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The rise of Carbapenem-resistant Enterobacterales (CRE) represents an increasing threat
to patient safety and healthcare systems worldwide. Citrobacter spp., long considered not
to be a classical nosocomial pathogen, in contrast to Klebsiella pneumoniae and
Escherichia coli, is fast gaining importance as a clinical multidrug-resistant pathogen.
We analyzed the genomes of 512 isolates of 21 CRE species obtained from 61 hospitals
within a three-year-period and found that Citrobacter spp. (C. freundii, C. portucalensis,
C. europaeus, C. koseri and C. braakii) were increasingly detected (n=56) within the study
period. The carbapenemase-groups detected in Citrobacter spp. were KPC, OXA-48/-
like and MBL (VIM, NDM) accounting for 42%, 31% and 27% respectively, which is
comparable to those of K. pneumoniae in the same study. They accounted for 10%, 17%
and 14% of all carbapenemase-producing CRE detected in 2017, 2018 and 2019,
respectively. The carbapenemase genes were almost exclusively located on plasmids.
The high genomic diversity of C. freundii is represented by 22 ST-types. KPC-2 was the
predominantly detected carbapenemase (n=19) and was located in 95% of cases on a
highly-conserved multiple-drug-resistance-gene-carrying pMLST15 IncN plasmid. KPC-3
was rarely detected and was confined to a clonal outbreak of C. freundii ST18. OXA-48
carbapenemases were located on plasmids of the IncL/M (pOXA-48) type. About 50% of
VIM-1 was located on different IncN plasmids (pMLST7, pMLST5). These results underline
the increasing importance of the Citrobacter species as emerging carriers of
carbapenemases and therefore as potential disseminators of Carbapenem- and
multidrug-resistance in the hospital setting.
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INTRODUCTION

The increase in infections caused by carbapenem-resistant
Enterobacterales (CRE) represents a worrying threat to patient
safety and healthcare systems worldwide and patients with
CRE infections oftentimes cannot be treated effectively with
available antibiotics (Grundmann et al., 2017). In contrast to
Carbapenem-resistant Klebsiella pneumoniae and other
carbapenem-resistant species, such as Escherichia coli and
Enterobacter spp. which are commonly detected in nosocomial
settings (Brolund et al., 2019; Pitout et al., 2020), Citrobacter was
not considered to be a classical nosocomial pathogen. Citrobacter
species belong to a group of facultative, anaerobic, Gram-
negative bacilli within the Enterobacteriaceae family. They are
frequently found in water, soil, food, and intestines of animals
and humans and are mostly recognized as environmental
contaminants or harmless colonizers. However, outbreaks in
hospital settings are described, mostly occurring in neonates,
young children or immunocompromised patients (Lipsky et al.,
1980; Liu et al., 2017). They are able to cause a wide spectrum of
infections involving the urinary tract, liver, biliary tract,
peritoneum, intestines, bone, respiratory tract, endocardium,
meninges, and the bloodstream. In addition, Citrobacter spp.
are now fast gaining importance as a clinical multidrug-resistant
pathogen causing opportunistic nosocomial and community-
acquired infections (Mohanty et al., 2007; Villa et al., 2013;
Wang et al., 2015; Arana et al., 2017a; Oyeka and Antony,
2017; Yao et al., 2017; Babiker et al., 2020). The carriage of
antibiotic-resistant C. freundii was a mortality risk factor for
immunocompromised patients with bacteremia (Liu et al., 2018).
Recruitment of mobile colistin resistance, e.g. of the mcr-1 gene,
could further limit antibiotic therapeutic options (Hu et al., 2017;
Giani et al., 2018).

In a regionally performed three-year-CRE-genomic
surveillance study in the state of Hesse, Germany, 512 CRE
isolates from 21 species, of which 368 were carbapenemase-
producing Enterobacterales (CPE) underwent whole-genome
analysis. Here we could demonstrate that the carbapenemase-
gene-harbouring Citrobacter spp. contributed a high proportion
among the CPE and the carbapenemase-producing Citrobacter
freundii (CPC) was the third most frequently (~14%) identified
species, following Klebsiella pneumoniae and Escherichia coli.
CPC has increased in both absolute abundance and proportion
in 2018 and 2019 compared to 2017, representing an emerging
infection control and public health challenge (Yao et al.
unpublished data). In the present study, the characteristics of
carbapenem-resistant Citrobacter spp. are discussed in detail
based on the results of the performed genomic analysis.
MATERIALS AND METHODS

Bacterial Isolates
CRE isolates, including Citrobacter spp. isolates were obtained as
part of the project of genome-based epidemiological surveillance
study of carbapenem-resistant Gram-negative bacteria (CRGNB)
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in Hesse in Germany (SurvCARE Hessen). During the study
period, 61 hospitals voluntarily participated. CRGNB definition
followed guidelines of the Reporting Obligation Regulation
Amendment by the Robert-Koch-Institute (RKI), the German
national public health insitute (Robert Koch-Institute, 2016).
Detected CRGNB must be reported to public health authorities.
Mandatorily reported CRGNB isolates were included in
the study.

Bacterial Species Identification and
Antimicrobial Susceptibility Testing
Antimicrobial susceptibility results obtained in the respective
hospitals were confirmed centrally using the VITEK® 2 system
(bioMérieux, Nürtingen, Germany) and interpreted following
EUCAST guidelines. Taxonomy was confirmed using MALDI-
TOF-MS (Vitek MS, bioMérieux, Nürtingen, Germany).

Bacterial Whole-Genome Sequencing
Short-Read Sequencing
For isolates that were non-susceptible per EUCAST definition to
at least one carbapenem, short-read whole-genome sequencing,
post-sequencing quality control and assembly were performed as
described previously (Falgenhauer et al., 2020), and if needed,
CLC Genomics Workbench v.10.1.0 (Qiagen, Aarhus, Denmark)
also used. The average read length was 127 nt, the average
coverage 93x.

Long-Read Sequencing
Two short-read sequenced C. freundii isolates were chosen for
long-read sequencing in order to study carbapenemase-
harbouring plasmids in more depth. DNA extraction and
purification as described earlier (Falgenhauer et al., 2020).
Hybrid assembly of short and long reads was performed using
Unicycler implemented in the ASA3P pipeline (Schwengers
et al., 2019).

Analysis of Genomes and Plasmids
Identification of the chromosomal Multi-Locus sequence types
(MLST), plasmid incompatibility (Inc) groups, plasmid MLST
(pMLST) as well as acquired antibiotic resistance genes was
performed using the Center for Genomic Epidemiology
platform (https://cge.cbs.dtu.dk/services/) and the PubMLST
database (https://pubmlst.org; https://bigsdb.pasteur.fr/cgi-
bin/bigda.pl?db.). Species identification was performed using
TYGS (ht tps : / / tygs .dsmz.de/) (Meier-Kol thoff and
Göker, 2019).

Single Nucleotide Polymorphism (SNP)-based phylogenetic
analysis was performed for comparative genomics. SNPs were
detected via read-mapping against a reference genome using the
ASA3P pipeline (Schwengers et al., 2019). MAUVE v.2.3.1 was
used for whole genome alignments (Darling et al., 2010).

The carbapenemase-encoding plasmid incompatibility (Inc)
type in genomes was identified when a contig contained the
carbapenemase gene and the plasmid-Inc type sequences. These
contigs and the plasmids closed by long-read sequencing were
used as references for read mapping and blastN/P to determine
November 2021 | Volume 11 | Article 744431
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plasmidic localization of carbapenemase gene in the
other isolates.

The C. freundii type-strain ATCC 8090 (Accession number
CP049015) was used as reference to identify sequence alterations
of ompC and ompF genes encoding outer membrane porins of
the C. freundii isolates.
RESULTS

Bacterial Isolates Origin and Clinical
Characterization
During the 3-year study-period, 56 multidrug-resistant
Citrobacter spp. isolates were analyzed. Fifty-three (94.6%) of
them produced carbapenemases and were obtained from
52 patients and 1 hospital environment sample of 14 German
hospitals located across the State of Hesse. Except for one
neonate, patients were adults and 77% were male. Most
patients were elderly with a median of 70 years of age and 80%
of them aged ≥ 60 years. Thirty-eight (73%) isolates were
obtained from rectal swab samples. Fourteen (27%) were
isolated from clinical specimens and induced clinical infections
as follows: seven (50%) urinary tract infections, 2 (14%) wound
infections, 1 (7%) bacteremia and 4 (29%) other infections
(Table 1, Supplementary Table S1).

In four cases, the patients had poly-microbial cultures with
other species in addition to Citrobacter spp. These being one case
of KPC-2 C. freundii with an E. coli; one case of KPC-2 C. koseri
with a K. pneumoniae; one case of OXA-48 C. braakii with an
E. coli and a K. pneumoniae; and one case of VIM-1-positive
C. freundii with a K. michiganensis. All these additional isolates
carried the identical carbapenemase-type as the Citrobacter spp.
isolates respectively (Supplementary Table S1).

Genomic Characterization (Phylogeny,
MLST, Carbapenemase, ARGs and
Porins Genes)
The genome sequencing statistics of 56 carbapenem-resistant
(CR) Citrobacter spp. isolates is summarized in the
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Supplementary Table S2 . 53 (94.6%) isolates were
carbapenemase-producing (CP) Citrobacter and three (5.4%)
isolates did not produce any carbapenemase (designated as
“non-carbapenemase-producers”, NCP).

Among the 53 CP Citrobacter spp. isolates 44 (83.0%)
were C. freundii, four (7.5%) were C. portucalensis, two (3.8%)
were C. koseri, two (3.8%) were C. europaeus and one (1.9%) was
C. braakii. 51 (96%) isolates harbored a single carbapenemase,
while the remaining two isolates (4%) possessed two different
carbapenemases (Figure 1, Supplementary Table S3).

Citrobacter freundii
The phylogenetic analysis of the 44 C. freundii isolates revealed a
broad genetic variability (Figure 1). Chromosomal Multi-Locus-
Sequence Typing (MLST) identified 22 different genome STs.
The most frequent ST types were ST19 and ST22, which were
represented with 8 isolates each, followed by ST18 with 7 isolates
and ST98 with 3 isolates. Interestingly, ST19 and ST22 isolates
display an increase in detection frequency in the last two years of
the study. This might point towards those two sequence types are
fast emerging and might become predominant clones in the
healthcare setting. The remaining 18 types represent
single isolates.

In terms of antibiotic resistance genes (ARGs) content, the
C. freundii isolates harbored ARGs against up to nine
antibiotics classes, with up to 22 ARGs in a single isolate
(Supplementary Table S3). The fraction of identified
carbapenemase types KPC, OXA-48 group, VIM and NDM in
the C. freundii isolates was 43%, 33%, 17% and 7%, respectively.
The individual alleles were KPC-2 (n=16), OXA-48 (n=13),
KPC-3 (n=4), VIM-1 (n=3), VIM-2 (n=3), VIM-4 (n=2),
NDM-5 (n=2) , OXA-162 (n=2) and NDM-1 (n=1)
(Figure 1). Two C. freundii isolates harbored two different
carbapenemases each (KPC-2 and VIM-1 or VIM-4) and were
resistant to all three carbapenems tested.

In addition to the carbapenemase genes, all of the CP
C. freundii isolates harbored other b-lactam-resistance genes.
All C. freundii isolates carried chromosomal blaCMY, 29.5%
carried blaCTX-M genes including blaCTX-M-15, blaCTX-M-9,
blaCTX-M-3 and blaCTX-M-1, 61.3% carried a blaOXA-1,
blaOXA-10 or blaOXA-17, and 59.1% carried a blaTEM-1B allele.
Resistance genes to the antibiotic classes aminoglycosides,
fluoroquinolones, sulphonamides, phenicols, trimethoprim,
MLS (macrolide, lincosamide and streptogramin B),
rifampicin, and tetracycline were detected in 93.2%, 86.4%,
86.4%, 81.8%, 75.0%, 61.4%, 56.8%, and 31.8% of the C.
freundii isolates, respectively. Acquired resistance genes
towards fosfomycin and colistin could not be detected in
any isolates.

The amount of ARGs identified in the C. freundii genome
other than the carbapenemase gene was not related to the ST type
of the genome, but seems to be linked to the different types of
carbapenemases carried by the isolates. It was highest in the KPC
positive isolates with an average value of 15.2, followed by
isolates carrying NDM (14.3), VIM (11.6) and OXA-48 (8.4).

No general re lat ionship was found between the
carbapenemase types and the genome types of the C. freundii
TABLE 1 | Demographics of patients carrying carbapenemase-producing
Citrobacter spp. Isolates.

Characteristics Value for patient cases*

Mean age, yr. (range) 67 (<1 - 93)
Aged ≥ 60 yr. 41 (78.8%)
Male 40 (76.9%)
Female 12 (23.1%)
Sampling site
Clinical specimen 14 (26.9%)
Rectal swab samples 38 (73.1%)

Clinical symptom
Urinary tract infections 7 (50.0%)
Wound infections 2 (14%
Bacteraemia 1 (7%)
Other infections 4 (29%)
*n = 52. Data are no. (%) of patients unless otherwise indicated.
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isolates analyzed, with exception of KPC-3, which in the
present study derived from a clonal ST18 C. freundii outbreak
(Figure 1). The majority (almost 70%) of the carbapenemase-
producing C. freundii differed in their ST types and occurred
only once during the entire study period. In few cases, a ST type
carrying an identical carbapenemase was repeatedly identified,
namely a four-time occurrence of ST19-OXA-48, a three-time
occurrence of ST18-OXA-48 and of ST98-KPC-2, each at
different hospitals, while ST22-KPC-2 occurred four-times at a
single hospital.

Each CP C. freundii isolate showed nucleotide alternations of
the genes ompC and ompF, which encode the outer membrane
porins, and harbored either an alternating ompC or ompF. An
intact ompC identical to the type-strain ATCC 8090 was found in
the genomes of three isolates and modified variants of ompC in
the remaining 41 CP isolates. An intact ompF gene was identified
in 24 isolates and an altered version, either by disruption or by
replacement of several amino acid residues of ompF, was found
in the other 30 isolates. Of the 44 CP C. freundii isolates, 17
showed modifications in both ompC and ompF, and the other 27
displayed an alternation in one of the two genes (Supplementary
Table S3).

Two C. freundii isolates were NCP. These harbored a blaCMY

allele and a blaTEM-1B, plus either a blaCTX-M-9 or a blaDHA-1

(Supplementary Table S3). Furthermore, they contained several
ARGs belonged to 7 different antibiotic classes (Supplementary
Table S3). For the outer membrane porine-encoding genes, one
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
NCP isolate showed alternations in ompC and a disrupted ompF,
and the other one showed a changed ompC and a wild-
type ompF.

Citrobacter braakii, C. europaeus, C. koseri and
C. portucalensis
The phylogenic analysis revealed genetic dissimilarities between
the isolates within the species C. portucalensis, C. europaeus,
C. braakii and C. koseri. This, in combination with the different
carbapenemases carried, suggests that almost all of them were
sporadic occurrences (Figure 1 and Supplementary Table S3).

Each C. portucalensis isolate (n=4) carried a different
carbapenemase (KPC-2, KPC-3, NDM-5 or VIM-1) and a
different chromosomal CMY-type ampC gene allele, and one of
them carried additionally a blaSHV-12. However, the
antimicrobial classes according to the ARGs contained were
similar to the C. freundii. The two C. europaeus isolates were
both VIM-1- producers and did not carry blaCMY, but blaCFE-1-
type AmpC beta-lactamase, while the two C. koseri isolates were
both KPC-2 carriers and did not harbor blaCMY, but a blaCKO-1 or
blaMAL-1. The CP C. braakii isolate possessed a blaOXA-48 gene
and a chromosomal blaCMY-83. The NCP C. braakii isolate
harbored a blaCMY-74 and a qnrB40. (Supplementary Table S3).

Antimicrobial Phenotypes
Antimicrobial susceptibility testing (AST) of the Citrobacter spp.
isolates demonstrated that the 53 carbapenemase-producing
FIGURE 1 | Phylogenetic tree of the 56 sequenced Citrobacter spp. isolates based on SNPs-analysis with the C. freundii strain ATCC 8090 (Access No.
BBMV01000001) as reference genome, generated and annotated with the iTOL tool (https://itol.embl.de/tree/) (Letunic and Bork, 2021). The bacterial species is
displayed with different branch line colors: C. freundii, black, C. portucalensis, orange, C. europaeus, blue, C. braakii, green, and C. koseri, red. The hospitals, from
which the isolates were obtained, are indicated with the 16 different colored circles on the tree nodes. The different identified carbapenemase types are marked with
different colors according to the isolate labels. ST, C. freundii MLST types of the C. freundii isolates. IncN[pMLST15]: the blaKPC-2 gene-carrying plasmid are represented
by an asterisk in the KPC-2 carbapenemase-producing isolates. IncL/M(pOXA-48): the Inc type of plasmids identified in the OXA-48-like carbapenemase-positive isolates
and likely to carry their blaOXA-48 or blaOXA-162.
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isolates presented multi-drug-resistance (Table 2). All of the
tested isolates were resistant to ampicillin, ampicillin/sulbactam,
piperacillin, piperacillin/tazobactam, cefepim, cefuroxim and
aztreonam. Resistance to ertapenem, imipenem and
meropenem was 85%, 77% and 72%, respectively, of the
isolates tested. However, none of them were phenotypically
susceptible to all three carbapenems tested. For tigecycline 88%
of the tested isolates were susceptible and 12% resistant.

Phenotypic differences of resistance to carbapenems,
ciprofloxacin and gentamicin seem to be associated with the
different carbapenemase types. The KPC-carbapenemase-
producing Citrobacter isolates showed similar resistance rates
to all three carbapenems tested, ertapenem, imipenem and
meropenem, at approximately 86%. However, OXA-48
carbapenemase-producing isolates (included OXA-162) differed
in resistance to these three agents, with 100% resistance to
ertapenem (14/14), 40% resistance to imipenem (6/15) and
33% resistance to meropenem, respectively. Within the NDM
or VIM carbapenemase- producers, 37.5% were resistant to
ertapenem and 95% resistant to imipenem or meropenem. The
resistance to ciprofloxacin was 86%, 75% and 67% observed for
KPC-, MBL (NDM or VIM)-, and OXA-48 producers,
respectively. To gentamicin, most of the KPC- (90%) and
MBL-producers (92%) were resistant and most of the OXA-48
producers (~80%) were susceptible.

Identification of Carbapenemase-
Encoding Plasmids
To identify the genetic locations of the acquired ARGs, especially
for the carbapenemase genes, we determined the plasmid content
of each genome. For the Citrobacter spp. isolates sequenced
plasmid incompatibility groups of IncN (n=22), ColRNAI
(n=18), IncFII (n=16), IncFI (n=15), IncR (n=13), IncL/M
(n=13), IncHI2 (n=9), IncHI1 (n=8), IncA/C2 (n=6), IncQ
(n=6), TrfA (n=8), IncX (n=3), and one each of Col(BS512),
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
IncN3, pKPC-CAV1321 and Rep were identified. All but one
isolate genomes contained at least one of the identified plasmid
types (Supplementary Table S3).

Among the IncN group, IncN[pMLST15] was most
frequently identified (n=18). The remaining were each one of
IncN[pMLST-7], IncN[pMLST-Unknown], IncN2A and IncN3.

The IncN[pMLST15] was found exclusively in the KPC-2-
producing isolates and served as the most important genetic
carrier for the KPC-2 gene (95% of KPC-2 isolates) (Figure 1).
Remarkably, these plasmids identified in different species
C. freundii, C. koseri and C. portucalensis and different genome
ST types were almost identical. On these plasmids up to 13
different ARGs are located conferring resistance to 8 antibiotic
classes: carbapenem and b-lactam (blaKPC-2, blaTEM-1B and
blaOXA-1); aminoglycoside (aac(3)-IId, strA and strB);
fluoroquinolone (aac(6’)Ib-cr, qnrB2 or qnrB1); macrolide mph
(A); phenicol catB3; rifampicin ARR-3; sulphonamide sul1 and
trimethoprim dfrA18 (Table 3). In nine isolates, more than 90%
of their total acquired ARGs were carried by the IncN
[pMLST15]. The genetic structure surrounding blaKPC-2 on the
IncN[pMLST15] plasmids was unique as described previously
(Yao et al., 2014; Schweizer et al., 2019), and identical in 16 of 18
isolates. The genome of NRZ-37969 was completed by long-read
re-sequencing which resulted in 6 contigs, one of them was the
circular IncN[pMLST15] plasmid with a size of 89053 bps. The
sequence was similar to the plasmid pCF13066-KPC2
(78021 bps), from an earlier study, but differed in size by an 11
kb insertion in the position 8100 according to the pCF13066-
KPC-2 (Figure 2). Read mapping demonstrated all IncN
[pMLST15] plasmids to be identical, concerning the backbone
and the unique segments to those of other species e.g. E. coli,
K. pneumoniae, Enterobacter spp. etc. (Data not shown).

In the five KPC-3-carrying isolates of species C. freundii
(n=4) and C. portucalensis (n=1), plasmids of Inc group A/C2
were predicted. The blaKPC-3 gene and the IncA/C2 plasmid
November 2021 | Volume 11 | Article 744431
TABLE 2 | Results of the Antimicrobial susceptibility testing of 53 Carbapenemase-producing Citrobacter spp. isolates as determined by VITEK-2 and according to
EUCAST breakpoints.

Antibiotic No. of isolates resistant validated/tested Resistant (%) No. of isolates sensitive validated/tested Sensitive (%)

Ampicillin 53/53 100 0/53 0
Ampicillin +Sulbactam 53/53 100 0/53 0
Piperacillin 31/31 100 0/31 0
Piperacillin +Tazobactam 50/50 100 0/50 0
Cefepim 31/31 100 0/31 0
Cefuroxim 14/14 100 0/14 0
Cefpodoxim 52/53 98 1/53 2
Cefotaxim 51/53 96 2/53 4
Ceftazidim 51/53 96 2/53 4
Ertapenem 35/41 85 6/41 15
Imipenem 41/53 77 12/53 21
Meropenem 38/53 72 15/53 29
Aztreonam 33/33 100 0/33 0
Ciprofloxaxin 42/53 79 11/53 21
Moxifloxacin 37/42 88 5/42 12
Ofloxacin 30/31 97 1/31 3
Gentamicin 35/53 66 18/53 24
Tigecycline 6/50 12 44/50 88
Trimethoprim +Sulfamethoxazol 37/53 70 16/53 30
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TABLE 3 | Distribution and genetic characteristics of the identified KPC-2-carrying IncN[pMLST15] plasmids among the Citrobacter spp. Isolates.

ded ARGs Other
Inc

types

ARGs on Chromosome
and other plasmids

sses#

sul1 dfrA18 blaCMY-51, tet(A)

sul1 dfrA18 ColRNAI blaCMY-84, qnrB38

sul1 dfrA18 ColRNAI blaCMY-84, aadA1,
qnrB38

blaCMY-48

sul1 dfrA18 ColRNAI blaCMY-48, aadA1, tet
(A), dfrA1

sul1 dfrA18 blaCMY-48, aadA1

sul1 dfrA18 IncHI2
[ST-1],
IncHI2A

blaCMY-48, blaCTX-M-9,
aadB, dfrA1

sul1 dfrA18 IncHI2A blaCMY-48, blaCTX-M-9,
aadA1, aadA2, aadB,
tet(A), dfrA1

sul1 Col
(BS512)

blaCMY-48, blaCTX-M-15,
aadB, aac(3)-IIa, catA1

sul1 dfrA18 ColRNAI,
IncFII,
IncI1[ST-
36]

blaCKO-1

sul1 dfrA18 ColRNAI blaMAL_1

sul1 ColRNAI,
IncFIB(K)

blaCMY-48, blaVIM-1,
aacA4, aadA1,
aadA16, aph(3’)-Ia, aph
(4)-Ia, aac(3)-IVa,
dfrA27

sul1 dfrA18 IncHI2
[ST-1]

blaCMY-65, blaDHA-1, aac
(6´)-IIc, ere(A), qnrB4

sul1 dfrA18 IncFIA
(HI1)

blaCMY-84, qnrB38
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Isolate Year Hospital Species MLST-
type of
the

isolate

Lengths, Copy-Number of the predicted IncN [pMLST-15] plasmid sequences and the enco

Length
(bps)*

Copy
No. **

Beta-lactam Aminoglycoside Fluoroquinolone other cla

Survcare080 2016 1 C. freundii 256 78021 1.84 blaKPC-
2

blaTEM-

1B

blaOXA-
1

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

qnrB2 mph
(A)

catB3 ARR
3

NRZ-29912 2016 2 C. freundii 98 75302 0.98 blaKPC-
2

blaTEM-

1B

blaOXA-
1

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

qnrB2 mph
(A)

catB3 ARR
3

NRZ-31131 2016 2 C. freundii 98 77725 3.73 blaKPC-
2

blaTEM-

1B

blaOXA-
1

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

qnrB2 mph
(A)

catB3 ARR
3

NRZ-38718 2017 2 C. freundii 114 61001 5.01 blaKPC-
2

blaTEM-

1B

aac
(3)-
IId

aac(6’)Ib-
cr

mph
(A)

NRZ-37969 2017 2 C. freundii 22 89053 0.69 blaKPC-
2

blaTEM-

1B

blaOXA-
1

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

qnrB2 mph
(A)

catB3 ARR
3

NRZ-31836 2017 2 C. freundii 22 78021 2.73 blaKPC-
2

blaTEM-

1B

blaOXA-
1

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

qnrB2 mph
(A)

catB3 ARR
3

NRZ-38954 2017 2 C. freundii 22 69402 0.59 blaKPC-
2

blaTEM-

1B

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

mph
(A)

catB3 ARR
3

Survcare092 2018 2 C. freundii 22 78021 3.60 blaKPC-
2

blaTEM-

1B

blaOXA-
1

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

qnrB2 mph
(A)

catB3 ARR
3

Survcare306 2019 2 C. freundii 107 73409 4.05 blaKPC-
2

blaOXA-
1

aac(6’)Ib-
cr

qnrB1 mph
(A)

catB3 ARR
3

Survcare347 2019 2 C. koseri NA 78021 1.73 blaKPC-
2

blaTEM-

1B

blaOXA-
1

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

qnrB2 mph
(A)

catB3 ARR
3

Survcare397 2019 3 C. koseri NA 78021 1.80 blaKPC-
2

blaTEM-

1B

blaOXA-
1

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

qnrB2 mph
(A)

catB3 ARR
3

Survcare165 2018 3 C. freundii 415 ~55098 2.60 blaKPC-
2

aac(6’)Ib-
cr

qnrB6 ARR
3

Survcare036 2018 4 C. freundii 116 78201 3.77 blaKPC-
2

blaTEM-

1B

blaOXA-
1

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

qnrB2 mph
(A)

catB3 ARR
3

ur18060060 2018 5 C. freundii 98 78021 4.30 blaKPC-
2

blaTEM-

1B

blaOXA-
1

aac
(3)-
IId

strA strB aac(6’)Ib-
cr

qnrB2 mph
(A)

catB3 ARR
3

-

-

-

-

-

-

-

-

-

-

-

-

-
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replication protein- encoding gene were co-located on a 56083
bps contig of the C. freundii isolate bk18035705 and a 74360 bps
contig of C. portucalensis isolate sc18407397. Whereas the
blaKPC-3 gene was flanked upstream with an insertion element
ISKpn7 and downstream with an ISKpn6. This element was
associated with a Tn4401 transposon (Figure 3).

For ten of fourteen OXA-48 carbapenemase harboring isolates
and both OXA-162 carbapenemase producing isolates, plasmids of
the type IncL/M(pOXA-48) were identified. As we could not
directly prove the blaOXA-48 plasmid location using short-read
sequencing only, we analyzed the contigs (~2.5 kb) harboring
blaOXA-48 to identify the genetic structures of the isolates and
found a disrupted IS1999 element typical for OXA-48. A 15 bps-
insertion/repetition (GGTGATGCTGCCACC) between the
disrupted IS elements, DIS1A and DIS1999 downstream of
blaOXA-48 was found for four isolates compared to the other
eight isolates (Figure 4). The genetic structures surrounding the
blaOXA-162 were identical to that of OXA-48 without the insertion.
In addition, these isolates usually carried other plasmids, like
IncFII, IncHI1, IncQ1 and IncR.

We could demonstrate the presence of VIM-1-carrying IncN
[pMLST7] plasmids in Survcare320 and NRZ-37119. The isolate
NRZ-37119 underwent long-read-sequencing resulting in two
circular complete sequences, a chromosome (5068647 bps) and a
plasmid (51050 bps) of IncN[pMLST-7] with 3.78 coverage. The
plasmid harbored four ARGs, blaVIM-1, aacA4, qnrS1 and dfrA14.
The blaVIM-1/aacA4 (for resistance to aminoglycoside such like
amikacin, gentamicin and tobramycin) and dfrA14 genes were
located in two different type I integrons disrupted either by an
IS26 element or by a Tn402/IS6100 combination, respectively
(Figure 5). In the chromosome sequence, blaCMY-79 and tet(B)
were predicted (Supplementary Table S3).
DISCUSSION

In this study, we conducted a retrospective review of genomic
typing and epidemiology of CR Citrobacter spp. from hospital
settings in a medium sized State with 6.2 Mio habitants in
Germany over a period of more than three years. We analyzed
the genomes of 56 Citrobacter spp. in the context of a CRGN
project consisting of 512 Enterobacterales isolates. We found that
rates of carbapenemase-producing Citrobacter spp. (CPCs) did
increase over the study period, with 10.1%, 16.7% and 14.3% in
2017, 2018 and 2019, respectively, and that 27% of patients, from
whom the CPCs were isolated, suffered from a clinical infection
in contrast to a colonization. Our data revealed a large genetic
diversity of Citrobacter spp. in the study region suggesting that
the emergence was not only due to clonal transfer. We also found
that the carbapenem resistance phenotype was mostly mediated
by the acquisition of carbapenemases and interestingly, the
carbapenemase-producing fraction in the Citrobacter spp.
(CPCs), was the highest among all CR Enterobacterales
including species Klebsiella pneumoniae, Escherichia coli and
Enterobacter spp. in the same study period and region (Yao
et al., unpublished data).
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A B

FIGURE 2 | Genetic map of the completed genomes of the blaKPC-2-encoding IncN[pMLST15] (A) and the distribution of the IncN pMLST15 plasmids according to
the time from 2016 to 2019 and hospitals as well as the genome types and species (B). The plasmid pCF37969-KPC2 was almost identical to the early identified
pCF13066-KPC2, which has been isolated from a multi-species carbapenem-resistant outbreak in 2014 in Hesse (separate study), and differed by a ~11 kb
insertion. Each box in (B) indicates one isolate. The numbers in the boxes indicate the MLST-types of the C. freundii isolates as well as the symbol (*) for the species
C. koseri and the symbol (#) for C. portucalensis.
FIGURE 3 | Genetic Map of IncA/C2 plasmid encoding a Tn4401 associated blaKPC-3- carbapenemase.
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FIGURE 4 | Two types of the genetic surroundings of the blaOXA-48 and blaOXA-162. Type A and B differ only in the presence or absence of a repetitive 15bp
sequence (GGTGATGCTGCCAAC). Type A was detected in 9 blaOXA-48 or blaOXA-162-encoding IncL/M(pOXA-48) plasmids from 8 C. freundii isolates, i.e.
Survcare050, Survcare150, Survcare247, Survcare311, Survcare315, Survcare316, Survcare396 and Survcare410 and one C. braakii Survcare336, as well as in the
non-IncL/M(pOXA-48)-bearing Survcare252, which harbored a blaOXA-48 gene. Type B was present in four blaOXA-48-harboring isolates, whereas two isolates
(Survcare163 and Survcare314) were associated with the IncL/M(pOXA-48) plasmid and two (Survcare162 and NRZ-45233) were not.
A

B

FIGURE 5 | Genetic map of the complete genome of the blaVIM-1-encoding IncN[pMLST7] plasmid (A) and Depiction of insertion elements/transposons present in
this plasmid (B). The picture B was created using the Galileo AMR software (Partridge and Tsafnat, 2018).
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The current increase in CPCs, is in line with studies in Spain and
the US, which indicates towards a sustained global trend (Arana
et al., 2017a; Babiker et al., 2020). The patients´ carbapenem
application was considered an associated risk factor in a long-
term-study (Babiker et al., 2020). In our data, we found
Citrobacter freundii as the predominant carbapenemase-
producing species, which accounted for 83% of isolates, with
the remaining 17% comprising of the species C. portucalensis, C.
koseri, C. europaeus, C. braakii. The predominance of C. freundii
and the distribution of other Citrobacter species were similar to
previous studies (Arana et al., 2017b; Babiker et al., 2020). In our
study, the C. freundii STs 19 and 22 seem to be emerging over the
study period.

OXA-48 and VIM-1 are the most frequent carbapenemase
types detected in Germany and K. pneumoniae, E. coli and
Enterobacter spp. are the most affected species (Grundmann
et al., 2017; Becker et al., 2018; Pfennigwerth, 2020). However,
very little information is available about carbapenemase-
producing Citrobacter freundii (Peter et al., 2014; Yao et al.,
2014; Schweizer et al., 2019). Nine different carbapenemase
types were detected among Citrobacter spp. isolates under
study Their distribution, with a predominance of KPC-2 and
OXA-48, differed substantially from studies in other countries
or regions. While 59% VIM, 32% OXA-48 and 20% KPC-2
were found in the Citrobacter spp. in Spain, more than two-
thirds KPC-3 were found in the isolates of Citrobacter species
in a US study (Arana et al., 2017a; Babiker et al., 2020).
This demonstrates that carbapenemase diversity varies
according to the geographic location, as previously stated
(Nordmann et al., 2011). We describe for the first time two
C. freundii co-producing KPC-2 and either VIM-1 or VIM-4
carbapenemases in Germany. Some earlier studies have
reported the co-production of two carbapenemases such as
KPC-2 plus NDM-1 or VIM-1 plus OXA-48 in C. freundii and
KPC-2 plus VIM-2 in K. pneumoniae (Feng et al., 2015; Falco
et al., 2016; Arana et al., 2017a), but no Citrobacter spp. with
KPC-2 and VIM. As acquisition ofmcr-1 resistance gene to the
last-line antibiotic colistin was reported in Citrobacter
europaeus from a healthy child, the presence of this gene
represented a potential for expanding the ARGs profile
(Giani et al., 2018). However, mcr-1 could not be detected in
the studied isolates.

In this study, 95% of the carbapenem-resistant Citrobacter
spp. isolates were found to have carbapenemase-encoding
genes, a rate higher than that reported in prior studies,
which was roughly two-thirds (Arana et al., 2017a; Babiker
et al., 2020). This was also higher than that of other
Enterobacterales species e.g. E. coli, Klebsiella spp. and
Enterobacter spp. in the same study period. This could be
explained by the fact that in the studied isolates a high
diversity of plasmids and a relatively high proportion of
carbapenemase-encoding plasmids was found. In addition,
plasmid-mediated carbapenemase transmission between
Citrobacter spp. and other bacterial species could be
demonstrated when the patients carried multiple bacteria
with the same carbapenemase-encoding plasmids, such as
the four cases mentioned above.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
The analysed Citrobacter spp. isolates carried up to 22 ARGs,
exclusive the carbapenemase genes reflecting their MDR
phenotypes. This impressing accumulation of resistance traits
is exceptional, compared to other Enterobacterales and might
point towards these Citrobacter becoming a relevant reservoir of
potentially transmissible resistance in the healthcare-setting. We
predicted a few known-virulence genes such as an astA-like gene
in one of the two OXA-162 positive C. freundii isolates as well as
the cloacin-encoding gene ccl and the plasmid-encoded
enterotoxin- encoding gene senB in the both C. koseri isolates.

Al l CR Citrobacter isolates , including the Non-
carbapenemase-producing isolates harboured alternation/
disruption of at least one gene of the outer membrane porine-
encoding genes ompC and ompF. The absence of mutations or
the presence of both intact genes ompC and ompF in all
carbapenem-susceptible isolates (Arana et al., 2017a)
conversely hints that these mutations could indirectly
contribute to reduced susceptibility to carbapenems.

The analyses of the surrounding genetic structure of the
carbapenemase-encoding genes and the identified respective
Inc types of the carbapenemase-carrying plasmids in the
Citrobacter spp. isolates suggests that about 70% of the
identified carbapenemases could be characterized into three
Inc groups, IncN, IncL/M and IncA/C2. We identified a KPC-
3-encoding IncA/C2 plasmid for all five KPC-3 positives isolates,
a KPC-2- encoding IncN[pMLST15] plasmid for 18 of 19 KPC-
2-producing isolates and pMLST-7 IncN plasmids for two of six
VIM-1-producing isolates. Furthermore, we predicted the IncL/
M[pOXA-48] plasmid type for 12 of the 16 OXA-48 and OXA-
162- carrying isolates.

The KPC-2-encoding IncN[pMLST15]-carrying isolates
originated from eight different hospitals during a time period
from 2016 to 2019 (Figure 2B). The whole-genome types of
these isolates were heterogeneous. However, the mutually
present KPC-2 IncN[pMLST15] plasmids were almost identical
and occurred across the entire study period, independently of
hospital-settings and bacterial genome types. The plasmid
sequences were also highly homolog to a plasmid which had
mediated a previous KPC-2 multi-species nosocomial outbreak
in Hesse in 2014. In this context, we could observe that a patient
who was involved in this previous outbreak was colonized with
KPC-2 positive C. freundii harboring the same plasmid for a long
period of time after the outbreak (first sample May 2014,
followed Dec. 2014, June and Sep. 2015, Feb and June 2016) in
the follow-up screening. It is particularly noteworthy that KPC-2
Citrobacter isolates with the same plasmid were consistently
identified in this hospital during this study period.
Furthermore, in a separate study, this plasmid was repetitively
identified in different species (Yao et al., 2021 unpublished data).
The Citrobacter spp. especially C. freundii seem to be frequent
carriers of this plasmid and might even represent a specific
reservoir. At least in our setting this plasmid seems to be both
endemic and emerging and might be classified as a high-risk
plasmid in terms of CR dissemination across different bacterial
species. The reasons for this are difficult to determine and this
impression might be biased by the study parameters. Therefore,
further studies are needed to determine whether carbapenemase-
November 2021 | Volume 11 | Article 744431
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producing Citrobacter spp. act as an intermediate reservoir to
spread antibiotic resistance determinants to more virulent
bacterial species or represent a more permanent reservoir for
drug resistance accumulation with the risk of becoming pan-
drug resistant pathogens themselves, and whether this multi-
resistant KPC-2-bearing plasmid provides additional fitness
advantage to the host bacteria.
CONCLUSION

Our study provides a molecular-epidemiological overview on CR
Citrobacter spp. originating from hospitals in Hesse, a midrange
federal state of Germany according to population size and
geographical area, over a three-year time period, based on whole-
genome analyses. To the best of our knowledge, this study was the
first of its kind in Germany.We detected a moderate increase in CR
Citrobacter spp. numbers between 2016 and 2019 with
carbapenemase production being the most prevalent mechanism
for carbapenem resistance (95%). Our data revealed several
additional findings: (i). clonal and plasmid-mediated polyclonal
and interspecies spread of carbapenemase-producing Citrobacter
spp. across the region in different hospitals; (ii). Carriage of nine
different carbapenemase enzymes of the groups KPC, OXA-48,
NDM and VIM by five species of Citrobacter spp., especially C.
freundii that comprised a large genetic heterogeneity; however,
emerging sequence types could be demonstrated (iii). Genetic
locations of almost carbapenemases on plasmids and other genetic
mobile elements evidencing that the studied Citrobacter spp.
acquired carbapenem resistance via horizontal gene transfer; (iv).
Detection of two potential high-risk C. freundii clones ST19 and
ST22; and (v). Several specific plasmid types for carbapenemase-
carriage, e.g. the IncN[pMLST15] forKPC-2, have been determined.
In conclusion, thepoints towardsCitrobacter spp. beinganemerging
bacterial species in terms of Carbapenemase carriage, resistance
accumulation and potential transmission of resistance traits within
the hospital setting. The Citrobacter spp. isolates, while usually not
regarded as a typical human colonizer or nosocomial pathogen,
display an above-average propensity for resistance accumulation of
mobile and transferable resistance traits, thereby potentially
representing a still underestimated reservoir for CR dissemination.
Thus, the carbapenem-resistant Citrobacter spp. are an emerging
health care and public health challenge which must be studied
further to determine their role in resistance accumulation,
dissemination and persistence in particular concerning
carbapenem resistance in the hospital but also in the general
population one health context. Further specific genomic
surveillance studies in thementioned settings seem tobemandatory.
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