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Objectives: We describe the clonal spread of New Delhi metallo-g-lactamase (NDM) 1-producing Pseudomonas
aeruginosa isolates belonging to the ST773 clone in Spain and the Netherlands, associated with the transfer of
Ukrainian patients during the war.

Methods: Between March and December 2022, nine NDM-1-producing P. aeruginosa ST773 isolates were recov-
ered from nine Ukrainian patients evacuated to two Spanish (n = 3) and five Dutch (n = 6) hospitals. Antimicrobial
susceptibility testing was studied (Sensititre, Microscan, EUCAST-2023). Whole genome sequencing (Illumina,
Oxford-Nanopore) was used to analyze the genetic relatedness, the resistome, and the prophage content.
Results: All NDM-1-producing P. aeruginosa ST773 isolates exhibited resistance to all tested antimicrobials except
colistin, aztreonam, and cefiderocol. Genomic analysis revealed that all isolates had an identical resistome and
a chromosomally encoded integrative conjugative element carrying the blayp,.; gene. The core genome multilo-
cus sequence typing and core genome single nucleotide polymorphisms analysis showed highly related isolates,
irrespective of country of isolation, distant from other NDM-1-ST773 P. aeruginosa not collected in Ukraine. Both
analysis revealed two closely related clusters, spanning the Spanish and Dutch isolates. In addition, a high content
of prophages was identified in all strains, most of them in more than one isolate simultaneously, regardless of
their origin country. Moreover, an identical phage tail-like bacteriocin cluster was identified in all NDM-1-ST773
P. aeruginosa.

Conclusions: We report a clonal dissemination of NDM-producing P. aeruginosa ST773 to the Netherlands and
Spain associated with patients from Ukraine. Our work highlights the importance of genomic surveillance and to
understand the dynamics of resistance in multidrug-resistant bacteria after the transfer of patients from conflict
zones. International collaboration is crucial to address global antimicrobial resistance.

Introduction

Between 2014 and 2021, Ukraine reported higher rates of antimi-
crobial resistance in regional and military hospitals compared to other
European Union/European Economic Area countries, particularly, con-
cerning gram-negative bacteria [1-3]. Given the ongoing conflict in
Ukraine and the anticipated movement of migrants, the European Cen-
tre for Disease Prevention and Control issued a guideline in March 2022,
recommending the screening for carriage of multidrug-resistant organ-
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isms and pre-emptive isolation of patients displaced and injured, trans-
ferred from hospitals in Ukraine, or with a history of hospital admission
in Ukraine in the last 12 months [4]. Despite these proactive measures,
some countries have notified cases of infection/colonization attributed
to certain multidrug-resistant clones of Acinetobacter baumannii, Enter-
obacterales, and Pseudomonas aeruginosa, which are typically associated
with health care settings in Ukraine [5-8].

P. aeruginosa is an opportunistic pathogen that causes severe infec-
tions, particularly, in the hospital setting and in immunocompromised
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patients. P. aeruginosa high-risk clones are disseminated worldwide and
often harbor acquired resistance genes that confer them a multidrug
or extensively drug-resistant (MDR/XDR) profile, which facilitates their
spread in the hospital setting and gives them the opportunity to ob-
tain more resistance determinants from other gram-negative pathogens
[9,10]. In addition, P. aeruginosa has shown a great ability to inte-
grate other genetic structures such as temperate bacteriophages, named
prophages, that can confer the parasitized bacterium or lysogen evolu-
tionary advantages [11].

The Netherlands and Spain were the first countries to report cases
of New Delhi metallo-#-lactamase (NDM) 1-producing P. aeruginosa iso-
lates belonging to the ST773 clone imported from Ukraine during 2022
after the initiation of the war [6,8]. In this work, we characterized by
whole genome sequencing (WGS) a collection of NDM-1-ST773 P. aerug-
inosa isolates recovered in these two countries in 2022, focusing on their
genetic relationship, the characterization of mobile genetic elements in-
volved in the dissemination of blaypy, and the prophage content.

Methods
Bacterial isolates and patient’s background

Between March and December 2022, nine P. aeruginosa isolates com-
patible with the production of a metallo-g-lactamase were isolated in
clinical or surveillance samples from nine Ukrainian patients transferred
to general hospitals in Madrid, Spain (Hospital Universitario 12 de Oc-
tubre y Hospital Universitario Ramoén y Cajal) and in five provinces at
the Netherlands (Overijssel, Utrecht, Gelderland, Noord-Holland, and
Limburg) (Table 1). In Spain, phenotypic characterization and WGS was
performed at each of the hospitals where the isolates were recovered.
The Dutch samples were phenotypically characterized in each of the cen-
ters, and then were sent to the National Institute for Public Health and
the Environment for WGS. Clinical, epidemiologic, and demographic
data were retrospectively reviewed. All sequences were sent to the Hos-
pital Universitario Ramén y Cajal (Madrid, Spain) for the subsequent
genomic characterization. The study was approved by the ethical com-
mittee (Ref. 104/23).

Phenotypic characterization

In the isolates detected in Spain, antimicrobial susceptibility was de-
termined by broth microdilution using a semiautomated microdilution
system (MicroScan, Beckman Coulter Diagnostics, USA) and the SEN-
SITITRE EUMDROXF panel (ThermoFisher, USA). Minimum inhibitory
concentrations (MICs) were interpreted using EUCAST-2023 clinical
break points (http://www.eucast.org/clinical_breakpoints/). Cefidero-
col susceptibility was assessed by gradient strips and disk diffusion
(Liofilchem, Roseto degli Abruzzi, Italy). In the isolates collected in
the Netherlands, meropenem susceptibility was determined using gradi-
ent strips (Liofilchem). Carbapenemase production was confirmed using
the KPC/MBL/OXA-48 Confirm Kit (Rosco Diagnostica, Taastrup, Den-
mark), the immunochromatography test O.K.N.V.I. RESIST 5 (CORIS
BioConcept, Gembloux, Belgium), the eazyplex Superbug CRE system
(Amplex-Biosystems, Delaware), the NG-Test CARBA 5 (NG-Biotech,
France), the Allplex Entero-DR Assay kit (Seegene Inc., Bogota, Colom-
bia), or the carbapenem inactivation method [12].

WGS and bioinformatic analysis

Short-read sequencing was performed using the Illumina NovaSeq
6000 platform (OGC, Oxford, UK) (Spain) and Illumina NextSeq550
(the Netherlands), with 2- x 150-bp paired-end reads. Nanopore long-
read technology was also carried out using a MinION flow cell (R9.4.1)
in accordance with SQK-LSK110 sequencing procedures. The Unicy-
cler tool (v0.4.8) was used to obtain the complete hybrid genome as-
semblies from the combination of short- and long-reads, as previously
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reported [8]. All consensus assemblies were annotated using RAST
Server (v2.0) (https://rast.nmpdr.org/). Assemblies were deposited at
DDBJ/ENA/GenBank under the project number PRINA949836.

Molecular characterization and resistome analysis

Antimicrobial resistance genes were screened using ABRicate
(v1.0.1) (ResFinder and CARD databases, threshold, 90% coverage; 98%
identity). In silico multilocus sequence typing (MLST) assignment was
carried out using MLST (v2.16.1) (https://github.com/tseemann/mlst).
Variant calling was also performed for the analysis of chromosomal
determinants involved in antibiotic resistance, as described previously
[13]. Core genome single nucleotide polymorphisms (cgSNPs) max-
imum likelihood phylogenetic trees were reconstructed and visual-
ized using IQ-TREE (v2.0.7) software and iTOL, respectively. The core
genome MLST (cgMLST) of all genomes was also created and validated
using the pipeline chewBBACA [14]. In all these analysis, P. aeruginosa
PAO1 (GenBank accession no. NC_002516.2) was used as the reference
genome.

Mobile genetic elements

The complete genomes and the mobile genetic elements impli-
cated in the dissemination of pg-lactamase genes were character-
ized, reconstructed, and visualized using ICEfinder (https://bioinfo-
mml.sjtu.edu.cn/ICEfinder/ICEfinder.html), Blast webtool (blast.ncbi.
nlm.gov), Kablammo (http://kablammo.wasmuthlab.org), and Proksee
(https://proksee.ca/).

Bacteriophages and pyocins

Prophage analysis was performed using the command line software
VIBRANT and Blast [15]. Phage taxonomy was stablished by creating a
phage proteomic tree using ViPTree version 3.7 with these prophages
and phages on the virus-host database (https://www.genome.jp/
viptree/) [16]. Phages clustered together were analyzed to be of
the same genus using VIRIDIC (https://rhea.icbm.uni-oldenburg.de/
viridic/). These results were confirmed by BLAST analysis of the termi-
nase large subunit, whenever this gene was present in the genomes, ac-
cepting query cover and identity values above 95% as the same species.
Pyocin clusters were classified by BLASTp analysis of the tail fiber pro-
teins against the NCBI database, considering query cover and identity
values above 90% as the same pyocin subtype [17].

Prophage and pyocins were annotated by RAST and Pharokka [18].
Unassigned Open Reading Frames (ORFs) were manually annotated by
HMMER (http://hmmer.org/) and HHPRED, as previously described
[17]. Anti-CRISPR proteins were analyzed by BLASTp against the Anti-
CRISPRdb database [19]. Regions encoding prophages and pyocins were
visualized using Proksee.

Results
Bacterial isolates and clinical data

Nine unrelated patients of Ukrainian origin (median age, 42 years
[range: 23-74 years]; seven of nine male patients) colonized (two of
nine) or infected (seven of nine) by NDM-producing P. aeruginosa iso-
lates were detected in two Spanish (three patients) and five Dutch (six
patients) hospitals between March and December 2022. All patients
were transferred or evacuated from Ukraine as a direct consequence
of the war. Previous hospital admission in Ukraine in the previous 12
months was documented in at least six patients (five injured soldiers and
one older woman undergoing heart surgery). In addition, colonization or
infection by other carbapenemase-producing Enterobacterales was also
detected in seven patients (Table 1).
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Table 1
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Epidemiological data of Ukrainian patients infected/colonized by NDM-1-ST773 P. aeruginosa isolates evacuated to Spain and the Netherlands during 2022. Antimi-
crobial susceptibility data are also included.

Isolate Gender Admission Source of Month Week Province Remarks Other microorganisms Resistance
diagnosis infection (+) (2022) (2022) (Country) detected during the profile®"
NDM-Pa admission
Isolate ESP.1 M Septic Abscess March 13 Madrid (Spain) Previous admission toa ~ OXA-48+NDM-1 K. P/T4, FEP, CZA,
pseudoarthritis  (Wound) Kyiv hospital (left femur pneumoniae C/T, IMI,
in left femur septic pseudoarthritis) IMI/REL, MER,
MEV, TOB, AMK
Isolate ESP.2  F Mediastinitis Bone sample May 20 Madrid (Spain) Refugee with previous VIM-1 K. oxytoca, P/T4, FEP, CZA,
(surgical site) heart surgery in Aspergillus fumigatus, C/T, IMI,
November 2021 in extended spectrum IMI/REL, MER,
Ukraine. beta-lactamase-Escherichia MEV, TOB, AMK
coli and Corynebacterium
sp.
Isolate ESP.3 M Surgical Abscess June 26 Madrid (Spain) Ukrainian soldier with OXA-48+NDM-1 K. P/T4, FEP, CZA,
infection in the (Wound) shotgun in the jaw pneumoniae, OXA-48 K. C/T, IMI,
right jaw (previous admissions to  pneumoniae IMI/REL, MER,
military hospitals in MEV, TOB, AMK
Ukraine, in Dnipro and
Vynnitsya)
Isolate NLD.1 M Unknown Tissue July 28 Overijssel (The Ukrainian person Not recovered MER
Netherlands)
Isolate NLD 2 F SSTI Wound August 31 Utrecht (The Ukrainian person NDM-1 K. pneumoniae, MER
Netherlands) OXA-23-Acinetobacter
baumannii, OXA-66-A.
baumannii
Isolate NLD.3 M SSTI Wound August 33 Overijssel (The Ukrainian soldier OXA-72-A. baumannii, MER
Netherlands) NDM-1 K. pneumoniae,
OXA-48 K. pneumoniae
Isolate NLD 4 M Carrier Rectal swab August 34 Gelderland (The Ukrainian soldier with Not recovered MER
screening Netherlands) shot wound direct
transfer from military
hospital in Poland
Isolate NLD.5 M SSTI Tissue biopsy ~ September 39 Noord-Holland Soldier with trauma from NDM-1-Proteus stuartii MER
(The Ukraine
Netherlands)
Isolate NLD .6 M Carrier Rectal swab December 51 Limburg (The Ukrainian person NDM-5-E. coli, KPC-3-E. MER
screening Netherlands) coli, KPC-2 K. pneumoniae,

NDM-1 K. pneumoniae,
OXA-48 K. pneumoniae

AMK, amikacin; CZA, ceftazidime-avibactam; C/T, ceftolozane-tazobactam; F, female; FEP, cefepime; IMI, imipenem; IMI/REL, imipenem-relebactam; M, male; MER,
meropenem; MEV, meropenem-vaborbactam; P/T4, piperacillin-tazobactam; SSTI, skin and soft tissue infection; TOB, tobramycin.

2 Antimicrobials for which NDM-1-S773-P. aeruginosa isolates showed resistant minimum inhibitory concentration values (according to EUCAST).

b In isolates recovered in The Netherlands, only meropenem susceptibility was reported.

All NDM-producing P. aeruginosa isolates recovered in Spain were
resistant to all tested antimicrobials, except for colistin (MIC <2 mg/L),
aztreonam (MIC: 8-12 mg/L), and cefiderocol (MIC range 0.75-2 mg/L;
disk diffusion method: 20-23 mm).

Resistance gene content and mutational resistome

Screening for antibiotic resistance genes revealed that all isolates car-
ried an identical content of resistance genes affecting different antimi-
crobial groups: aminoglycosides [aac(3), aadA11, aph(3’)-IIb, rmtB4],
p-lactams (blaypy.1, blagxa.zgs, blappc.ig), chloramphenicol (catB7),
fosfomycin (fosA), sulphonamides (two copies of sull), and tetracy-
clines (tetG). One antiseptic-resistant gene (gacE) and one gene affecting
the quaternary ammonium compound efflux SMR transporter (qnrVC1)
were also found in all strains. One Dutch isolate (Isolate_ NLD_2) carried
two copies of the blaypy.; gene (Table 2).

The variant calling analysis of chromosomal genes also showed an
identical mutational resistome, except for four genes, in which exclu-
sive mutations were found (Table S1). These genes were involved in the
transcriptional activation of P. aeruginosa virulence genes (lasR), the reg-
ulation of MexXY (mexY) and MexAB-OprM (nalC) effux pumps, and the
lipid A modification (pagL). T543A-mexY (eight of nine) and G71E-nalC
(eight of nine) mutations were encountered in several of the strains (Ta-
ble S1).

Molecular typing and mobile genetic elements

All NDM-producing P. aeruginosa isolates belonged to the same clone
(ST773) and shared a high percentage of coverage (98-99%) and identity
(99.96-100%). All ST773 P. aeruginosa isolates carried a chromosomally
encoded blaypy. gene along with a bleomycin resistance gene between
two IS91 (IS91-blaypyy.1-bleMBL-1S91), contained on an identical ~117
Kb integrative conjugative element (ICE) flanked by 23-pb attL and attR
sequences (gtctcgtttccegetecaaacat) (Figure S1, Table 2). The Dutch iso-
late (Isolate_NLD_2) that carried two copies of the blaypy.; gene (IS91-
bleMBL-blaypy.1 -bleMBL-blaypy.1 -1S91) had a larger ICE (120.224 bp)
that was located inverted in the chromosome but with identical attR
and attL regions (Figure S2). xerD and parA genes, involved in the mobi-
lization and integration of pathogenicity genomic islands structures in
P. aeruginosa, were identified flanking all blaypy,.;-ICEs. Other common
regions involved in mobilization and maintenance of the pathogenic-
ity genomic islands such as the pil operon were also found. In all iso-
lates, the blaypy.1-ICE contained five additional resistance genes affect-
ing other antimicrobial groups: sulfonamides (sull), aminoglycosides
(acc[3] and rmtB4), chloramphenicol (floR), and tetracyclines [tet(G)]
(Figure S1).

Plasmid reconstruction showed that two Spanish (ESP_1 and
ESP_2, each from one center) and one Dutch (NDL_3) NDM-1-ST773
P. aeruginosa isolates contained a closely related plasmid (~47-51
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Results of the genomic characterization of all NDM-1-producing P. aeruginosa isolates recovered from Ukrainian patients in Spain and the Netherlands during 2022.

Plasmid® (pb) Antibiotic-resistant genes content Accession number

Isolate ST Cluster® Chromosome” (pb) blaNDM-1-ICE size(pb)
Isolate_ESP_1 773 I 6,852,907 116,999

Isolate_ESP_2 773 I 6,922,344 116,997

Isolate ESP_3 773 II 6,850,251 116,998

Isolate NLD_1 773 1I 6,836,351 116,995

Isolate_ NLD_2 773 I 6,862,835 120,224¢

Isolate NLD_3 773 I 6,921,153 116,989

Isolate NLD_4 773 1I 6,908,226 116,997

Isolate NLD_5 773 I 6,911,612 116,993

Isolate NLD_6 773 I 6,853,133 116,997

pH120 (46,720) aac(3), aadA11, aph(3’)-1Ib, blaypy.1,
blagxa 395, blappc 16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)
aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blagya 395, blappc 16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blagxa 395, blappc 16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blagya 395, blappc 16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,

blaypy.1» blaoxa sos, blappc.ae, catB7,

fosA, qacE, qnrVC1, rmtB4, sull, sull,
tet(G)

aac(3), aadA11, aph(3’)-IIb, blaypy.1,

blagxa 395, blappc 16, catB7, fosA, qacE,

qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blagya 395, blappc 16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blagya.305, blappc.16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blapyy.30s, blappc.16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

CP142443°,
CP142444¢

pB81 (51,081) CP142449°,

CP142450¢
CP142448°

JBAWKG000000000"

JBAWKH000000000"

pS75 (50,326) JBAWKF000000000"
CP142447°

CP142446°

CP142445°

@ Clusters detected with the cgMLST and cgSNPs analysis using P. aeruginosa PAO1 (NC_002516.2) as reference genome.

b Accession number of chromosomes of NDM-1-producing P. aeruginosa isolates.

¢ Accession number of plasmids detected in NDM-1-producing P. aeruginosa isolates.
4 Two copies of blaypy.; in the ICE, that is flanked by attL and attR (gtctcgtttcccgetecaaacat) but inverted in the chromosome with respect to the other isolates.

Kb) without any resistance genes. Genes encoding membrane pro-
teins belonged to the secretion system type IV transport proteins
(VirB1, VirB4, VirB6, VirB8, VirB9, VirB10, VirB11, and VirD4) were
detected, along with genes encoding an RNA metabolism protein
(retron-type RNA-directed DNA polymerase) and proteins involved
in regulation and cell signaling (HigA toxin and HigB antitoxin)
(Table 2, Figure S3).

cgMLST and cgSNP analysis

A cgMLST phylogenetic tree of the Spanish and Dutch isolates in
context of ten related ST773-P. aeruginosa isolates downloaded from
Pathogenwatch (https://pathogen.watch) was constructed. Of a total of
5,694 loci searched, 5,250 loci were present in the genome of all iso-
lates. This analysis showed that NDM-1-ST773-P. aeruginosa from pa-
tients of Ukrainian origin were grouped in the same cluster and more
distant from the strains collected in other countries and in other years.
Overall, NDM-1-ST773-P. aeruginosa strains diverged in distance from
4 to 17 loci and from 4 to 96 loci from strains collected in other ge-
ographical regions (Figure 1). Using P. aeruginosa PAO1 as reference
genome, the core genome of all NDM-1-ST773 P. aeruginosa ranged
between 5.882.658 and 5.887.317 bp, with an evolutionary distance
of 54.168-54.576 SNPs (9.2-9.3 SNPs/Mb). The maximum likelihood
phylogenetic tree based on the cgSNP analysis of all genomes gave
highly similar results that the neighbor Joining tree from the cgMLST
schema (Figure 2). Both methods clustered all Ukrainian ST773 P. aerug-
inosa strains in two clusters: cluster I, including two Spanish isolates
(ESP_1 and ESP_2), and four Dutch strains (NLD_2, NLD_3, NLD_5, and
NLD_6), all of them from different centers and recovered between March
and December, and cluster II, formed by one Spanish (ESP_3) and two
Dutch isolates (NLD_1 and NLD_4), also from different centers and
from different months (June, July, and August, respectively) (Figures 1
and 2).

Prophages and pyocins analysis

A total of 11 different prophages were identified in all P. aeruginosa
strains, and 10 of them were present in more than one strain simultane-
ously. A phage tail-like bacteriocin (PTLB) cluster was also identified in
all isolates, at first misidentified as a prophage (Figure 3, Table S2). The
prophage and PTLB cluster characteristics are summarized in Table 3.

The PTLB cluster presented a conserved structure: a PrtN/PrtR acti-
vator/repressor tandem, a zinc finger transcription factor, a phage an-
titermination Q-like protein, an R5-type (Rigid, with a structure similar
to a Myovirus tail) pyocin, a lytic cassette, and an F-type (Flexible, ana-
log to a Siphovirus tail) pyocin (Figure S4).

Prophage length ranged from 10.5 Kb (vB_Pae_U10) to 57.8 Kb
(vB_Pae_U7), with a GC content ranging from 58.9 % (vB_Pae_U7) to
64.4 % (vB_Pae_U4). The number of ORF was also very variable, with
13 OREF the shortest (vB_Pae_U10) and 103 the longest (vB_Pae_U7). The
ORF function of each prophage genome is summarized in Figure S5. A
considerable number of ORF remained with an unknown function after
annotation, ranging from 38.5% of hypothetical proteins (vB_Pae_U10)
to 84.8% (vB_Pae_U6). The PTLB cluster had 21.1% of hypothetical pro-
teins. Prophage vB_Pae_U4 was also found to code for an anti-CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats) proteins
with homology with AcrIF3 (score 8.85 x 10-10%).

Regarding insertion sites, the PTLB cluster was localized within the
tryptophan operon, between the anthranilate synthase components I
(trpE) and II (trpG). Half of the prophages (6/12) were inserted next
to transfer RNA coding genes. Prophages vB_Pae U2, vB_Pae U4 (in
strain ESP_2) and vB_Pae_U10 were inserted inside other genes, truncat-
ing them and possibly resulting in impaired gene expression. Prophage
vB_Pae_U2 was inserted inside the lapE gene in all strains, which codes
for an outer membrane pore forming protein as a component of the
type I secretion system. In ESP_2, prophage vB_Pae U4 was inserted in-
side a class III aminotransferase gene and inside an ABC-type bacteri-
ocin/lantibiotic exporter. This strain was found to have three copies
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Figure 1. cgMLST based phylogenetic tree constructed with all NDM-1-ST773-P. aeruginosa isolates recovered in this study (purple surrounding circle; ESP: Spain;
NLD: the Netherlands) and ten closely related ST773-P. aeruginosa isolates from other locations. P. aeruginosa PAO1 was used as reference genome (NC_002516.2).
cgMLST is a minimum spanning tree based on the cgMLST allelic profile of P. aeruginosa PAO1, determined by the pipeline chewBACCA and visualized using Phyloviz

Online tool.
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Table 3

Characteristics of the eleven prophages and the phage tail-like bacteriocin cluster (pyocin cluster) identified in the NDM-1-ST773 P. aeruginosa strains from Ukrainian patients.

Prophage /phage Family /Pyocin Length (Kb) GC content ORF (n°) Gene Host Hypothetical Upstream gene Downstream gene Accession
tail-like bacteriocin subtype (%) density strains proteins (%) number
cluster name (gene/Kb)
vB_Pae_Ul Unclassified 16.2 59.3 26 1.60 9/9 65.4 Quinolinatephosphoribosyltransferase tRNA-Thr-CGT PP003913
Caudoviricetes (EC 2.4.2.19)
vB_Pae_U2 Unclassified 45.1 61.3 67 1.49 9/9 58.8 tRNA-Pseudo-GAG Antitoxin HigA PP003914
Caudoviricetes
(Siphovirus tail
morphology group)
vB_Pae_U3 Unclassified 38.6 62.1 53 1.37 9/9 50.9 Type I secretion system, outer membrane component LapE" PP003915
Caudoviricetes
(Siphovirus tail
morphology group)
vB_Pae_U4a Casadabanvirus 36.4 64.4 53 1.46 3/9 39.6 FAD-dependent monooxygenase PhzS Pyridoxamine PP003916
5’-phosphate oxidase
PhzG (EC 1.4.3.5)
Aminotransferase, class III”
Bacteriocin/lantibiotic efflux ABC transporter,
permease/ATP-binding protein®
vB_Pae_U5 Unclassified 40.4 63.3 52 1.29 8/9 60.4 hypothetical protein tRNA-Leu-CAA PP003917
Caudoviricetes tRNA-Gly-CCC
vB_Pae_U6 Unclassified 43.6 62.2 66 1.51 2/9 84.8 Rossmann fold nucleotide-binding tRNA-Gly-CCC PP003918
Caudoviricetes protein Smf possibly involved in DNA
uptake
vB_Pae_U7a Detrevirus 57.8 58.9 103 1.78 6/9 64.1 Bis-ABC ATPase YbiT Probable PP003919
5-carboxymethyl-2-
hydroxymuconate delta
isomerase
vB_Pae_U8 Unclassified 41.1 62.6 60 1.46 4/9 61.7 Rossmann fold nucleotide-binding tRNA-Leu-CAA PP003920
Caudoviricetes protein Smf possibly involved in DNA
uptake
vB_Pae_U9 Unclassified 49.7 59.4 85 1.71 4/9 72.1 Probable Bis-ABC ATPaseYbiT PP003921
Caudoviricetes 5-carboxymethyl-2-hydroxymuconate
delta isomerase
vB_Pae_U10 Unclassified 10.5 60.8 13 1.24 2/9 38.5 Glycosyltransferase” PP003922
Caudoviricetes
vB_Pae_Ul1 Beetrevirus 39.0 63.1 56 1.44 1/9 51.8 tRNA-dihydrouridine(20/20a) synthase hypotheticalprotein PP003923
(EC 1.3.1.91)
Pyocin_Ul R5-F cluster 28.8 64.5 38 1.32 9/9 21.1 Anthranilate synthase, amidotransferase Anthranilate synthase, PP003924

component (EC 4.1.3.27)

aminase component
(EC 4.1.3.27)

aThree copies of vB_Pae_U4 and two copies of vB_Pae_U7 were detected in isolates ESP_2 and NLD_4, respectively.

b ORF truncated by the insertion of the prophage.
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Figure 3. Map of all NDM-1-ST773 P. aeruginosa strains and the relative position of prophages and phage tail-like bacteriocin clusters detected within them. ESP,

Spain; NLD, the Netherlands.

of the same phage, the third one being between an flavin adenine
dinucleotide-dependent mooxygenase (phzS) and a pyridoxamine 5-
phosphate oxidase (phzG), as in two Dutch strains (NLD_2 and NLD_3).
Finally, prophage vB_Pae U10 was found integrated into the glycosyl-
transferase gene (Table 3).

Discussion

In this work, we report the clonal spread in 2022 of NDM-1 P. aerugi-
nosa isolates belonging to clone ST773 in two European countries (Spain
and the Netherlands) due to the transfer of Ukrainian patients because
of the war.

In P. aeruginosa, resistance to carbapenems is usually due to mu-
tations in chromosomal genes and, to a lesser extent, to horizontal
acquisition of carbapenemase-encoding genes [9,10,20]. In Europe, P.
aeruginosa is usually associated with the production of Verona integron-
encoded MBL enzymes, and the report of NDM carbapenemases is
limited to nosocomial outbreaks or imported cases from endemic ar-
eas [13,21-23]. NDM enzymes can hydrolyze all g-lactams, except for
monobactams, conferring an almost pan-p-lactam-resistant phenotype
that usually leaves few treatment options [24]. In our collection, all
NDM-1-ST773 P. aeruginosa isolates were resistant to all tested antimi-
crobials, except for colistin, aztreonam, and cefiderocol. This high-level
of resistance coincides with the alarming rates previously reported in
Ukrainian health care settings [2,3].

The ST773 P. aeruginosa clone has been previously described associ-
ated with the production of NDM-1 in some countries such as the United
States, Nepal, and South Korea [23,25,26]. However, the NDM-1-ST773
P. aeruginosa clone had not been described in Europe before until the
arrival of Ukrainian patients [6-8]. Our analysis showed that isolates

of Ukrainian origin were more genetically related to each other than to
other NDM-1-ST773 P. aeruginosa strains recovered from other locations.
Note that one NDM-1-ST773 P. aeruginosa recovered from a Ukrainian
soldier admitted to a US military hospital in Germany in 2022 was found
to be part of the same cluster as the Spanish and Dutch strains, suggest-
ing clonal spread to Germany [7]. The cgMLST and cgSNP analysis also
revealed the clustering of our strains into distinct but close subgroups,
spanning the Spanish and Dutch isolates, indicating that the strains were
closely related despite belonging to patients who had been transferred
to different countries. The introduction of these isolates in European
countries poses a risk of potential local transmission events within and
between health care facilities in the country of detection.

In addition, the blaNDM-1 genetic environment in our isolates
(blaypy.1-ICE) was closely related to that found in other ST773 P. aerug-
inosa isolates [23,25,26]. The identical resistome and shared genetic
elements also suggest a clonal expansion of the NDM-1-ST773 P. aerug-
inosa clone. The presence of additional resistance genes within the ICE
underscores the potential for further acquisition of resistance determi-
nants, posing a continual threat to antimicrobial efficacy. Furthermore,
the closely related plasmid identified in Spanish and Dutch isolates, de-
void of resistance genes, suggests that plasmids could also be a potential
vehicle for gene exchange in P. aeruginosa. Understanding the genetic
platforms that facilitates the spread of virulence and resistance genes is
crucial for developing targeted intervention strategies.

Recent articles have shown that lysogeny is a common trait among
P. aeruginosa clinical isolates and that prophage role and characteristics
remain understudied when compared to lytic phages [27]. In our NDM-
1-ST773 P. aeruginosa strains, we found a high content of prophages
than in other studies [27]. Most of them were found in more than one
strain simultaneously, irrespective of the origin country. Moreover, an
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identical pyocin (PTLB) cluster was also found in all strains, again show-
ing a high genetic relatedness among the isolates. The pyocin cluster
showed a similar pattern as R-F-type bacteriocins previously described
in P. aeruginosa [28]. In our isolates, differences were only found in
those regions of the ST773 genome where prophages were inserted, sug-
gesting a dynamic interaction between the bacteriophage and the host
bacterium. Consistent with other studies, up to three of these prophages
were located truncating other genes and presumably resulting in non-
functional proteins [29,30]. Prophages inserted within essential genes
further emphasize their potential impact on bacterial physiology, most
likely influencing virulence and antibiotic resistance.

On the other hand, it should be noted that in at least seven of
these patients other MDR bacteria were isolated in addition to the
NDM-1-ST773 P. aeruginosa. Among others, NDM-producing Enterobat-
erales isolates were detected, including ST147 K. pneumoniae producing
OXA-48 or co-producing OXA-48+NDM-1 [8]. The ST147 K. pneumo-
niae clone has already been linked to the movement of Ukrainian pa-
tients to other central European countries in 2022 [5]. Co-colonization
or co-infection with other MDR also carrying carbapenemases and/or
extended-spectrum p-lactamases genes, such as ST78-OXA-23 Acineto-
bacter baumannii, ST395-OXA-48+NDM-1 K. pneumoniae, ST1047-IMP-1
P. aeruginosa, and ST357-VEB-9 P. aeruginosa, has also been reported in
Ukrainian patients in Germany [7].

The timeline of cases after the conflict and the association with pa-
tients who had previous hospitalization in Ukraine suggests a direct link
to the conflict-driven migration. This underlines the importance of col-
laborative efforts in surveillance, early detection, and the establishment
of protocols for managing patients with a history of health care expo-
sure in conflict zones. The combination of WGS and epidemiologic data
allows a better understanding of the evolution of resistance mechanisms
and the transmission dynamics, which helps to apply adapted infection
control measures.

In conclusion, our study provides a comprehensive genomic perspec-
tive on the emergence and dissemination of NDM-1-producing P. aerug-
inosa ST773 clone in Europe after the conflict in Ukraine. The intercon-
nectedness of health care systems and the adaptability of these strains
underscore the need for international collaboration in combating the
global challenge of antimicrobial resistance. Continued genomic surveil-
lance, along with the reinforcement of infection control measures, is im-
perative to mitigate the impact of these highly resistant clones on public
health.
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