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A novel NewDelhi metallo-β-lactamase (NDM) variant, NDM-19, was identified in a carbapenem-resistant E. coli
strain isolated from a subcutaneous infection of a laparotomy scar from an Egyptian patient in a Swiss hospital.
NDM-19 is a derivative of NDM-7, from which it differs by a single amino acid substitution (Ala233Val). Under
zinc-limiting growth conditions, E. coliDH5α transformants producing NDM-19 displayed reduced susceptibility
towards expanded-spectrum cephalosporins and carbapenems as compared to transformants producing NDM-1
or NDM-7.
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In clinically relevant Gram-negative bacteria, resistance toβ-lactams
can be mediated by numerous β-lactamases. Among them, Ambler B
metallo-β-lactamases (MBL) are the most worrisome ones, as they vir-
tually hydrolyze allβ-lactam antibiotics (penicillins, cephalosporins and
carbapenems), with the monobactam aztreonam being the only excep-
tion (Nordmann, 2014). Since the discovery of NDM-1 in 2008, NDM-β-
lactamases have become one of the most widespread carbapenemases
worldwide (van Duin and Doi, 2017). Rapid evolution of blaNDM genes
and their dissemination in a broad range of Gram-negative bacteria
through multidrug resistance plasmids have established NDM as a
global major public health threat. To date, 24 different NDM variants
have been reported (Naas et al., 2017), with single or multiple amino
acid substitutions in 18 positions, some of which are associated with a
significant increase in carbapenemase activity as compared to that of
NDM-1 (e.g. NDM-5, NDM-7, NDM-12, NDM-13, NDM-15, NDM-16)
(Cheng et al., 2018). In this report, we describe the first detection of
the NDM-19 variant in an Escherichia coli clinical isolate (hereafter des-
ignated EC1918) in Switzerland.

EC1918 was isolated from a subcutaneous infection of a laparotomy
scar from an Egyptian patient admitted to the University Hospital Zu-
rich, Switzerland, in February 2018. The clinical isolate was identified
as E. coli by matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry (MALDI, biotyper, Brucker Daltonics,
France). Antimicrobial Susceptibility testing was performed using the
E-test (BD, Franklin Lakes, NJ) or the broth microdilution method fol-
lowing interpretation guidelines set by EUCAST (http://www.eucast.
org/clinical_breakpoints/). EC1918 was resistant to penicillins,
penicillin/inhibitor combinations, cephalosporins and carbapenems,
ceftazidime/avibactam and ceftolozane-tazobactam combinations, gen-
tamicin and fluoroquinolones (Table 1). In contrast, EC1918 remained
susceptible to sulfamethoxazole-trimethoprim, aztreonam, tigecycline,
fosfomycin and colistin. Antimicrobial susceptibility testing (AST) data
initially suggested the presence of a class Ambler B metallo-β-
lactamase (Maurer et al., 2015), which was confirmed by PCR targeting
NDM-1 (Poirel et al., 2011). Sequencing revealed a novel blaNDM variant,
namely blaNDM-19 (Genbank accession number MF370080).

NDM-19 differs from NDM-1 (Genbank accession number
AHM26723) by amino acids substitutions at positions 130 (Asp→Asn),
154 (Met→Leu) and 233 (Ala→Val), and from NDM-7 (Genbank acces-
sion number AKN35289) by one substitution at position 233 (Ala→Val)
(Figure S1). To evaluate the impact of the Ala233Val substitution on the
hydrolytic activity towards β-lactam antibiotics, blaNDM-1, blaNDM-7 and
blaNDM-19 together with their native (identical) promoters were ampli-
fied by PCR from clinical isolates harboring the corresponding genes
using the previously described forward primer pre-NDM-for (5′-
CACCTCATGTTTGAATTCGCC-3′) and reverse primer pre-NDM-rev (5′-
CTCTGTCACATCGAAATCGC-3′) (Nordmann et al., 2012). The resulting
PCR products of 983 bp were cloned in the ZeroBlunt TOPO vector
(Invitrogen, France) and then transformed in E. coli DH5α. Expression
of each blaNDM gene conferred high-level resistance towards penicillins,
penicillin-inhibitors combinations, 2nd and 3rd generation cephalospo-
rins and cephalosporin-inhibitor combinations (Table 1). All expression
clones remained susceptible to the monobactam aztreonam.
Transformants harboring blaNDM-7 or blaNDM-19 exhibited a significantly
lower susceptibility to cefepime, ertapenem, imipenem and
meropenem, as compared to the strain carrying the NDM-1-encoding
plasmid. However, E. coli DH5α harboring blaNDM-7 and blaNDM-19
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Table 1
Antimicrobial susceptibility testing of the E. coli clinical isolate and derivatives. Shown are theMICs (mg/L) for β-lactams of the E. coli EC1918 clinical isolate, the E. coli JE53 transconjugant
and the E. coli DH5α harboring blaNDM1, blaNDM-7 and blaNDM-19, as determined by E-test.

Strain

E. coli EC1918 E. coli JE53 E. coli JE53 pNDM-19 E. coli DH5α DH5α pTOPO-NDM-1 DH5α pTOPO-NDM-7 DH5α pTOPO-NDM-19

Ampicillin N256 4 N256 1 N256 N256 N256
Amoxicillin/clavulanic acid 12 3 24 2 48 48 48
Piperacillin/tazobactam N256 1.5 N256 0.25 N256 N256 N256
Cefuroxime N256 2 N256 0.38 N256 N256 N256
Cefoxitin N256 2 N256 1 N256 N256 N256
Cefpodoxime N256 0.5 N256 0.25 N256 N256 N256
Ceftazidime N256 0.64 N256 0.16 N256 N256 N256
Ceftriaxone N256 0.32 N256 b0.16 N256 N256 N256
Cefepime N256 0.64 3 0.47 3 24 12
Ertapenem N256 0.003 0.25 0.002 0.125 0.75 1
Imipenem 4 0.125 0.75 0.125 0.38 12 8
Meropenem 8 0.16 0.38 0.12 0.25 2 1.5
Aztreonam 0.23 0.23 0.23 0.16 0.23 0.23 0.23
Ceftazidime/avibactam N256 0.64 N256 0.32 N256 N256 N256
Ceftolozane/tazobactam N256 0.19 N256 0.19 N256 N256 N256
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displayed comparable MICs for all tested β-lactams. Previous works
have shown that M154L, the most common point mutation found
among clinical NDM variants, enhances β-lactamase activity when
zinc is scarce, a condition that is likely to occur in the infection sites
(Palmer and Skaar, 2016). This prompted us to investigate whether
the additional mutation A233V, which differentiates NDM-19 from
NDM-7 and appears to be distantly located from the active site
(Figure S2), further enhances this effect. In accordancewith previous re-
port (Cheng et al., 2018; Stewart et al., 2017), MICs for E. coliDH5α har-
boring blaNDM-7 were significantly higher for ampicillin, 3rd generation
cephalosporins and carbapenems as compared to the E. coli strain carry-
ing blaNDM-1 (Table 2). More importantly, under the same condition
MICs for the same drugs were significantly higher for the NDM-19-
producing strain than for E. coli DH5α blaNDM-7, with an 8-fold increase
for ceftazidime and cefotaxime MICs and a 4-fold increase for
meropenem and ertapenem.

Transferability of blaNDM-19 was analyzed by a mating-out assay,
using the azide-resistant E. coli JE53 as the recipient and EC1918 as
the donor strain. Transconjugants were selected on LB agar plates con-
taining sodium-azide (100 mg/L) and ceftazidime (10 mg/L). The bla-
NDM-19 gene was successfully transferred to E. coli JE53, confirming its
location on a plasmid. E. coli JE53 transconjugants were resistant to all
penicillins, penicillin-inhibitor combinations, cephalosporins and
ertapenem, while remaining susceptible to imipenem, meropenem, az-
treonam (Table 1). Moreover, transconjugants were susceptible to gen-
tamicin and fluoroquinolones, indicating that no additional resistance
determinants were located on the same plasmid. Analysis of the
plasmidicDNAof EC1918 and the E. coli JE53 transconjugants by agarose
gel electrophoresis revealed the presence of a plasmid of approximately
Table 2
MICs for the NDM variants under zinc-limiting conditions (50 μM EDTA). Shown are the
MICs (mg/L) for β-lactams of the E. coli DH5α harboring blaNDM1, blaNDM-7 and blaNDM-

19, as determined by the broth dilution method.

Condition No EDTA + 50 μM EDTA

Variant NDM-1 NDM-7 NDM-19 NDM-1 NDM-7 NDM-19

Ampicillin 1280 5120 10240 2 80 1280
Cefoxitin 128 512 1024 b1 8 32
Cefotaxime 32 128 128 b1 4 32
Ceftazidime 1024 N1024 N1024 4 128 1024
Ceftriaxone 32 256 256 b1 8 16
Cefuroxime 1024 2048 N2048 8 256 516
Cefepime 4 N16 N16 b0.0156 2 2
Aztreonam b0.0156 b0.0156 b0.0156 b0.0156 b0.0156 b0.0156
Imipenem 2 32 64 0.125 0.5 1
Meropenem 1 32 32 b0.0156 0.125 0.5
Ertapenem 1 32 32 b0.0156 0.125 0.5
50 kb in size in both strains. In addition, a low-molecular-weight plas-
mid of approximately 3.6 kbwas detected in EC1918. To gain further in-
sight into the genetic context of the blaNDM-19 gene, whole genome
sequencing (WGS) was performed with the plasmid content of an
E. coli JE53 transconjugant, which was extracted using the Kieser
method (Kieser, 1984). Whole genomic sequencing (WGS) of EC1918
plasmidic DNA was performed on an Illumina MiSeq platform
(Illumina®, San Diego, CA). Identification of antibiotic resistance genes
from sequencing reads (fastq) was performed using the ARIBA pipeline
(Hunt et al., 2017), querying the ARG-ANNOT and CARD databases
(Gupta et al., 2014; McArthur et al., 2013).WGS confirmed that the bla-
NDM-19 gene was located on a 48-kb plasmid, hereafter referred to as
pCH18-NDM-19 (Figure S3). Sequence analysis of pCH18-NDM-19
(GenBank accession number MK091521) revealed that the plasmid be-
longs to IncX3 incompatibility type, which is the predominant type as-
sociated with blaNDM genes (Espinal et al., 2018). Moreover, pCH18-
NDM-19 was highly similar to the 45’122 bp plasmid pOM26-1-NDM-
7 (Genbank accession number KP776609), sharing an almost identical
region of 42’583 bp (Figure S4). The schematic representation, including
sequence alignment of pCH18-NDM-19 with the closely related
pOM26-1-NDM-7 plasmid, was performed with EasyFig 3.3.1 (Sullivan
et al., 2011). Analysis of the genetic context revealed the presence of
two insertion sequences upstream of blaNDM-19, namely ISAba125 and
IS5 (Figure S4). Of note, the ISAba125 insertion element, whichwas pre-
viously shown to be responsible for the mobilization of the blaNDM-1

gene in A. baumannii (Bontron et al., 2016), was disrupted by a copy of
an IS5 insertion element. Downstream of blaNDM-19, genes coding for
bleomycin resistance, a putative phosphoribosylanthranilate isomerase,
the oxidoreductase DsbC superfamily protein and a copy of an IS26 in-
sertion element were identified. This genetic context was identical to
that of previously described blaNDM-7 genes (Espinal et al., 2018; Gottig
et al., 2013; Pal et al., 2017). Multilocus sequence typing showed that
E. coli EC1918 belongs to sequence type (ST) 167.

In summary, in this study we identified a novel NDM variant, NDM-
19, in a ST167 E. coli clinical isolate. Under zinc-limiting conditions, ex-
pression of NDM-19 confers lower susceptibility to large-spectrum
cephalosporins and carbapenems as compared to NDM-7, from which
it differs by a single amino acid substitution. These findings indicate
an ongoing evolution of the blaNDM genes driven by the combined selec-
tive pressure of β-lactam antibiotics and zinc deprivation. This observa-
tion must be taken into account for analysis of novel NDM-variants.
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