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Abstract 

Background  The reference microbiology laboratory of Israel’s National Institute for Antibiotic Resistance 
and Infection Control has established a national repository of isolates analyzed by Fourier-transform infrared 
(FTIR) spectroscopy and their spectra. Healthcare institutions send antibiotic-resistant isolates as part of outbreak 
investigation, periodic nation-wide collection of specific species, or point prevalence studies. Here, we describe 
the use of a national FTIR repository to detect the emergence and spread of new sequence types and resistance 
mechanisms.

Methods  Using FTIR, we produced dendrograms of outbreaks and periodic country-level dendrograms of isolates 
from selected species. When FTIR identified new clusters that were distinct from previously characterized clusters, 
they were investigated further by whole genome sequencing.

Results  FTIR analysis uncovered two clones new to Israel: NDM-5-producing E. coli ST650 harboring a novel plasmid, 
and NDM-producing K. pneumoniae ST307.

Conclusions  Establishing regional or national FTIR repositories could serve as a simple and effective tool for early 
detection of new antibiotic-resistant clones.
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Background
Bacterial typing is an important tool for outbreak 
investigations. Whole genome sequencing (WGS) 
is considered the gold standard; isolate analysis to 
determine relatedness is then based on either phylogeny, 
MLST or SNPs [1, 2]. The sequence data generated can 
be easily shared and is comparable between different 
laboratories. The main limitations of WGS are that 
it is both time- and resource-consuming, creating a 
significant lag between outbreak detection and analysis. 
Another tool for bacterial typing is matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF MS). This tool maps whole-cell mass 
spectra of microbial proteins to two dimensional 
coordinates, based upon mass-to-charge ratio, creating 
a unique bacterial profile that can be compared to 
reference strains. Commonly used by clinical laboratories 
for species identification, MALDI-TOF MS has also been 
successfully used for outbreak investigation [3–5], and 
national epidemiological surveillance [6]. However, the 
discriminatory power of MALDI-TOF MS spectra is 
lower than that of WGS, and it displays low accuracy and 
reproducibility [7, 8].

Fourier-transform infrared spectroscopy (FTIR) 
is a spectrum-based technique that quantifies the 
absorption of infrared light by molecules present on 
the bacterial cell. The IR spectrum generated produces 
a specific fingerprint that reflects the composition 
of the cell surface, including nucleic acids, proteins, 
lipids, and carbohydrates [9]. This fingerprint can be 
used for phenotypic differentiation of microorganisms 
on the species and subspecies level [9]. FTIR has 
been demonstrated to be accurate and faster than 
conventional typing methods [10–15]. It can be used for 
fast and accurate detection of outbreaks, [16–21] and for 
detecting the introduction of new strains and sequence 
types (ST). When the dissemination of a new clone in a 
country or region is detected early, endemicity can be 
prevented.

The global spread of carbapenem-resistant 
Enterobacterales (CRE) and the rise of high-risk 
antibiotic-resistant strains threaten public health 
worldwide [22, 23]. One example is the rise of Klebsiella 
pneumoniae ST307, a high-risk clone that has been 
reported on several continents (North and South 
America, Europe, Asia and Africa) [24–27]. This ST was 
first described in Europe in 2008 of periodic collection 
of antibiotic-resistant isolates from acute care hospitals. 
All reported ST307 isolates shared a common capsular 
formation KL102 (associated with wzi allele 173), OCL 
O2V2, and contained a second capsule 2 cluster. Most 
isolates also carried a type IV secretion system and a 
π-fimbrial cluster [25].

In recent years the National Institute for Antibiotic 
Resistance and Infection Control (NIARIC) has been 
constructing a national repository of FTIR spectra to 
monitor Carbapenemase-producing Enterobacterales 
(CPE) in Israel. Here, we show how this approach allowed 
us to identify dissemination of NDM-producing E. coli 
ST650 and NDM-producing K. pneumoniae ST307, both 
previously undetected in Israel.

Methods
A national repository of antibiotic‑resistant strains
An FTIR system (IR Biotyper, Bruker, Leipzig, Germany) 
was introduced into the reference laboratory of the 
NIARIC in 2018. Isolates came from three sources: 
First, as part of nation-wide surveillance, in 2020 we 
initiated a project of periodic collection of antibiotic-
resistant isolates from acute care hospitals. We requested 
all CPE isolates (from both clinical and screening 
samples) isolated in specific months. Second, in 2022 
the NIARIC performed point prevalence surveys for 
multidrug-resistant organisms in 18 post-acute care 
hospitals (PACHs). Third, since 2020, hospitals in Israel 
that experience an outbreak can send isolates to our 
laboratory for characterization to aid in outbreak analysis 
and infection control efforts. All of those isolates were 
analyzed by FTIR and the spectra were added to the 
national repository. As of August 2024, the repository 
contains spectra from 1394 E. coli and 723 Klebsiella 
spp. isolates. We have constructed a national FTIR 
dendrogram for the main clinically relevant species. 
The dendrogram was curated to include only one isolate 
per hospital per year in each cluster (to prevent over-
representation of large local outbreaks). When new 
isolates are collected as part of an outbreak investigation 
or point-prevalence studies, they are added to the 
database of spectra, and a new FTIR dendrogram is 
created. If the FTIR indicates those isolates form new 
cluster that is distinct from previously characterized 
national clusters, it is investigated further by WGS.

Isolates
Here we describe two investigations that were triggered 
by FTIR analysis revealing isolates forming a previously 
unseen FTIR cluster. In the first investigation, periodic 
analysis of all E. coli isolates revealed a novel FTIR 
cluster. This cluster consisted of 12 carbapenem-resistant 
E. coli isolates that were collected between November 
2021 and February 2022, during four epidemiologically 
unrelated CPE outbreaks in four different hospitals. The 
samples were obtained from rectal swabs (n = 9), a wound 
(n = 1), or unspecified body sites (n = 2).

In the second investigation, periodic analysis of all K. 
pneumoniae isolates revealed a previously unseen cluster 
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of 12 carbapenem-resistant K. pneumoniae isolates. All 
were collected between September and December 2021, 
all in the context of four epidemiologically unrelated 
CPE outbreak investigations. Ten isolates were from 
3 hospitals in the north of Israel and 2 from a single 
hospital in the east. All sample were sources from rectal 
swabs.

Strain identification and characterization
Isolates were sub-cultured on CPE selective media 
CHROMagar mSuperCARBA (HyLabs Laboratories 
Ltd, Israel). Species identification was performed by 
VITEK®2 (AST-GN) (bioMérieux SA, Marcy l’Etoile, 
France). Antibiotic susceptibility was determined by 
VITEK®2 (AST-N395) (bioMérieux SA, Marcy l’Etoile, 
France). Minimum inhibitory concentrations (MICs) 
were confirmed by broth microdilution (Sensititre™ 
Gram Negative DKMGN Kit, ThermoFisher Scientific, 
Oakwood Village, OH, USA) and interpreted according 
to Clinical and Laboratory Standards Institute (CLSI) 
guidelines [23]. Isolates were tested for the presence 
of common carbapenemase genes using two multiplex 
PCR reactions: (1) blaOXA-48 and blaVIM were detected 
as previously described [24, 25] and (2) blaKPC, blaNDM 
and blaIMI were detected using the following primers: 
blaKPCF/R: 5′-GAC​ACA​CCC​ATC​CGT​TAC​G-3′/5′-
GCA​TAG​TCA​TTT​GCC​GTG​C-3′; blaNDM F/: 5′-CAT​
TAG​CCG​CTG​CAT​TGA​TGCT-3′/5′-TAG​TGC​TCA​
GTG​TCG​GCA​TCACC-3′and blaIMI 5′-GCA​AAT​GAA​
CGA​TTT​CCA​TTA​TGT​A-3′/5′-GCA​CCA​GGA​TAG​
AAG​AGC​TCT​ACT​G-3′. Amplification was carried out 
for 2 min at 95 °C followed by 35 cycles of 10s at 95 °C, 
15s at 62 °C, and 7s at 72 °C.

FTIR analysis
FTIR was performed separately for E. coli and K. 
pneumoniae according to the IR Biotyper manufacturer’s 
instructions. Isolates were grown at 37  °C on TSBA-
DEF sheep blood (Hylabs, Rehovot, Israel) for 24  h. 
Samples were prepared according to the manufacturer’s 
instructions as previously described [26]. Spectra were 
recorded in transmission mode in a spectral range of 
4000–400  cm−1 (mid-IR) using an IR spectrometer 
(Bruker Optics-Daltonik Gmbh&Co). Spectra were 
acquired, visualized, and processed by OPUS v8.2 
software (Bruker Optics Gmbh&Co). IR Biotyper client 
software v4.0.3.7334 (Bruker Daltonik Gmbh&Co) built 
a dendrogram using the correlation average linkage 
clustering method. The cutoff value that defines a cluster 
was determined by visual inspection of the dendrogram 
and based on the species-specific cutoff range 
recommended by the IR Biotyper’s manufacturer.

Whole genome sequencing
High molecular weight DNA was prepared from 
12 E. coli and 12 K. pneumoniae isolates using the 
MagAttract HMW DNA Kit (Qiagen) according to the 
manufacturer’s instructions. Whole genome sequencing 
(WGS) was performed at RUSH University Core Unit, 
Chicago IL using a Nextera XT library kit (Illumina Inc., 
CA, USA) on an Illumina Nextseq 500 device (2X150). 
Genome assembly was performed with CLC workbench 
[https://​digit​alins​ights.​qiagen.​com/] and annotated with 
Prokka [27]. Presence of plasmids was detected using 
PlasmidFinder with default settings (https://​cge.​food.​
dtu.​dk/​servi​ces/​Plasm​idFin​der/). One E. coli isolate 
(6,678,610) and one K. pneumoniae (6,678,339) were 
also sequenced by Oxford Nanopore WGS at RUSH 
University Core Facility in Chicago, IL. Plasmids were 
constructed by Unicycler version 0.4.8 using both long 
and short reads.

Genomic analysis
Genomes were classified into STs using pubMLST 
(https://​pubml​st.​org) with the Pasteur scheme for 
K. pneumoniae and the Achtman scheme for E. coli. 
Antibiotic resistance genes (ARGs) were detected using 
ResFinder (https://​cge.​food.​dtu.​dk/​servi​ces/​ResFi​nder/). 
Plasmids were detected using PlasmidFinder (https://​
cge.​food.​dtu.​dk/​servi​ces/​Plasm​idFin​der/). Capsular 
polysaccharide (KL) and lipooligosaccharide outer core 
(OCL) synthesis groups were determined using Kaptive 
version 0.5. Serotyping was done with SerotypeFinder 
and the fimH allele was detected with FimType. Virulence 
factor content was detected using VirulenceFinder 
(https://​cge.​food.​dtu.​dk/​servi​ces/​Virul​enceF​inder/). 
Phylogenetic trees were constructed with a maximum 

Fig. 1  FTIR biotyper dendrogram of the ST650 cluster. The blue line 
represents the cutoff value (0.181). Right column—color represents 
hospital. Orange—denotes a closely related cluster of isolates

https://digitalinsights.qiagen.com/
https://cge.food.dtu.dk/services/PlasmidFinder/
https://cge.food.dtu.dk/services/PlasmidFinder/
https://pubmlst.org
https://cge.food.dtu.dk/services/ResFinder/
https://cge.food.dtu.dk/services/PlasmidFinder/
https://cge.food.dtu.dk/services/PlasmidFinder/
https://cge.food.dtu.dk/services/VirulenceFinder/
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likelihood model using RaxML model version 8.2.12 with 
the GTR gamma model [28]. Plasmids were typed using 
the a pMLST website (https://​pubml​st.​org/​organ​isms/​
plasm​id-​mlst). Single Nucleotide Polymorphism (SNPs) 
were calculated using Snippy.

Siderophore production analysis
Siderophore production was assessed using SideroTec 
AssayTM, according to manufacturer’s instructions, 
and using media as described previously [28]. Each 
measurement was done in a triplicate, and production of 

siderophores was detected by color change. E. coli ATCC 
25922 was used as a positive control.

Results
Identification of an E. coli ST650 cluster
The first novel cluster, identified by FTIR consisted 
of 12 carbapenem-resistant E. coli isolates (Fig.  1, 
Supplementary Fig. S1). All carried blaNDM, had a 
meropenem MIC of >  = 8 mg/ml (Table 1). Three isolates 
were resistant to aztreonam/avibactam. Since there was 
no clear epidemiological connection between the 12 

Fig. 2  A maximum likelihood whole genome phylogenetic tree of the outbreak isolates. A With ATCC25922 as outgroup. B An unrooted tree 
without an outgroup Scale bar—rate of substitutions per site

https://pubmlst.org/organisms/plasmid-mlst
https://pubmlst.org/organisms/plasmid-mlst
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patients in the cluster, further analysis was performed. 
All 12 isolates underwent WGS. MLST analysis revealed 
that they all belonged to ST650, with serotypes O9/
O9a and H30 and fim type H54. To test how closely the 
isolates were related, a phylogenetic maximum likelihood 
tree was constructed based on the whole genome, with 
ATCC25922 as an outgroup (Fig.  2A). This tree was 
concordant with the FTIR results and confirmed that 
all isolates belonged to a single clade. An unrooted tree 
confirmed that isolates from different hospitals were very 
closely related, with 2 isolates (610 and 612) slightly more 
distant from the other 10 isolates (Fig. 2B).

Genomic characterization of the E. coli ST650 cluster
All isolates carried blaNDM-5 and harbored D350N and 
S357N mutations in the PBP3 protein, known to confer 
antibiotic resistance to aztreonam/avibactam. Two of the 
three aztreonam/avibactam-resistant isolates also carried 
the blaCMY-145 allele.

As shown in Fig. 3, in addition to blaNDM-5, the isolates 
carried an array of ARGs. All isolates contained qacE and 
sul1 but differed in other ARGs.

As many ARGs are plasmid-borne, the presence 
of plasmids was assessed. All isolates carried IncFII, 
IncFIA and IncY rep genes (Supplementary Table 1). To 
determine the full plasmid content, isolate 6,678,610 was 
chosen for long-read Nanopore sequencing. Plasmid 
construction using Oxford Nanopore Technology 
revealed that the blaNDM-5 allele was carried by the 

Fig. 3  Heatmap of antibiotic resistance genes in outbreak isolates
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IncFI-IncFII composite plasmid (Fig.  4). This plasmid 
was not previously reported in Israel, and we named 
it pNCICAN-NDM-5-il-1. It contained a large set of 
tra genes, various IS elements and the toxin-antitoxin 
system CcdAB. BlastN analysis of the plasmid revealed 

that it was 99.94% similar to pCMP42-1 (CP087579.1), 
previously detected in E. coli isolated from white-tailed 
deer in the US in 2021 (as per NCBI).

Identification of a K. pneumoniae ST307 cluster
The second novel cluster detected by routine review 
of national FTIR spectra consisted of 12 carbapenem-
resistant K. pneumoniae isolates (Fig.  5, Supplementary 
Fig. S2). The isolates came from 10 patients in 4 hospitals. 
Although the isolates were obtained during periodic 
isolate collection and were not connected to a known 
outbreak, we investigated whether there was a previously 
overlooked epidemiological link between the cases. Seven 
K. pneumoniae isolates were collected in one hospital, 
Hospital 3, and 6 of them were from the same ward. We 
also found that one patient in Hospital 3 (isolate 339) 
was later admitted and re-screened in Hospital 1 (isolate 
469). This patient apparently transmitted K. pneumoniae 
to another patient in Hospital 4 (isolate 443); although 
the two patients were in different wards, transmission 
could have occurred via shared consultants, equipment 
or contact in a common out of ward service. Another 
patient from Hospital 3 (isolate 337) was discharged and 

Fig. 4  The pNCICAN NDM-5-il-1 containing plasmid. Blue—CDS. RED—Resistance genes as per the CARD database. Cian—integration/excision 
genes. Orange—Stability related genes. Purple—transfer related genes. Green—Replication, recombination and repair genes. Arrows indicate ORF 
direction

Fig. 5  FTIR image of the twelve study isolates with outgroups. Cutoff 
was determined at 0.236



Page 8 of 13Lurie‑Weinberger et al. Antimicrobial Resistance & Infection Control           (2025) 14:34 

then admitted to Hospital 4 where he was screened again 
(isolate 442), with no further transmission detected. We 
could not find a link between any of these 3 hospitals and 
Hospital 2.

Genomic characterization of K. pneumoniae isolates
WGS of the 12 isolates revealed that they belonged to 
ST307 and carried KL102 and O2v2. Eleven isolates 
carried blaNDM-1 and 1 (6,678,311) carried blaNDM-5. 
Figure  6 shows the rooted phylogenetic tree of the 12 
isolates: 10 were a single clade, while the 2 remaining 
isolates were not as closely related (Fig. 6). SNP analysis 
revealed that the 10 isolates in the clade differed by only 
6–29 SNPs, while the other 2 isolates differed from those 
in the clade by hundreds of SNPs (Supplementary Fig. 
S3).

Characterization of K. pneumoniae isolates
All isolates were resistant to multiple antibiotics 
(Table  2). Ten isolates had an identical ARG content 
that included genes conferring resistance to β-lactams 
(blaNDM-1, blaOXA-1, blaTEM206, blaCTX-M-15 and blaSHV), 
aminoglycosides (aac(3)-IIa, aac(6’)-Ib-cr, aph(3′)-VIb 
and aph(6)-Id) as well as tet(A), OqxA and OqxB, catB3, 
fosA, sul2, dfrA14 and fosA. The remaining isolates were 
diverse in gene content (Fig. 7).

Pan-genome analysis (Fig.  5) showed that most 
(4813/7632) genes were present in at least 11 of 12 

strains, with only one strain (6,678,311, which is not one 
of the main group of ten isolates) having a different gene 
content, including blaNMD-5 instead of blaNDM-1. The ten 
closely-related strains also had a similar virulence factor 
content; all isolates carried 11/12 of the enterobactin 
genes, but not colibactin, allantion utilization or 
yersiniabactin. One gene, iroE, from salmochelin was 
found in all isolates. Only isolate 6,678,311 carried the 
aerobactin siderophore genes iucA, iucB, iucC, iucD. 
Production of siderophores by 6,678,311, but none of the 
other isolates, was confirmed in siderophore-indicative 
media (Supplementary Fig. S4).

The ten closely related isolates carried the same 
plasmid replicons: IncFII(K), IncFIB(K) and IncM1. 
The blaNDM-1 gene was located on the same contig 
as the IncM1 rep. The two distinct isolates showed a 
different plasmid content: 6,678,311 has IncFIB(pNDM-
MAR), IncH1B(pNDM-MAR), and ColRNAI, while 
6,678,632 has IncFIB(pNDM-MAR), IncH1B(pNDM-
MAR) replicon, Col440II, IncFIB(K), and IncFII(K). To 
determine the plasmid sequence, long read sequencing 
was performed for 6,678,339, and an assembly was 
constructed using long and short reads. Two different 
plasmids were constructed; one containing both 
IncFII(K) and IncFIB(K) rep types, and the second is 
an IncM1 type plasmid carrying NDM-1 (Fig.  8). We 
therefore named this plasmid pNCICAN-DM-ST307-il.

Fig. 6  A Phylogenetic tree of the 12 K. pneumoniae isolates. Branch lengths represent nucleotide substitutions per site
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Discussion
FTIR has recently emerged as a valuable tool for outbreak 
detection [10–15, 29] and retrospective epidemiological 
analysis [10]. It is easy to use, fast and cost-effective. 
Its accuracy compares well to other typing methods 
such as WGS and MALDI-TOF MS. Yet, FTIR’s inter-
laboratory reproducibility has been questioned [30]. 
Novais et al., have suggested that varying results are due 
to differences in culture conditions (culture media and 
incubation times) [30]. Consequently, a standardized 
FTIR protocol is needed to improve reproducibility. Until 
this aim is reached, a central national repository has an 
intrinsic advantage, as isolates from different hospitals 
are transferred to a single laboratory and analyzed using 
the same protocols.

Here we used a continually updated national repository 
of FTIR-typed CPE isolates to detect the emergence of 
carbapenem-resistant E. coli ST650 and K. pneumoniae 
ST307 clones. Without a central molecular typing 
repository, and in the absence of a clear epidemiological 
connection between hospitals and patients, these clones’ 
emergence and spread would not have been suspected.

While ST650 is not considered a high-risk clone, it is 
a sequence type that has contributed to the spread and 
possible formation of carbapenemases. ST650 has been 
found to contain NDM-5 in several studies worldwide 

[19, 21] and in one case, even a novel single amino acid 
variant of NDM-5, NDM-33 [31, 32].

In recent years, there have been reports of NDM-5 
carriage by the high-risk E. coli clones ST167 (Garcia-
Fernandez et al. 2020; Alba et al. 2021) and ST648 [19]. 
NDM-5-producing, aztreonam/avibactam-resistant E. 
coli isolates were shown to carry both point mutations 
in the PBP3 protein and CMY-type alleles. Here, we 
showed that all study isolates carried D350N and S357N 
mutations in PBP3, but only the aztreonam/avibactam 
-resistant isolates 6,678,610 and 6,678,612 also carried 
the CMY-145 allele [33]. The reason for aztreonam/
avibactam resistance in strain 6,722,051 remains 
unknown.

The novel pNCICAN-NDM-5-il-1 plasmid 
discovered in our study carried a large array of 
conjugation-facilitating tra genes, indicating that it is 
transferrable. The plasmid’s closest available homolog 
in the NCBI database was isolated from white-tailed 
deer in 2021 (accession CP087579.1) [11], suggesting 
a potential cross between humans and animals. The 
role of wildlife from suburban and urban environments 
in the spread of antimicrobial resistance is not fully 
characterized [11]. In Israel, a study of eight petting 
zoos has indicated that they contribute to the spread of 
ESBLs between animal and human hosts [34, 35]. Taken 

Fig. 7  Antibiotics resistance genes in K. pneumoniae isolates
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together, these observations might indicate that the 
plasmid reservoir in animals can be introduced to and 
disseminate in human hosts, or vice versa.

K. pneumoniae clone ST307 has only recently came 
into focus as an emerging high-risk clone and genomic 
analysis shows that it encodes genetic features that 
might contribute to its adaptation to the hospital 
setting [24–27]. Several ST307 clones carrying blaNDM-1 
had been shown to cause outbreaks [26, 27]. Plasmids 
are a driving force of ST307 evolution [25]. It has long 
been known that IncM-type plasmids play a significant 
role in the spread of NDM-1 [36]. One report was made 
of an IncM1 that harbors an NDM-1 gene in Uruguay 
[37] but not in the Mediterranean. Thus, the detection 
of an IncM1 type plasmid harboring blaNDM-1 in Israel 
in novel and should be taken into consideration in 
regard to prevention measures to stop its potential 
spread.

Conclusions
Detecting the emergence and spread of new antibiotic-
resistant clones and STs is challenging. If a single 
patient carrying a novel ST is admitted to a hospital and 
a second patient with the same ST is treated in another 
facility, it is unlikely that this ST will be detected 
before a wider outbreak occurs. Faster detection of 
novel bacterial STs improves the chances to prevent 
endemicity by implementing screening, isolation, and 
other infection control measures. Establishing regional 
or national FTIR repositories could serve as a simple 
and effective tool for early detection of emerging 
antibiotic-resistant clones.
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