsible
364 for blacrx.m.15 gene dissemination (19, 20).

365 Despite their high frequency among the F-NRC collection, the ST38 isolates do not enter into one of

366 the two previous categories. Indeed, while they mainly express blaoxas Or its single-point-mutant
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367 derivative blaoxa244 (31), our phylogenetic analysis revealed that a majority of them belong to four
368 different lineages, including one mostly associated with a rapid dissemination in France. In contrast
369  with OXA-181 and NDM-producing lineages previously described, these lineages are associated with a
370 moderate number of ARGs and QRDR mutations. None of the ST38 isolates is mutated in fts/, however
371  we previously demonstrated that all are characterized by an ompC allele that encodes a porin with a
372 reduced permeability to certain R-lactams and has disseminated into unrelated lineages by
373 homologous recombination (10). A common feature of the four lineages is the integration of part of
374  the pOXA-48 plasmid carrying blaoxass. This could have reduced a fitness cost of this plasmid and
375 facilitated the clonal expansion of these lineages. However, ST38 isolates were identified as
376 unfrequent colonizer of the Gl tract (29, 32). Therefore additional features of this CP-Ec ST38 lineages
377  might have contributed to its dissemination.

378 In conclusion, by analysing genome sequences of CP-Ec isolates collected by the F-NRC we showed that
379 MDR lineages, enriched in carbapenemase-producing isolates are circulating in France, some of them,
380  such as the ST1284 isolates being associated with outbreaks. It also suggests that the evolutionary
381  trajectory may depend on the carbapenemase gene, blaoya.1s1 Or blaypm genes being more frequently
382 associated with the evolution of MDR E. coli lineages characterized by mutations in fts/ and ompC.
383 Surveillance of these mutations may be an important parameter in controling the circulation of MDR
384 lineages. On the other hand, carbapenemase genes are also frequently acquired through plasmid
385 dissemination from other bacterial species. Depending on the resistance background of the receiver
386 E. coli, this may lead to XDR or to isolates sensitive to a broad range of antibiotics. Finally, we also
387 observed a strong and rapid dissemination of ST38 isolates that might have been favored by a reduced
388 susceptibility to carbapenems linked to the ST38 ompC allele and by the chromosomal integration of
389 the carbapenemase gene. These results strengthen our model of different evolutionary trajectories
390 associated with the gain of carbapenemase genes (10). They also show that systematic genome
391 sequencing of CP-Ec and at a larger of CPE isolates, irrespective of their clinical or resistance status is
392 able to provide useful information not only on the circulation of MDR lineages, but also on the
393 propagation of resistance genes through horizontal gene transfer.

394

395  MATERIAL AND METHODS

396 Isolate collection and sequencing.

397 CP-Ec isolates analyzed in this study were collected by the F-NRC, mainly between the years 2012 to
398 2015. Twenty-two additional isolates we have received before the creation of the F-NRC in 2012, were
399 included in the analysis. Information on these isolates as the year of isolation, the region and
400  department in France and summary of their genomic features are reported in Table S1.

401


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.19.464995; this version posted October 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

402  Whole genome sequencing and analyses.

403 DNA were extracted by using the Qiagen Blood and Tissue DNA easy kit. Sequencing libraries were
404  constructed by using the Nextera XT kit (Illumina) following the manufacturer instruction, and
405 sequenced with the Illumina HiSeq2500 or NextSeq500. FastQ files were trimmed for adaptors and
406 low-quality bases (setting the minimum base quality threshold to 25) with the Cutadapt fork Atropos
407 (33). De novo assemblies were generated from the trimmed reads with SPAdes v3.12.0 (34), using k-
408 mer sizes of 51, 71, 81, and 91, the coverage cut-off option was set to “auto” and the “careful” option
409  was activated. QUAST v2.2 (35) was used to assess the assembly quality and contigs shorter than 500
410 bp were filtered out for phylogenetic analyses. The ST38 isolates CNR65D6 and CNR85I8 were
411 sequenced to completion by using the long-read Pacbio technology. PacBio reads were assembled with
412  the RS_HGAP_Assembly.3 protocol from the SMRT analysis toolkit v2.3 (36) and with Canu (37),
413 polished with Quiver (36) and manually corrected by mapping Illumina reads using Breseq (38).
414  Assembled genomes were annotated with Prokka v1.9 (39). To analyze the F-NRC CPEc isolates
415 belonging to the main ST recovered during the analysis in a more global context, their genome
416 sequences were combined to the assembled genome sequences from the same ST retrieved from the

417 NCBI database (July, 2019) and in some STs from Enterobase (http://enterobase.warwick.ac.uk/, April

418 2021). Retrieved genomes were annotated in the same way as the genome sequences of the F-NRC
419  isolates (Table S2).

420 Togenerate a core-genome phylogeny tree of all isolates, the best reference genome was first selected
421 among a set of 18 genomes analyzed by Touchon et al. (40) using the software refRank (41) and three
422 subsets of 100 randomly selected sequences from our study as an input. This led to the selection of
423 the genome sequence of strain MG1655-K12 (NC_000913.3) as the reference for read mapping and
424  SNP identification. Sequence reads for the 17 reference genomes (40) as well as for the genome
425 sequence of Escherichia fergunsonii strain ATCC 35469 (NC_011740.1), used as an outgroup were
426 simulated with ART (42). Trimmed sequencing reads were mapped against the MG1655-K12 genome
427  with BWA-MEM algorithm of the BWA v0.7.4 package (43). For SNP calling the Genome Analysis Toolkit
428 (GATK) v3.6.0 (44) was used with the following criteria, a minimum depth coverage (DP) of 10, a quality
429 by depth (QD) bigger than 2, a fisher strain bias (FS) below 60, a root mean square of the mapping
430  quality (MQ) above 40, and the mapping quality rank sum test (MQRankSum) and the read position
431 rank sum test (ReadPosRankSum) greater than -12.5 and -8 respectively. A Maximume-Likelihood tree
432  was estimated with RAXML v8.28 (45) using core-genome SNPs after removing positions in the
433 accessory genome identified with the filter_BSR_variome.py script from the LS-BSR pipeline (46).

434 For ST with more than 10 CP-Ec isolates from the F-NRC, a core genome alignment was generated with
435 Parsnp (47), by using a finished genome sequence as reference. A closely related isolate outside the

436 ST lineage was selected from the global phylogenetic tree including all F-NRC isolates and used as


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.19.464995; this version posted October 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

437 outgroup to root the ST phylogenetic trees. Maximum-Likelihood (ML) trees were generated with
438 RAXML v8.28 (45) after removing regions of recombination with Gubbins (48). All graphic
439  representations were performed by using ITOL (49).

440

441 MLST type, phylogroups, resistance gene and plasmid replicon identification.

442 Sequence type was assigned to each assembly through a python script that relies on BLAST (10).
443 Antibiotic resistance genes (ARGs) and mutations in gyrA, parC and parE quinolone resistance
444  determining regions (QRDR) were identified with Resfinder 4.0 and PointFinder (50) run in local
445 respectively. The scripts and database (Retrieved: January 4, 2021) were downloaded from the

446 repositories of the Centre for Genomic Epidemiology (https://bitbucket.org/genomicepidemiology/).

447  The identified ARGs were manually reviewed to eliminate potential redundant ARG predicted at the
448 same genomic position. mdf(A) that is present in E. coli core genome was not taken into account.
449 Phylogroups were assigned by using EzClermont (51) run in local. Plasmid replicons were identified
450  with plasmidfinder run on each assembly (14). fts/, ompC and ompF CDS sequences and ompF
451 promoter sequences were identified by using BlastN. Translated or nucleotide sequences were
452 clustered by cd-hit (cd-hit-v4.8.1) with an amino acid (Ftsl, OmpC, OmpF) or nucleotide sequence
453 (ompF promoter) identity threshold of 1. Sequences of each cluster were aligned to detect mutations
454 in regions of interest: four amino-acid insertions between P333 and Y334 and E349K and I532L
455 mutations (Ftsl), mutation modifying charge in L3 constriction loop, R195L mutation, nonsense or
456  frameshift mutations or OmpC sequence clustering with ST-38 OmpC sequences (OmpC), nonsense
457  mutations (OmpF) or mutations affecting one of the OmpR-boxes: mutation -46T/C in OmpR-F3 box
458  and mutation -75AT in OmpR-F2 box (ompF promoter).

459

460  Statistical analysis.

461 Pearson's chi-squared tests were performed by using standard libraries contained within the R
462  statistics package (http://www.R-project.org)

463

464  Availability of data.

465  All sequence data have been deposited at DDBJ/EMBL/GenBank (BioProject PRJEB46636) and
466 bioSample identifiers for the lllumina sequence data are listed in Table S1. Complete genome
467 sequences of CNR65D6 and CNR85I8 and the long-read sequencing data have been deposited at
468 DDBJ/EMBL/GenBank with the accession number ERZ3517884 (PacBio reads, ERR6414227) and
469 ERZ3518335 (ERS6682837 PacBio reads) respectively.

470

471
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643 Figure legends

644  Figure 1. Origin of the isolates received by the F-NRC during the 2012-2015 period. A. Absolute
645 number of isolates per year from infection, screening or unknown origins, differentiating between
646 isolates that have or not been sequenced. B. Proportions of isolates from infection or from screening
647 or unknown origins showing that isolates from infection origin represent the same proportions among
648  total isolates that have been received by the F-NRC and isolates that have sequenced.

649

650  Figure 2: Core genome phylogeny of CP-Ec isolates received by the F-NRC. ML phylogeny of the 713
651 CP-Ec isolates was built with RAXML (45) from 372,238 core SNPs after sequence alignment on
652 MG1655-K12 (NC_000913.3) selected as the best reference. The genome sequence of Escherichia
653  fergunsonii strain ATCC 35469 (NC_011740.1) was used as an outgroup for the phylogenetic analysis.
654  Genomes from Touchon et al. (40) were also incorporated into the analysis. Genomic features are
655 indicated as in the figure key (left) from the inside to the outside circles: carbapenemases of the OXA,
656 NDM and other types, CTX-M ESBL, mutations in gyrA and parC QRDR region (FQ resistance), origin,
657 main ST, phylogroups. Reference genome from Touchon et al. are indicated as Touchon.

658

659  Figure 3. Resistance gene content of the F-NRC CP-Ec isolates. A. Box plot representation of the ARGs
660 contentaccording to the phylogroup. The number of isolates belonging to each phylogroup is indicated
661 between brackets. The limits of the box indicate the lower and upper quartile. Outliers are indicated

662 by points above the maximal value. B: Relationships between the ARGs number and the number of
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663 mutations in QRDR. In the box plot representations, the median is indicated by an horizontal bar and
664  the mean by a cross.

665

666  Figure 4. Carbapenemase gene content of the F-NRC CP-Ec isolates. A. Relationship between the
667 carbapenemase allele and the ARGs content. In the box plot representation, the median is indicated
668 by an horizontal bar and the mean by a cross. The limits of the box indicate the lower and upper
669 quartile. Outliers are indicated by points above the maximal value. B. Number of isolates carrying a
670  specific carbapenemase allele according to the number of QRDR mutations in their genomes. C. Per-
671  year evolution of the percentage of isolates carrying the different carbapenemase alleles in the 2012-
672 2015 period. Year of isolation are indicated as in the figure key (right). Given their small number (n=22),
673  strains isolated before 2012 are not indicated.

674

675 Figure 5. Features of the main ST associated with CP-Ec isolates in France. A. Proportion of the isolates
676 according to the carbapenemase allele in each ST; B. Box plot representation of the ARGs content
677 according to the ST; C. Proportion of isolates according to the number of mutations in QRDR; D :
678 Proportion of isolates with a specific PBP3 allele. PBP3 characterized by a YRIP, YRIK or YRIN insertion
679 between positions 333 and 334, the YRIN insertion is generally associated with a A413V mutation
680 (YRIN-L) and less frequently with a E349K mutation (YRIN-K-L) (10); E. Proportion of isolates carrying
681 specific mutations in ompC: R195L, G138D or acquisition of a ST38-like ompC allele by recombination
682 (10). For each ST, the phylogroup, the total number of isolates and the number of isolates associated
683 with urinary tract infections are indicated in the upper panel. Intermediate (Inter) and minor ST
684  indicate ST represented by 4-6 and 1-3 isolates, respectively.

685

686  Figure 6. Core genome phylogeny of ST38 isolates. ML Phylogeny was based on genome sequences
687 of 92 CP-Ec from the F-NRC and 464 genome sequences retrieved from Enterobase and from the NCBI
688 database including 331 carrying a carbapenemase gene. A core genome (2,900,000 nt) alignment of
689  the de novo assemblies on the sequence of GCA_005886035.1 used as a reference was performed by
690 using Parsnp (47); ML phylogeny was built with RAXML (45) from 6,170 core SNPs after removing
691 recombined regions with Gubbins (48). The genome sequence of CNRC6047 (ST963) was used as an
692 outgroup for the phylogenetic analysis. F-NRC isolates are indicated by red triangles (inner circle).
693 Other genomic features are indicated as indicated in the figure key (left) from the inside to the outside
694  circles: carbapenemases of the OXA, NDM and other types, number of mutations in gyrA and parC
695 QRDR region (FQ resistance), number of ARGs, mutations in ftsl, ompC, ompF, geographical origin. The

696 four OXA-48-like clades (G1, G2, G3, G4) clustering most French isolates are colored in blue, red, violet
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697 and green. A fifth clade (G5) corresponding to a possible outbreak of VIM-4 isolates in the East of Paris
698 s colored in brown

699

700  Supplementary figures

701 Figure S1. Per-year analysis of the origin of the isolates received by the F-NRC. A. Proportions of the
702 isolates belonging to the different ST. The total number of isolates is indicated between brackets. The
703 large proportion of ST90 isolates collected in 2012 is linked to a local outbreak. B. Proportions of the
704 isolates collected in screening and infection situations as a function of the year and the phylogroup.
705  The absolute number of isolates for each class is indicated inside the bars.

706

707 Figure S2. Core genome phylogenies of the main ST characterized by clades disseminating
708 internationally. A. ST410; B. ST167; C. ST405; D. ST101. Phylogenies were based on genome sequences
709  of A: 64 CP-Ec from the F-NRC and 146 genome sequences from the NCBI database;B: 35 CP-Ec from
710  the F-NRC and 134 genome sequences from the NCBI database; C. 15 CP-Ec from the F-NRC and 145
711  genome sequences from the NCBI database; D. 13 CP-Ec from the F-NRC and 194 genome sequences
712 from the NCBI database. Core genome (ST410: 3,522,000 nt; ST167: 3,276,000 nt; ST405: 3,685,000
713 nt; ST101: 3,774,000 nt) alignments of the de novo assemblies on the sequences of GCA_001442495.1
714  (ST410), GCA_003028815.1 (ST167), GCA_002142675.1 (ST405), GCA_002163655.1 (ST101) used as
715 reference were performed by using Parsnp (47); ML phylogeny was built with RAXML (45) from 6,176
716  (ST410), 10,393 (ST167), 37,482 (ST405), 19,967(ST101) core SNPs after removing recombined regions
717  with gubbins (48). The genome sequences of CNR93E7 (ST88), CNR93D10 (ST746), CNR7319 (ST115),
718 CNR93I2 (ST906) were used as outgroups for the phylogenetic analyses of ST410, ST167, ST405 and
719 ST101 respectively. The origin from the F-NRC is indicated by red triangles close to the isolate name.
720  Other genomic features are indicated as indicated in the figure key (left) from the inside to the outside
721 lines: carbapenemases of the OXA, NDM and other types, number of mutations in gyrA and parC QRDR
722 region (FQ resistance), number of ARGs, mutations in ftsl, ompC, ompF, geographical origin.

723

724 Figure S3. Core genome phylogenies of ST10 and ST131 isolates. A. ST10 phylogeny based on the
725 genome sequences of 67 CP-Ec from the F-NRC and 153 genome sequences from the NCBI. B. ST131
726 phylogeny based on the genome sequences of 17 CP-Ec from the F-NRC and 462 genome sequences
727  from the NCBI. Core genome (ST10: 813,000 nt; ST131: 1,641,000 nt) alignments of the de novo
728 assemblies on the sequence of MG1655 (ST10) or GCA_000285655.3 (ST131) used as references were
729  performed by using Parsnp (47); ML phylogeny was built with RAXML (45) from 20,245 (ST10) and
730 14,366 (ST131) core SNPs after removing recombined regions with Gubbins (48). The genome
731  sequences of CNR93D10 (ST746) and CNRAL47G10 (ST640) were used as outgroups for the
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732 phylogenetic analyses of ST10 and ST131, respectively. F-NRC isolates are indicated by red triangles
733 (inner circle). Other genomic features are indicated as indicated in the figure key (left) from the inside
734  tothe outside circles: carbapenemases of the OXA, NDM and other types, number of mutations in gyrA
735 and parC QRDR region (FQ resistance), number of ARGs, mutations in ftsl, ompC, ompF, geographical
736 origin. The ST10 clade enriched in CP-Ec is indicated in green and the sub-clade with the YRIN insertion
737 in PBP3 in red. Note that the circle for ftsl mutations is absent in ST131, as no YRIN-like duplication in
738 PBP3 was identified among the analyzed isolates.

739

740 Figure S4. Core genome phylogeny of ST940 and ST1284 isolates. A: ST940 phylogeny based on
741  genome sequences of 17 CP-Ec from the F-NRC and 88 genome sequences from Enterobase and the
742 NCBldatabase B: ST1284 phylogeny based on genome sequences of 14 CP-Ec from the F-NRC and 60
743 genome sequences from Enterobase and the NCBI database. A core genome (ST940: 3,639,000 nt;
744  ST1284: 3,779,000 nt) alignment of the de novo assemblies on the sequence of ST940: ESC_LB2149
745 and ST1284: ESC_LB2152AA (from Enterobase) used as references was performed by using Parsnp
746  (47); ML phylogeny was built with RAXML (45) from 13,859 (ST940) and 2,009 (ST1284) core SNPs after
747 removing recombined regions with Gubbins (48). The genome sequences of CNR98G1 (ST3022) and
748 MG1655 (ST10) were used as outgroups for the phylogenetic analyses of ST940 and ST1284,
749 respectively. F-NRC isolates are indicated by red triangles first column on the left. Other genomic
750  features are as indicated in the figure key (left) from the left to the right columns: carbapenemases of
751  the OXA, NDM and other types, number of mutations in gyrA and parC QRDR region (FQ resistance),
752  number of ARGs, mutations in ftsl, ompC, ompF, geographical origin.

753

754 Figure S5. Core genome phylogenies of ST69, ST88 and ST90. isolates. A: ST90 phylogeny based on the
755 15 CP-Ec from the F-NRC and 38 genome sequences from the NCBI database; B: ST69 phylogeny based
756  on the 16 CP-Ec from the F-NRC and 244 genome sequences from the NCBI database; C. ST88
757 phylogeny based on the 15 CP-Ec from the F-NRC and 99 genome sequences from the NCBI database.
758 Core genome (ST69: 2,735,000 nt; ST88: 3,472,000 nt; ST90: 3,801,000nt) alignments of the de novo
759  assemblies on the sequence of GCA_002443135.1 (ST69), GCA_002812685.1 (ST88) or
760  GCA_001900635.1 (ST90) used as references were performed by using Parsnp (47); ML phylogeny was
761  built with RAXxML (45) from 4,596 (ST69), 12,557 (ST88) or 2,878 (ST90) core SNPs after removing
762  recombined regions with Gubbins (48). The genome sequences of CNR33D9 (ST394), CNR83B9 (ST410)
763 and CNR88B9 (ST847) were used as outgroups for the phylogenetic analyses of ST69, ST88 and ST90,
764 respectively. F-NRC isolates are indicated by red triangles (first column on the left). Other genomic

765 features are indicated as indicated in the figure key (left) from the left to the right columns:
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766 carbapenemases of the OXA, NDM and other types, number of mutations in gyrA and parC QRDR
767 region (FQ resistance), number of ARGs, mutations in fts/, ompC, ompF, geographical origin.

768

769 Figure S6. Core genome phylogeny of ST617 and ST648 isolates based on genome sequences of A:
770  ST617 genome sequences of 15 CP-Ec from the F-NRC and 65 genome sequences from the NCBI
771 database; B: ST648 genome sequences of 14 CP-Ec from the F-NRC and 126 genome sequences from
772 the NCBI database. A core genome (ST617: 3,407,000; ST648: 3,501,000 nt) alignment of the de novo
773  assemblies on the sequences of GCA_002142695.1 (ST617) or GCA_004138645.1 (ST648) used as
774 references was performed by using Parsnp (47); ML phylogeny was built with RAXML (45) from 15,030
775 (ST617) or 3,782 (ST648) core SNPs after removing recombined regions with Gubbins (48). The genome
776 sequences of CNR93D10 (ST746) and CNR71A8 (ST1485) were used as outgroups for the phylogenetic
777 analyses of ST617 and ST648, respectively. F-NRC isolates are indicated by red triangles close to the
778 isolate name. Other genomic features are indicated as indicated in the figure key (left) from the left to
779  the right columns: carbapenemases of the OXA, NDM and other types, number of mutations in gyrA
780  and parC QRDR region (FQ resistance), number of ARGs, mutations in ftsl, ompC, ompF, geographical
781  origin.

782

783  Supplementary Tables

784  Table S1: Main characteristics of the F-NRC CP-Ec

785  Table S2: Main characteristics of genome sequences used for phylogenetic reconstructions


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 1

Sequenced _
isolates

Received
but not

- mscreening
m infection
unknown
[ mscreening
infection

sequenced

| ®munknown

2012

2013

2014

2015

100

200

300

400

o

2015 2014 2013 2012

received (total)
sequenced
received (total)
sequenced
received (total)
sequenced
received (total)
sequenced

m infection

0

% 50% 100%
L [
|
L
I
-s A
;s SA
.. A X @
-m.s

m screening+unknown


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 2

OXA Origin
[7] oxa-81 [ ciinical
B oxa204 [ ] Screening
[7] oxa232 Bl Touchon
B oxa244 [] unknown
B o STSimplified
LY [ smo
NDM B stiot
[7] NOm-1 [T sT1284
B nom4 | st31
[ noms [T smie7
B noms | BE
[7] Nom7 W sT405
[N [ sma10
Other CPase D STe17
75 P2 [l ste4s
B «ecs B ste9
] viv [[] ses
B 2 B st
I vimzs [l st40
B viv4 HLL
[N Phylogroups
CTXM A
movws Mo
[ crxm24 e
B cTxwm-4p Wc
[7] other mo
[N e
Br
FQDR Be

B GyAParC mutation

[ Na

—

~Aigy

By
~am.
Iy

Tree scale: 0.1

v

Ny
RRLE ‘/‘/

m W

1

| -~

i im
L[ D T O



https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

>

B
30 30
52 T L, 25
E (3 @ o
< 20 E m 20 . o
B 15 < 3 ;
g " AR FE
10 o
: £ 10
- - >
B 5
A Bl B2 C D E F 0 -
(207) (134) (80) (96) (155) (9) (28) 0 1 2 3 4 5
Phylogroup QRDR mutations

Fig. 3


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

o
[Sp}

<

m2012
u2013

S O O o O O
c~ O N < N A

SOJB[OSI JO 9FeIUadI0]

o
T.|A @o&@o
B\
T. Ay
T! o @oﬁso
+ ._ @5
f

Hj#

8k
vVux
nn o wn O wn O o
AN N~ —

SOV JO 1quinN

10
0

=2 CPases (12)

2015

odd

AN /WO

S-INAN

I-INAN

M-8 VXO 39410

181-VXO
8Y-VXO
o
Q
2
o *
Z o~ ~
_5§88:
a=82w 5
rMMr
£=2 25838 2
¥ > © Z Z ©
I B E H [

o O o O o O
S N S N S N
N AN N — —

SQJR[OST JO JoquINN

= OXA-181 (99)
= OXA-48 (457)

Number of mutations in QRDR

Fig. 4


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 5

Phylogroup

Nb.of isolates
Urinary (%)
A 4,
% 100%
g 80%
5 60%
&
S 40%
& 20%
B 30
25
20

15

Number of
ARGs

100%

QRDR
mutations
(9,1
S
R

100%

Ftsl
mutation

()}

S

R

100%
50%

OmpC

0%

D A C AB2Bl DD A C C A Bl F B2BI B2F B2A D A

92 17 16 15 15 15

17 6 2527 13 33 13 02525 87
oo

on

=

n

B sTIse o
I STI2

W ST
I STSS

+i*+ﬁ*ﬁf*ﬁ B gy

151413 139 9 8 8 8 8 7 7 461-3
0 14 29

3
wn
=

il
{

g
bl

QL g
= =
N

m 2 CPase

s KPC

s VIM

m other OXA-48-like
1 OXA-48

= OXA-181

= other NDM

= NDM-5

= NDM-1

No
= YRIP
m YRIK
= YRIN-L
m YRIN-K-L
No

= R195L

2 G138D

m ompCST38-like


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 6

Study
o FRC

OXAdike
B oxasst
[7] oxads
B oxa244

NDM-ike
[ Now1

B rous

Other CPase

[ kpc2

B kpc3

B vime

B me4

Plasmids

@ Mopasid

CTXM

B crxmia

[ cTxmtap

[ crxamis

[ crxmas

[ crxmar

B otercTxM

[7] CTxM-15+other CTX-M

e
B QROR mutations

ARGs

B ARes
Ftsl insertion
[7] YR
| RGUE

[7] YRiN2

OmpF mutation

[l pseudogene

[T promoter: (ompR3: 46CT)
[l promoter: (ompR2: -62TiC)
[ promoter: (OmpR2: 75 insT)
[ promoter: (ompRF2: -75AT )

Zone

[ Easthsia

B Euope

[T Middie East
[ Notth Afica
[T Notth America
B oceania

[ south Ameica
[ souhAsa

[7] southEastAsia
B subSaharan Afica

foen L L TR T /3 I

: \\\‘\\\“““ b llllll ”””I:II

\\\\\\\;::\\\\\\\\\\\\“’\}“‘“I e — ”'"l..
N —

T

[T &

1l

e
lll///lml

"y

”"”Ii T
I'///I ey I
. II/’I'/[I,,

I

|
|---I-|-I||---||||||\\\"““

Tree scale: 0.001 +—————


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. S1

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

2012 (44)

2013 (91) 2014 (182) 2015 (374)

7 Other ST
I ST648
mST101
mST617
mST1284
B ST90
W ST88
B ST69
B ST405
m ST940
mST131
1 ST167
1 ST410
mST10

B1

B2

N
N

2012
2013
2014
2015
2012
2013
2014
2015
2012
2013
2014
2015
2012
2013
2014
2015
2012
2013
2014
2015

[ary
N

==

M clinical

screening

o)}

¥ Unknown


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

Study
P> FrNRC

OXA-ike

[[] oxa4s

Il oxa-181
[ oxa232
[ oxa-244
[[] oxa-204
[l Other OXAdike
NDM-ike
[] nom-1
Il Noms
Il ~om7
] NDMHike
other CPase
KPC2
B «rPc3
[l «PCiike
B viv1
B viva

W ViMiike

B P4

B 'MP-ike

QRDR mutations

. QRDR mutations

ARGs

M ARcs

Fig. S2

Insertion in PBP3 A

B YRINKL [Fj‘
[ YRINL

1

|l

[ YR
W YrP
[ yme

OmpC mutation
[] sT38dike
[ o137
[] r1gsL

- pseudogene

OmpF mutation

. pseudogene
[T] promoter: (OmpR-F3: 46C/T)
D promoter: (OmpR-F2: -75insT )

Zone

[] EastAsia

- Europe

[] Middle East
[l North Africa
[T] North America
. Oceania

[ south America
. South Asia

[ south-EastAsia
[l sub-Saharan Africa

[N

ST410

Tree scale: 0.01

\l

'
1

\l
i |
1

v

'

— m—
QL ..m]J SRS T

OV YOOV Y OVYYVEY YYVYNYNYYVYVY OYOVY VYV OV

LALALAALLA

ST167

Tree scale: 0.01

ol

|
)

) R S e S IR R ey U AR

!

m

m

i omm

m

m

ST405

@
|

Tree scale: 0.001

yrm

\Al

\AAl

Tree scale: 0.001

romrm
I n m
"

M w1 m

I R e | T - e

]
il
Jili |


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

B
Study Insertion in PBP3 A

\

P> FrNRC H YRNKL — \\
\'\_‘\.J\L\.I LLILNL g, ~J
OXAdike B yrv . L T
[] oxa4s [0 yri //L%;ffjf
YRIP L
W oxa-181 u
YTIP
[ oxa-232 L
. A 7 \
I oxa244 OmpC mutation . ///"/’, \
[[] oxa204 [[] sT3s-like i, %‘4 \ \
Y . 19Ut [ 07 et L { \
Il Other OXAdike [ c13m \\\\\\mn-l“““ i) s %{_
QO Z
NDMike [ Reosi \ /K/’/Q« N \%1 \
bt & ==
» . pseudogene \/;/,‘/; ~ '\A\ gf‘
[] NDw-1 . s ?({ '\\\‘%EE
B \oms5 OmpF mutation SSp \ & ="
B \om7 B pseudogene :s 7 ‘ W \ = W | =
= (s —= |\|N N &=
D NDM-like |:| promoter: (OmpR-F3: 46C/T) HIfny| 2 s R - | -
- =nl 4 5
other CPase [ promoter. (OmpR-F2: -75 insT) =- -_T \‘E 2 il .. H lf'f
otherCPase = =l §2 : 5
[ xpc2 Zone 5 : 2 ,‘ sl ' 3
A4 Z 3
W «rcs [] EastAsia = 2%/ :
- a -~
W KPCiike I Europe 2 =\ 5 2
a 2
W viv- [[] Middle East ;'% W A 7
) Ry <«
B viv4 [l North Afiica NG R R g )
4 . 7
W ViVike [T North America ‘.
B P4 B Oceania
B MP-ike [ south America v, 7 . >
. — — — —
_ ~ W =
QRDR mutations . South Asia ."u IIII 0 ////////////// r— - ‘\\\\\\\\\\\\‘\}\‘
QRORmuatons_ - g, 111 N
Il QROR mutations [ SouthEastsia - . I”’Illlll'IH---!’!-'!!|!!!““.“l\l\'\“\ W

o e \}

BT

g

ST131 Pt - Sem—

. Sub-Saharan Africa

B [ ST10 S~

Tree scale: 0.001 +—— Tree scale:0.001 +——m—

Fig. S3


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

Study

P FroNR
OXAdike

B oxa-st
[7] oxa4s
NDM-ike

B Noms
[7] NDMike
[7] Nowm-t
B rom?

QRDR mutations

. QRDR mutations
ARGs

B ARGs

Insertion in PBP3
[ YrRK

B YRINKL

] YRINL

OmpC

7] mutG137D
B ompCST38
OmpF mutation
. pseudogene
. promoter (ompR-F2: AA68)
Zone

["] EastAsia

. Europe

[7] Middle East
|:| North America
. Oceania

D South America
. South Asia

D South-East Asia
. Sub-Saharan Africa
B Notth Afica

[N

// "
//

v v vVYy v vy vyy v
- I - =

g, e i i ERp

MALA S

S |
Tree scale: 0.001

ST940

| DE—

—

ST1284

|
EE |}
I
— i
[~
L B
-
— » | ]
In3 -
-
+ -
-
]
[
=
—
]
]
]
|
]
]
-
|
|
—
< -
> -
> -
> -
> -
> -
> -
> -
>
>
>
>
>
Tree scale: 0.001


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. S5

Study

P> FrNRC
OXAdike
[] oxa4s
Il oxa-s1
[] oxa204
NDM-ike
[] nom-1

other CPase
B «pc3

QRDR mutations
. QRDR mutations
ARGs

B ArGs

Zone

D East Asia

B Europe

[] Middle East

B North Africa

[] North America
. Oceania

[ south America
. South Asia

D South-East Asia
[l sub-Saharan Africa

[ NaA

ST69

>N

AAAAAAAAAAAAAA

Tree scale: 0.001

o amm W

i oo B
LB |

—

-ﬂ'\'lTl'?*rﬁFA‘r‘"lq“'] TAIT J'J-qﬂrﬂnﬁzﬂ“ T AT Jlm‘l'[ﬂﬂ‘

Tree scale: 0.001

. s

T
LRl b B b e e iy L 'T"'-'"“‘-“'H l"v?"‘ W] ee— e -y
m

—

ST90

m——
=

ol

TR TS T TTT TTEN] EEme geeEe SEEREeRRERR N R ERR SR -

Tree scale: 0001 +————————


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. S6

Study
P> FrNRC

OXAdlike
mows
Il oxa-1s1
[[] oxa-204
[ oxa-232

NDM like

[] NnDm-1
B \owms
Il Now7
[] NDMHike

other CPase

[ xpc2
B «Pc3

B «PCiike

B v

QRDR mutations

. QRDR mutations

ARGs

Insertion in PBS3

[] yrK

B YRNKL

[] YRNL

OmpC mutation

. pseudogene
[ sT3sdike

OmpF mutation

. pseudogene

Zone

D East Asia

B Europe

[] ™iddle East
[ North Africa
D North America
. Oceania

D South America
. South Asia

D South-East Asia
. Sub-Saharan Africa

[N

//

/'

ST617

v v
|

- |
| B B B l‘.-‘_ﬁ

v
|

vy

-.-l

rl.l—rxmﬁq'—llllr’:_‘ll-kl.—rlr_.l;y__»l«PTllm'T—‘ﬂlelllJ\ll-ﬂ_mﬂ‘m,rﬁ—“ﬂﬁl
-
A

v

vy
||

vwy
n_u
" =
NI NN N

v

-lq|l'l|IlI"'l-I-l"lIql——nl.-“--n.-l.l.-““-.. :

v

Tree scale: 0.001

ST648

TR ﬁlA”ﬁ]ﬂ“‘Fﬂﬂmﬁ—rﬁlm*DﬁT'm'mlﬂ
n

|
I

n

"
| |

\

1A

"

- B
-

Tree scale: 0.001

3
3

.

—


https://doi.org/10.1101/2021.10.19.464995
http://creativecommons.org/licenses/by-nc-nd/4.0/

