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Background: Carbapenemase-producing Gram-negative bacteria cause infections that are difficult to treat

and represent a rising threat to healthcare systems worldwide. This study analysed isolates of Escherichia

coli ( E. coli ), a species associated with nosocomial-acquired and community-acquired infections, from hos- 

pitals in Germany and Switzerland exhibiting a slight decrease in susceptibility to carbapenems.

Methods: E. coli strains from Germany and Switzerland, obtained mainly in 2019, were first screened for

carbapenemase genes by PCR and subsequently whole-genome-sequenced and analysed for their clonal

relationship using multilocus sequence typing, single nucleotide polymorphisms, virulence and antibiotic- 

resistance gene content.

Results: The analysis revealed the presence of extended β-lactamase (ESBL)-producing E. coli clones pro- 

ducing OXA-244, a point-mutation derivative of OXA-48, with a predominance of isolates exhibiting the

sequence type (ST) ST38 in both Germany and Switzerland. These clustered exclusively into two distinct

lineages: one encoding CTX-M-27, a recently emerged extended-spectrum β-lactamase, and the other 

CTX-M-14b. All OXA244/CTX-M-27 ST38 isolates harboured the Dr adhesin operon and a representative

isolate exhibited a diffuse adherence (DAEC) phenotype and was invasive for Hela cells.

Conclusion: Clonal lineages of ST38 are members of E. coli phylogenetic group D commonly associated

with extra-intestinal infections. Their increased isolation in two different European countries indicates

ongoing spread of ST38 ESBL-producing and OXA-244-producing E. coli clonal lineages. It is possible that

members of the multidrug-resistant DEAC ExPEC group have expanded globally, but that this is currently

underreported because of the inherent difficulty in detecting isolates expressing the OXA-244 allele.

1. Introduction

Carbapenem-producing Enterobacterales (CPE) are increasingly 

being identified not only in Klebsiella pneumoniae but also in Es- 

cherichia coli ( E. coli ) [1] . For E. coli , NDM- and OXA-48-type en- 

zymes are the main determinants of carbapenem resistance [1] . 
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Their presence in E. coli , which is a source of both nosocomial 

and community-acquired infections, raises the threat of their silent 

and impossible-to-control spread outside the hospital environ- 

ment. This study analysed OXA-244-producing E. coli isolates col- 

lected in two different European countries. 

2. Materials and Methods
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.1. Strain collection 

OXA-244-producing E. coli isolates obtained from two CPE 

urveillance networks, one in the state of Hesse, Germany 
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ittelhessen.de/material/SurvCARE ), and the other in Switzerland 

ca. 8.4 millions inhabitants, National Reference Center for Emerg- 

ng Antibiotic Resistance, NARA) were analysed. 

For SurvCARE, extended-spectrum β-lactam (ESBL)-resistant 

nd carbapenem-resistant isolates were identified using chro- 

ogenic media by the laboratories of the participating hospi- 

als. Determination of the MIC towards carbapenems (ertapenem, 

mipenem and meropenem) was performed using Etest following 

UCAST recommendations [2] . Resistance phenotypes of other an- 

ibiotics and species were determined with the VITEK 2 R © system 

bioMerieux, Nürtingen, Germany). Enterobacterial strains that dis- 

layed a decreased susceptibility to carbapenems were regularly 

ent to either site, where the molecular mechanisms of resistance 

ere analysed [3] . 

.2. Whole genome sequencing and analysis 

For whole genome sequencing, DNA was isolated from 

vernight cultures using the PureLink Genomic DNA kit (In- 

itrogen, ThermoFischer, Germany). Short read sequencing li- 

raries were prepared for all E. coli ST-38/OXA-244 isolates 

n = 31) using the Nextera XT kit (Illumina, Netherlands) and 

equenced on MiSeq/NextSeq sequencing machines (read length 

ither 2 × 300nt or 2 × 150nt). A long-read sequencing li- 

rary of the isolate SurvCARE133 was prepared using the na- 

ive barcoding kit (EXP-NBD103, Oxford Nanopore Technologies) 

nd 1D chemistry (SQK-LSK108, Oxford Nanopore Technologies, 

K). Sequencing was performed on a MinION sequencer (Oxford 

anopore Technologies, UK) using a SpotON Mk I R9 Version 

ow Cell (FLO-MIN106, Oxford Nanopore Technologies, UK). Post- 

equencing quality control, assembly and virulence gene determi- 

ation was performed using ASA 

3 P pipeline [4] . Antibiotic resis- 
able 1 

linical data of the Escherichia coli ST38 OXA-244-producing isolates. Origin: CH, Switzerla

Isolate Year of isolation Clinic Origin Sample t

N11 2017 CH-04 CH Liquid dr

N293 2018 CH-03 CH Urine 

N460 2019 CH-04 CH Urine 

N481 2019 CH-05 CH Urine 

N511 2019 CH-02 CH Rectal sw

N658 2019 CH-05 CH Urine 

N816 2019 CH-04 CH Urine 

N832 2019 CH-05 CH Urine 

N861 2019 CH-01 CH Rectal sw

N871 2019 CH-06 CH Urine 

N888 2019 CH-07 CH Urine 

N930 2019 CH-08 CH Urine 

sc38-1 2018 GE-08 GE Rectal sw

SurvCARE133 2018 GE-02 GE Rectal sw

SurvCARE134 2018 GE-02 GE Rectal sw

SurvCARE140 2018 GE-07 GE Punctate

SurvCARE303 2019 GE-06 GE Rectal sw

SurvCARE318 2019 GE-03 GE Urine 

SurvCARE319 2019 GE-01 GE Rectal sw

SurvCARE335 2019 GE-10 GE Gall blad

SurvCARE377 2019 GE-09 GE Rectal sw

SurvCARE378 2019 GE-09 GE Urine 

SurvCARE382 2019 GE-05 GE Vaginal s

SurvCARE383 2019 GE-05 GE Nose/thro

SurvCARE384 2019 GE-05 GE Nose/thro

SurvCARE389 2019 GE-05 GE Rectal sw

SurvCARE390 2019 GE-05 GE Rectal sw

SurvCARE392 2019 GE-01 GE Rectal sw

SurvCARE393 2019 GE-01 GE Nose/thro

SurvCARE421 2019 GE-05 GE Rectal sw

SurvCARE438 2019 GE-04 GE Rectal sw

rigin: CH, Switzerland, GE, Germany. 

2 
ypes were determined using the Center for Epidemiology tools 

 http://www.genomicepidemiology.org/ ). Phylogenetic analysis was 

erformed using HarvestSuite [5] . Regions exhibiting recombina- 

ional hotspots were removed using Gubbins [6] . The raw se- 

uencing data information was stored in the National Center for 

iotechnology Information under the project number PRJNA6026 6 6 

 https://www.ncbi.nlm.nih.gov/ ). 

.3. Adherence assays 

Human HeLa cervical epithelial cells (ATCC CCL2) were grown 

nd assayed at 37 °C with 5% CO 2 in Dulbeccos Minimal Essen- 

ial Medium (DMEM) supplemented with 0.5% (vol/vol) foetal 

alf serum (FCS). Fresh bacterial cultures grown overnight in LB 

edium were used to prepare suspensions in PBS adjusted to an 

D of 0.1 at 600 nm (~1 × 10 6 cfu/mL). Subconfluent 10% buffered 

ormalin-fixed or live 48-h of HeLa cells grown on coverslips 

laced in 3.5-cm petri dishes were washed three times (5 minutes 

ach) with PBS and overlaid with bacterial suspensions. Adhesion 

as allowed to take place for 3 hours at 37 °C in a CO 2 incuba-

or. After incubation, bacterial suspensions were removed, and the 

onolayers were washed three times in PBS. Live monolayers were 

xed with cold methanol for 5 minutes, then both types of mono- 

ayers were air-dried and stained with Giemsa diluted 1:20 for 1 

our to visualise bacteria attached to HeLa cells. 

.4. Bacterial internalisation assay 

Bacterial suspensions in PBS, prepared as described for the 

dherence assay, were added to monolayers of HeLa cells (~10 

 0 0/well) to give a multiplicity of infection (MOI) of 10–15 in 24 

ell plates and incubated for 3 hours at 37 °C in the CO 2 incubator.
nd, GE, Germany. 

ype 

Age (years, if not 

otherwise stated) Sex 

Infection (I) / 

Colonisation (C) 

ain 78 M I 

67 F I 

77 F I 

75 M I 

ab 64 F C 

48 F I 

41 F I 

28 F I 

ab 44 F C 

24 F I 

62 F I 

14 F I 

ab 37 F C 

ab 69 M C 

ab 69 M C 

 lower abdomen 53 F I 

ab 80 M C 

75 F C 

ab 63 F C 

der secretion 84 M C 

ab 30 M C 

30 F I 

wab 29 F C 

at swab 1 month F C 

at swab 1 month F C 

ab 1 month F C 

ab 1 month F C 

ab 23 F C 

at swab 1 month F C 

ab 1 month F C 

ab 4 M C 
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Cells were subsequently washed thrice with Hanks medium, fol- 
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owed by incubation for 1 hour with DMEM and 0.5% FCS contain- 

ng 200 μl/mL gentamycin to kill extracellular bacteria. Cells were 

ashed thrice with Hanks buffer and subsequently lysed by the 

ddition of sterile water containing 0.1% Triton X-100 for 30 min- 

tes at room temperature. Appropriate dilutions were plated after 

he third washing with Hanks buffer and after lysis to determine 

he number of viable bacteria. Each assay was run in triplicate. 

. Results and Discussion 

Carbapenemase-producing E. coli isolates obtained between 

017 and 2019 from the two CPE surveillance networks SurvCARE 

Federal State of Hesse, Germany; n = 107) and NARA (Switzerland, 

 = 448) were analysed for the underlying resistance mechanisms. 

n both networks, the emergence of OXA-244-producing E. coli iso- 

ates among carbapenemase-producing E. coli isolates was noted 

n 2018 and 2019 (Germany 2018: 22.2%, 2019: 27.5%; Switzer- 

and: 2018: 1%, 2019: 7%) as compared with 2017 (Germany: 0.0%, 

witzerland: 0.0%). The enzyme OXA-244 is a point-mutant deriva- 

ive of OXA-48 (Arg212Gly substitution) with weaker carbapene- 

ase activity [3] . 
igure 1. Core-genome-based analysis of OXA-244 producing ST38 isolates. The colour o

-14b, red, CTX-M-27, blue, CMY-2, green; no additional ESBL/AmpC gene, black. A star

ndicate absence of Type I fimbriae genes. As a reference, 28Eco12 was used (marked as r

3 
ase were detected and whole genome sequenced to determine 

heir epidemiological relatedness. Using multilocus sequence typ- 

ng, 31 of the 41 OXA-244 producers (75.6%, Supplementary Fig- 

re 1) clustered as a single E. coli sequence type (ST) 38. Other STs 

dentified included ST69 (n = 3), ST10 (n = 1), ST58 (n = 1), ST361

n = 1), ST648 (n = 1), ST963 (n = 1), ST131 (n = 1) and ST1722

n = 1). The predominance of E. coli ST38-OXA-244 producers in 

oth countries suggested a possible ongoing outbreak associated 

ith ST38 isolates. 

A total of 31 ST38 OXA-244 isolates from both countries were 

tudied ( Table 1 , Supplementary Table 1). Nineteen E. coli isolates 

ere obtained from ten hospitals in Hesse and 12 isolates derived 

rom 12 hospitals/private clinics in Switzerland. Isolates were ob- 

ained from urine samples (n = 10), rectal swabs (n = 15), vaginal 

mear/swab (n = 2) and other sources (n = 4). Isolates originated 

rom different parts of Switzerland (German-, French- and Italian- 

peaking regions) and in the state of Hesse (Germany) from hospi- 

als distributed within an area half the size of Switzerland. E. coli 

T38 are representatives of the E. coli phylogenetic group D, com- 

only associated with extra-intestinal infections (ExPEC) [7] . 

Detailed analysis indicated the presence of two major clonal lin- 

ages that segregated almost entirely along the extended-spectrum 
f the isolate names indicates the carriage of additional ESBL/AmpC enzymes; CTX- 

 indicates the presence of a complete Tn 51098 harbouring OXA-244. Red triangles 

eference). 
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β- lactamase (ESBL) enzyme allele carried (i.e. CTX-M-27 and CTX- 
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-14b, respectively) ( Figure 1 , Supplementary Table 2). CTX-M-27 

s a point mutant derivative of CTX-M-14. 

The ability of OXA-244 to hydrolyse imipenem and temocillin 

a specificity of OXA-48 derivatives) is weaker than that of OXA- 

8. Indeed, many of the isolates analysed here showed variable 

egrees of susceptibility/resistance to carbapenems and were of- 

en labelled as carbapenem-non-susceptible (or as susceptible, 

ncreased exposure according EUCAST 2019) when sent to the 

eference laboratories. Serial testing in the reference laborato- 

ies revealed variable results ranging from susceptible to resis- 

ant, according to EUCAST criteria in Minimal inhibitory concentra- 

ion (MIC)-based breakpoint-testing. Using the Etest technique, the 

ICs for ertapenem, meropenem and imipenem ranged from 0.12–

 32, 0.04–1.5 and 0.04–1 mg/L, respectively. None of the strains 

as resistant to meropenem or imipenem (Supplementary Table 3, 

upplementary Table 4). The low level (if any) of resistance to car- 

apenems observed for those OXA-244 producers may have been 

elated to the low level of production of the OXA-244 enzyme be- 
igure 2. Virulence determinants of E. coli ST38 OXA-244 isolates. Complete operons a

eterminants are indicated in Supplementary Table 5. The reference 28Eco12 is marked w

4 
ssociation with the low-level of carbapenem hydrolytic properties 

f this enzyme itself. 

Co-resistances to other families of antibiotics (fluoroquinolones, 

etracyclines, trimethoprim/sulfamethoxazole, aminoglycosides) 

ere also highly similar within the strain collection (Supplemen- 

ary Table 2, Supplementary Table 3, Supplementary Table 4). The 

la OXA-244 gene was chromosomally located in isolates from both 

ineages. 

Clonal lineage I comprises isolates (21 of 31) that harbour the 

la CTX-M-27 gene on an IncF plasmid. The bla OXA-244 -encoding mo- 

ile element of lineage I isolates does not resemble the classical 

n 51098 or Tn 6327 structure, as reported [8] , but are deletion 

ariants thereof ( Figure 1 , Supplementary Figure 2). Clonal lin- 

age I isolates exhibited differences of < 129 SNPs in their core 

enomes, regardless of whether the isolates were from Germany 

r Switzerland (Supplementary Figure 3) and almost exclusively of 

he serotype 086:H18 ( Figure 1 , Supplementary Table 11). They car- 

ied a Dr adhesin/invasion locus [9] , but lacked Type I fimbriae 
re marked in black, incomplete operons in grey. The functions of the virulence 

ith an asterisk. 
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( Figure 2 ). Isolates expressing the Dr adhesins are often associated 
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ith cystitis, pregnancy-associated pyelonephritis and chronic di- 

rrhoea; thus, indicating that isolates of clonal lineage I may have 

irulence potential [9] . A representative isolate exhibited a diffuse 

dherent phenotype for adhesion to HeLa cells and was invasive 

Supplementary Figure 4). 

Clonal lineage II isolates (9 of 31) were slightly more hetero- 

eneous but had a common chromosomal insertion site for the 

la CTX-M-14b gene. The bla OXA-244 -encoding mobile element in lin- 

age II isolates resembled, in five of eight isolates, the previ- 

usly described Tn 51098 structure ( Figure 1 and Supplementary 

igure 2). They presented as several serotypes (O102:H6, ONT:H30 

nd O2:H30, Figure 1 ). In contrast to clonal lineage I, they encoded 

ype I fimbriae. Independent isolates of clonal lineage II from Ger- 

any and Switzerland were highly related ( Figure 1 , Supplemen- 

ary Figure 3). 

All ST38 isolates carried virulence and adaptive genes, includ- 

ng the iron uptake systems aerobactin and yersiniabactin as well 

s haeme-uptake and degradation systems ( Figure 2 ). In con- 

rast to classical uropathogenic E. coli (UPEC), they did not carry 

aemolysin genes. 

It was noted that of the 31 isolates from both countries, 23 

solates were from female patients. This high proportion of fe- 

ale origin of the strains was evidenced among infections (mostly 

rinary tract infections), as expected, but also from colonisation. 

wo sets of OXA-244/CTX-M-27 isolates, SurvCARE382/383/384 

383 and 384 were twins) and SurvCARE392/393 represented 

other/neonate combinations, while for one combination (Surv- 

ARE 382/383/384/390) the neonates and one mother were 

resent in the same room. The remaining isolates were almost 

xclusively obtained from elderly male patients (exceptions: Surv- 

ARE377 and SurvCARE438). The fact that these lineages were iso- 

ated from patients of different ages and from different clinical 

pecimens indicates an ability to colonise and infect. 

A recent meta-analysis of 217 studies on commonly occurring 

xtraintestinal E. coli (ExPEC) lineages worldwide in humans did 

ot reveal a single isolate of ST38 prior to 20 0 0 [10] . Nevertheless,

 recent report documented an increase in ST38 isolates express- 

ng OXA-244 throughout Germany since 2017 [11] . Also, OXA-244- 

roducing E. coli isolates have been identified from a number of 

ountries within the EU, including The Netherlands, Spain, United 

ingdom, and France [8] . Previous reports have indicated the pres- 

nce of OXA-244 producers in the UK, Spain and France in strains 

elonging to the same ST38 type [12] . The large increase in OXA- 

44 CTX-M-27/14b producing ST38 isolates in 2019 suggests an on- 

oing and emerging supranational clonal outbreak over a large area 

omprising parts of Germany, Switzerland and possibly many other 

uropean countries. 

The clonal lineage II isolates encoding OXA-244/CTX-M-14b 

solates harboured both ESBL and carbapenemase genes on the 

hromosome. This peculiar genetic situation may stabilise both 

enes in those E. coli strains, leading to a vertical transfer of 

his resistance trait. Therefore, any β-lactam used for treat- 

ng E. coli infections (penicillin, penicillin/ β-lactamase inhibitor, 

ephalosporin, carbapenem) may select those OXA-244 producers, 

hereas OXA-244, like other OXA-48-like enzymes, does not hy- 

rolyse cephalosporins. This genetic background may be of the ut- 

ost importance for explaining a further spread of community- 

cquired OXA-244 producers. 

It has previously been suggested that DAEC isolates act as ‘silent 

athogens’ that are well-controlled in healthy individuals but ex- 

ress pathogenic potential in susceptible hosts [9] . Thus, the com- 

ination of under-detection of multidrug-resistant OXA-244 pro- 

ucing bacteria due to their low level of resistance to carbapenems 

if any) and their properties as conditional pathobionts are worry- 

ng, and likely to favour their silent spread worldwide. 
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