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Abstract

Purpose Antimicrobial resistance is a pressing issue in Ukraine, with healthcare-associated infections caused by multidrug-
resistant organisms being a major concern. A recent prospective multicenter study revealed a staggering rate of 48.4%
antimicrobial resistance to carbapenems among Enterobacterales causing a healthcare-associated infection. We conducted a
systematic survey to investigate the incidence rate and incidence density of carbapenemase-producing Gram-negative bacteria
(CPGN) among refugees and war-wounded Ukrainians in connection with the German health system.

Methods From the onset of the war until November 2022, seven Ukrainian patients were admitted to our hospital. Upon
admission, screening samples and samples from the focus of suspected infection were taken from all seven patients. The
incidence rate and the incidence density of CPGN were calculated as a result of the microbiological findings. We sequenced
all CPGN using [llumina technology.

Results The incidence rate of CPGN at our hospital was 0.06 for 2021 and 0.18 for 2022. All seven Ukrainian patients were
infected or colonized with at least one CPGN, including K. pneumoniae (14/25), P. aeruginosa (6/25), A. baumannii (1/25),
Providencia stutartii (1/25), C. freundii (1/25), and E. coli (2/25). Genomic surveillance revealed that (i) most frequently
detected carbapenemases among all sequenced isolates were blaypy, (17/25) and blagya_4g (6/25), (ii) most commonly
observed plasmid replicons among the K. pneumoniae isolates recovered from Ukrainian patients were Col(pHAD?28)
(12/14), IncHI1B(pNDM-MAR) (9/14), IncFIB(pNDM-Mar) (12/14), and (iii) clonal relation between the pathogens of the
Ukrainian isolates, but not for the isolates from our hospital surveillance system.

Conclusion The rising prevalence of community-acquired colonization and infection with CPGN is having a direct effect
on the infection prevention measures, such as higher number of isolations, reprocessing of patient rooms, additional micro-
biological testing and overall organization within hospitals.
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Abbreviations MIC Minimal inhibitory conentration
ST Sequence type ECDC European Centre for Disease Prevention and
Cf C. freundii Control
Kp K. pneumoniae
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cgMLST Core genome multilocus sequence typing Introduction
CPGN Carbapenemase-producing Gram-negative
bacteria Antimicrobial resistance: political

and epidemiological factors get together

Antimicrobial resistance has changed the ways in which
>4 Claudia Stein N therapeutic approaches to bacterial infections and other ail-
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mitigating the potentially dangerous consequences of anti-
microbial resistance [1]. Antimicrobial resistance is a press-
ing issue in Ukraine, with healthcare-associated infections
caused by multidrug-resistant organisms being a major con-
cern [2, 3]. A recent prospective multicenter study revealed
a staggering rate of 48.4% antimicrobial resistance to car-
bapenems among Enterobacterales causing a healthcare-
associated infection [4]. The European Centre for Disease
Prevention and Control (ECDC) has warned that the ongoing
war in Ukraine could lead to the spread of antimicrobial
resistance throughout Europe [5]. Despite this, only a few
scientific reports have been published on the matter [6-8].
The genomic surveillance of multidrug-resistant organisms
from Ukrainian patients in the Netherlands and Germany
revealed globally spread epidemic lineages and high number
of NDM-1 beta-lactamase. The shortcomings of national
surveillance reports are their lack of denominator data.
Without denominator data, it is difficult to accurately assess
the incidence rate of multidrug-resistant organisms.

We conducted a systematic survey to investigate the inci-
dence of multidrug-resistant Gram-negative bacteria among
refugees and war-wounded Ukrainians in connection with
the German health system, based on whole-genome sequenc-
ing analysis. This study aimed to shed light on the incidence
of these bacteria among Ukrainians.

Methods
Recruitment

At our University Hospital, we have 1411 beds across 26
clinics. Every year, we provide care for around 53,600 inpa-
tients and carry out over 274,000 outpatient consultations.
As the only university hospital and facility for basic, stand-
ard, and maximum health care in the region of Thuringia
(a federal state in Germany), our hospital serves over one
million citizens. This study encompasses all clinics and
institutes of our hospital. From the onset of the war until
November 2022, seven Ukrainian patients were admitted to
our hospital. Three of these seven patients were hospitalized
due to war wounds, while the remaining four were refugees.
On-site surgery was performed to treat the wounded sol-
diers. Upon admission to our clinic, screening samples and
samples from the focus of suspected infection were taken
from all seven patients. Patient samples were analyzed in
an accredited medical microbiology laboratory using stand-
ard operating procedures. The incidence rate and incidence
density of CPGN were calculated based on the microbio-
logical findings. The incidence rate was calculated for 2021
and 2022 and given in relation to 100 patient cases. The
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incidence density was also calculated for 2021 and 2022 and
given in relation to 1000 patient days.

We sequence all CPGN at our hospital, regardless of
whether colonization or infection had occurred. This enabled
us to create a database of over a thousand whole-genome
sequenced pathogens.

Genomic characterization of multi-drug-resistant
isolates via whole-genome sequencing

For microbiological diagnostics, the sample was streaked
onto Columbia sheep blood agar (BD, Heidelberg, Ger-
many) and Drigalski lactose agar (Oxoid, ThermoFisher
Scientific, Wesel, Germany) for overnight incubation at
37 °C. Colonies were identified by Vitek MS (bioMérieux,
Niirtingen, Germany). Antimicrobial susceptibility testing
(AST) was performed by determination of minimal inhibi-
tory concentrations (MIC) using Vitek 2 (bioMérieux) and
the MICRONAUT-S MDR MRGN Screening microtiter sys-
tem (Merlin Diagnostika, Bornheim, Germany; distributed
by Sifin Diagnostics, Berlin, Germany). Twenty-five isolates
from seven Ukrainian patients were sequenced using an Illu-
mina MiniSeq instrument (Illumina, San Diego, CA, USA).
DNA was extracted directly from plated microbial cultures
using the NexteraTM DNA Flex Microbial Colony Extrac-
tion protocol (Illumina, San Diego, CA, USA). The fastq file
format was then assembled using Velvet and analyzed with
the Ridom SeqSphere + software version 8.4.1. To analyze
the species-specific clonal relationship, core genome mul-
tilocus sequence typing (cgMLST) was employed. Resist-
ance determinants and plasmids were screened by querying
genome assemblies against the ResFinder and PlasmidFinder
databases (PlasmidFinder version 2.1.6 (2021-03-27); Res-
Finder version: 2022-03-17) using the tool ABRicate with
minimal coverage and minimal identity settings of 80%,
respectively [9-11]. The results were then compared to our
existing database to assess clonal relatedness and antimi-
crobial resistance.

Results

War-wounded and refugees within the German
health-care system

The incidence rate of CPGN at our hospital rose from 0.06
in 2021 to 0.18 in 2022. There was also an increase in inci-
dence density from 2021 (0.08) to 2022 (0.24). This increase
was partially attributed to an outbreak of CPGN, which was
not associated with Ukrainian patients, resulting in a slight
increase in nosocomial cases. However, a significant surge
in community-acquired cases was observed in the second
and third quarters of 2022 (see Fig. 1), mainly due to the
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Fig.1 The incidence density of CPGN at our hospital for 2021 and 2022. The values were divided into community-acquired and nosocomial
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high number of detected CPGN among Ukrainian patients
during this period.

All seven Ukrainian patients were infected or colonized
with at least one CPGN, including carbapenemase-pro-
ducing P. aeruginosa, A. baumannii, K. pneumoniae, and
Providencia stutartii, C. freundii, and E. coli (see Table 1).
The minimum inhibitory concentration values for the anti-
biotics that were tested have been provided in supplemen-
tary information (SI 1). Three wounded soldiers, who had
already been treated in Ukraine, were found to have wound
infections caused by CPGN, as well as colonization with
other carbapenemase-producing species. All patients with an
infection received a consultation by an Infectious Diseases
physician and were treated with antibiotics tailored to the
pathogen detection (e.g., cefiderocol).

High prevalence of antimicrobial resistance genes
and mobile genetic elements

The most frequently detected carbapenemases among all
sequenced isolates were blaypy (17/25) and blagx ag
(6/25). The ESBL enzyme CTX-M-15 (16/25) and beta-
lactamase SHV-182 (8/25) were predominantly found in K.
pneumoniae (see Fig. 2A), C. freundii, and E. coli. Notably,
the prevalence of these enzymes varied significantly between
the species.

Most P. aeruginosa isolates were found to carry blap,q
genes (6/6) as well as blagy, variants such as blagy,_3es
(3/6), blagx 396 (1/6) and blagx s 4gg (2/6) (see Fig. 2B).
Notably, one C. freundii isolate was found to contain the
newly identified mcr-9 resistance gene [12], which confers

resistance to colistin, an antimicrobial drug of last resort
used to treat serious Gram-negative bacterial infections.
Additionally, several genes encoding resistance to amino-
glycosides (aac(6°)-1b-cr, aph(3°)-VI), chloramphenicol
(catAl, catA2), fosfomycin (fosA), fluoroquinolones (ogxA,
0qxB, gnrS), sulfonamides (sull, sul2), and tetracyclines
(tet(A)) were observed in the majority of the different spe-
cies. The resistance genes identified in the Ukrainian iso-
lates are well known and can be found also in our database.
There, carbapenemase-forming bacteria were more preva-
lent in patients with a history of prolonged hospitalization
or travel. It is important to highlight that the frequency of
detecting resistance genes, particularly carbapenemases,
in Ukrainian patients' isolates significantly differs from
those in our database. Furthermore, the presence of plas-
mid replicons was also examined.

The most commonly observed plasmid replicons among
the K. pneumoniae isolates recovered from Ukrainian
patients were Col(pHAD28) (12/14), IncHI1B(pNDM-
MAR) (9/14), and IncFIB(pNDM-Mar) (12/14). Plasmid
pNDM-MAR, a member of the IncH plasmid family, is
a well-known blaypy,.,-bearing plasmid. In a few of the
clinical isolates from our surveillance database, we also
detected the IncHI1B(pNDM-MAR) and IncFIB(pNDM-
Mar) replicons from K. pneumoniae isolates. The
Col(pHAD28) replicon was the most frequently observed
and is representative of carbapenemase-producing iso-
lates from our K. pneumoniae database. Plasmid replicons
from the same family were also detected in E. coli and
C. freundii isolates from Ukrainian patients (see Fig. 3).
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Table 1 Clinical data of the seven Ukrainian patients were collected. Patients #1—#4 were admitted as refugees, while patients #5—#7 were

wounded soldiers

Patient- Admission date Age, sex Cause of admission  Sampling Infection/coloniza-  Isolated pathogen Carbapenemase
identi- tion
fier
#1 March 76 years, female Transfer from exter- Stool Colonization K. pneumoniae  NDM-3
nal hospital with
known myelopro-
liferative disease
#2 April 54 years, female Dialysis patient with Urine Colonization P. aeruginosa NDM-1
acute hepatitis b
#3 August 3 years, male Suspected obstruc-  Rectal swab ~ Colonization K. pneumoniae OXA-48
tive sleep apnea Rectal swab ~ Colonization K. pneumoniae  NDM-1
syndrome with
known mucopoly-
saccharidosis
#4 September 49 years, female Transfer from exter- Urine Colonization K. pneumoniae  NDM-1
nal hospital with ~ Blood culture Infection K. pneumoniae  NDM-1
liver cirrhosis Rectal swab  Colonization K. pneumoniae  NDM-1
Ascites Infection K. pneumoniae NDM
#5 April 48 years, male  Direct transfer from Wound Infection P. aeruginosa IMP-34
Ukraine due to Blood culture Infection K. pneumoniae  NDM-1
war injuries Abdomen Infection A. baumannii 0XA-72,-90
Wounded 04/2022  Rectal swab ~ Colonization E. coli NDM-5
Multiple bony Rectal swab  Colonization K. pneumoniae OXA-48
injuries of the Urine Colonization K. pneumoniae NDM-5, OXA-48
lower extremities
on both sides
Urologic and
abdominal injury
from a bullet
through the abdo-
men
#6 June 47 years, male  Direct transfer from Skin Colonization C. freundii NDM-1
Ukraine due to Skin Colonization P. aeruginosa IMP-34
war injuries
Wounded 05/2022
Open fractures of
the upper and
lower extremities
#7 August 35 years, male  Direct transfer from Blood culture Infection K. pneumoniae OXA-48
Ukraine due to Catheter Colonization K. pneumoniae NDM-1
war injuries Catheter Colonization P. aeruginosa NDM-1
Wounded 05/2022  Rectal swab  Colonization K. pneumoniae NDM-1, OXA-48
Mine injury with Rectal swab ~ Colonization K. pneumoniae NDM-1, OXA-48
fractures of the Rectal swab ~ Colonization E. coli KPC-3
lower extremities Deep wound  Infection P. aeruginosa NDM-1
Deep wound  Infection P. aeruginosa VIM-2
Deep wound  Infection P. stutartii NDM

Furthermore, we have identified the plasmid replicons also
in our surveillance database, as illustrated in Fig. 3B.

Comparative analysis of the antimicrobial resistance
genes and the plasmid replicons revealed no within-patient
plasmid transfer between the different Gram-negative spe-
cies, causing colonization or infection of the patients.

We investigated the epidemiological connection between
Ukrainian isolates and the clinical isolates in our database.
We observed a clonal relationship between the pathogens
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for the Ukrainian isolates, but not for the isolates from our
clinical surveillance database. No nosocomial transmissions
were detected within our hospital. However, due to the lim-
ited medical history and language barrier, it is not possible
to evaluate whether there is a possible connection within
the home country. For K. pneumoniae, we mostly detected
isolates belonging to sequence type 395 (7/13) among the
Ukrainian isolates. In our surveillance database, we have
identified several MLST sequence types (STs) of bacterial



Multidrug-resistant isolates from Ukrainian patients in a German health facility: a genomic...

1735

A
5
0 —
$.89.22.Kp .
$.83.22.Kp
$.65.22.Kp
$.212.22Kp
S.211.22.Kp

$.209.22.Kp

Isolates

$.208.22.Kp
$200.22.Kp
$.196.22.Kp
S.17222Kp
S.158.22.Kp
S.157.22.Kp

$.10422.Kp

ARR-3 4
blaCMY-6

blaCTX-M-14b

blaNDM-5
blaNDM-1

blaNDM-48

aac(3)—11d
aac(6')-Tb
aac(6”)—Ib-cr
ant(2”")-Ia
aph(3"")-Ib_5
aph(37)-Ia_1
aph(3')-VIL_1
aph(6")-1d_1
armA_1
blaCTX-M-15
blaNDM-1
blaNDM-3
blaNDM-9
blaSHV-106

blaSHV-11
blaSHV-121

Antimicrobial resistance genes

B

[SIINCNY

S.87.22.Ec

S.82.22.Ab

$.80.22.Pa

S.71.22.Pa

$.207.22.Pa

Isolates

S.161.22.Pa

$.160.22.Pa

S.159.22.Ec

S.125.22.Pa

S.121.22.Cf

blaNDM-1_1

blaNDM-5_1

blaOXA-1_1

blaOXA-10_1

blaOXA-395_1

blaOXA-396_1

blaOXA-488_1

blaOXA-72_1

-1Ib_2

blaADC-25_1

blaCARB-14_1

blaCMY-135_1

blaCTX-M-124_1

blaCTX-M-15_1

blaCTX-M-27_1

blaIMP-34_1

blaKPC-3_1

aac(6)—1lc
aadAll
ant(2”")-Ia
aph(3"")-Ib,
aph(3"")-Ib_5
aph(3")-1Ib_1
aph(3")-IIb._
aph(3')-VIL_1
aph(6")-1d_1
armA_1

aac(6")—Ian
aac(6”)~Ib-cr

bla0X-90_1

\wl;\;I—‘\:\N\w|:|:\:I"‘Hm\\c\;\'_‘\N\—‘\—‘\—'\—‘\'—l;\:\m\:|\°\—‘l
o PSR A
C ISR EZEEEEIiGiESiRTEEIE LG
] TEESEL L g EEE G B T3
EE%ooo—u—c%n Q-E-E‘EEgOD‘ 5]
5=
S © 5
I-- l_l_---_-__.l__l_._.
5\8*\:\;\:\—\:\:u;\°°\z\:\;w“'\;\:\:\;\“\l—'\”\_\“|;\“\;\;\”\"’\:\“’\N\N\
— — ~! PRSP PR O DA DR
2E9E RS B TSI BRI ISE8L8EE08 E33558¢
SRR T <2 ERREo0E<tiLiTEeeio=EEER>EE2R28% 3
2E«s>§>uuo SEEE 5 ES 2522 E5EE 222
EEE £55 EEEEESER
L==s
o ©°

Antimicrobial resistance genes

Fig. 2 Illustration of the abundance and diversity of antimicrobial resistance genes within the K. pneumoniae (Kp) in part A and P. aeruginosa
(Pa), A. baumannii (Ab), C. freundii (Cf) and E. coli (Ec) species in part B

isolates. Among these, ST307 (7% of all K. pneumoniae
isolates in our database), ST147 (6%), and ST45 (6%) are
the most prevalent in K. pneumoniae. Additionally, we have
observed ST395 (6%) to be the most frequently detected ST
in our database for this species.

For E. coli, we have sequenced MLST ST131 (E. coli
MLST Warwick, 29%) most frequently in our database.
Conversely, ST167 and ST46 of the Ukrainian isolates are

only sporadically present or not at all in our database. In P.
aeruginosa, we have identified MLST ST235 (31%) as the
most commonly detected ST in our database. The STs iso-
lated from Ukrainian patients (ST654, ST1047, ST773) have
yet to appear in our database. Notably, we isolated patho-
gens from the same species without high genomic similar-
ity and different antimicrobial resistance profiles within one
focus, e.g., wounds (see Table 1, patients #3, #5, #7). This
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Fig.3 Mobile genetic element distribution of the Ukrainian isolates
(part A). C. freundii isolates were abbreviated within the isolate name
with .Cf, K. pneumoniae isolates with .Kp and E. coli with .Ec. B

phenomenon is not usually observed for our daily, routinely
infectious cases, but from the wounded soldiers.

Discussion
Principal findings

We determined an increase in the incidence rate and inci-
dence density for carbapenemase-producing bacteria from
2021 to 2022 at our hospital. This rise is mainly due to
the high number of carbapenem-resistant isolates that we
detected in Ukrainian patients. All Ukraine patients, who
were admitted at our hospital until November 2022 were
colonized or infected with at least one CPGN, which are
insensitive to reserve antibiotics. High prevalence of these
pathogens causes extensive infection prevention measures.
In addition, the risk of nosocomial transmission increases
and poses the danger of life-threatening infections that can
no longer be treated with antibiotics. Furthermore infec-
tions are a major contributor to the rising cost of healthcare
[13]. A case—control study revealed that patients who tested
positive for carbapenem-resistant Enterobacteriaceae had
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Mobile genetic element distribution of isolates collected in our hospi-
tal previously (part B)

an elevated risk of having received certain antimicrobials
and undergoing invasive procedures. This heightened risk
highlights the need for increased education on antimicrobial
stewardship and infection control measures to prevent the
emergence and spread of carbapenemase-producing bacte-
ria in healthcare settings [14]. Especially the war-wounded
patients revealed at least two carbapenemase-forming patho-
gens per patient, harboring different carbapenemases. This
reflects a cross-infection of the wounded patients contami-
nated with exogenous environmental bacteria and nosoco-
mially transmitted pathogens from first aid on-site as one
potential mode of infection and colonization [15]. Alter-
native explanations may include an origin in the patient’s
endogenous colonization flora or transmission events dur-
ing evacuation transports. A German case report also cor-
responds to the complexity of caring for war-wounded and
other patients from Ukraine and the risk of spreading antimi-
crobial resistance, but without sequencing results [7].

The increased incidence rate for carbapenemase-produc-
ing bacteria within our hospital point up the importance
of stringent screening protocols and pre-emptive isolation
measures in clinical settings, particularly for war-wounded
patients. This proactive approach is critical to ensure the
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safety of the patients most at risk. Another way to protect
vulnerable patient groups from colonization and infection
with carbapenemase-producing bacteria is to utilize biocides
such as chlorhexidine for bathing patients [16]. However,
we have already identified chlorhexidine-resistant K. pneu-
moniae isolates, raising doubts about the efficacy of this
approach [17].

Our report substantiates the recommendations of the
ECDC [4], and confirms previously published surveillance
data from Germany and the Netherlands, regarding the iden-
tified sequence types and resistance genes [6, 8]. In these
investigations, blaNDM and blaOXA-48 were also the most
commonly detected beta-lactamase. Furthermore, we con-
firmed the high prevalence for the sequence type ST395 for
K. pneumoniae. Regarding the distribution of plasmids, the
detected replicons are well-known and have been isolated
from patients in West Europe [18]. What is worrying is the
prevalence of such plasmids, carrying genes encoding met-
allo-, extended-spectrum f-lactamase, and a range of resist-
ance genes against other antibiotic groups, even with the
small number of cases within our report.

We were able to calculate the incidence rate of carbap-
enem-resistant strains due to our systematic survey of all
patients in our hospital. However, this study is limited to the
patients of one hospital. One limitation of the present sur-
vey is the small number of patients we could include in our
observations. Furthermore, long-read sequencing is the more
suitable method to characterize plasmid replicons. For eco-
nomic reasons, the isolates were not additionally sequenced
using a long-read technique.

The incidence rate and incidence density of CPGN have
been on the rise, resulting in a greater number of patients
being isolated. This has had a significant impact on the
organization of examinations and inpatient processes within
hospitals, leading to an increase in the number of compre-
hensive final disinfections. Our clinic has been successful
in preventing nosocomial transmission, which validates the
efficacy of the hygiene measures and barriers we have imple-
mented. However, the increasing incidence rate of carbapen-
emase-producing pathogens also highlights the importance
of active screening and pre-emptive isolation.

Conclusion

The increasing prevalence of community-acquired coloniza-
tion and infection with CPGN is increasing epidemiologic
pressure on inpatient care. As a result, drastic and costly
infection prevention measures are needed to avoid nosoco-
mial transmission and life-threatening infections.

Seamless microbiological surveillance and whole-
genome sequencing can create an effective early warning
system to combat this issue.
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