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Abstract

Background Elizabethkingia is emerging as an opportunistic pathogen in humans. The aim of this study was
to investigate the clinical epidemiology, antimicrobial susceptibility, virulence factors, and genome features of
Elizabethkingia spp.

Methods Clinical data from 71 patients who were diagnosed with Elizabethkingia-induced pneumonia and
bacteremia between August 2019 and September 2021 were analyzed. Whole-genome sequencing was performed
on seven isolates, and the results were compared with a dataset of 83 available Elizabethkingia genomes. Genomic
features, Kyoto Encyclopedia of Genes and Genomes (KEGG) results and clusters of orthologous groups (COGs) were
analyzed.

Results The mean age of the patients was 56.9+20.7 years, and the in-hospital mortality rate was 29.6% (21/71).
Elizabethkingia strains were obtained mainly from intensive care units (36.6%, 26/71) and emergency departments
(32.4%, 23/71). The majority of the strains were isolated from respiratory tract specimens (85.9%, 61/71). All patients
had a history of broad-spectrum antimicrobial exposure. Hospitalization for invasive mechanical ventilation or
catheter insertion was found to be a risk factor for infection. The isolates displayed a high rate of resistance to
cephalosporins and carbapenems, but all were susceptible to minocycline and colistin. Genomic analysis identified
five B-lactamase genes (blagag, blag s blacye blagya and blarg,) responsible for B-lactam resistance and virulence
genes involved in stress adaptation (ureB/G, katA/B, and cIpP), adherence (grofL, tufA, and htpB) and immune
modulation (gmd, tviB, cps4J, wbtliL, cap8E/D/G, and rfbC). Functional analysis of the COGs revealed that “metabolism”
constituted the largest category within the core genome, while “information storage and processing” was
predominant in both the accessory and unique genomes. The unique genes in our 7 strains were mostly enriched
in KEGG pathways related to microRNAs in cancer, drug resistance (3-lactam and vancomycin), ABC transporters,
biological metabolism and biosynthesis, and nucleotide excision repair mechanisms.

Conclusion The Elizabethkingia genus exhibits multidrug resistance and carries carbapenemase genes. This
study presents a comparative genomic analysis of Elizabethkingia, providing knowledge that facilitates a better
understanding of this microorganism.
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Background
Elizabethkingia spp. are aerobic, Gram-negative bacilli,
belonging to the family Flavobacteriaceae [1, 2]. Since
their discovery in 1959, these microorganisms have
been associated with a variety of human infectious dis-
eases, such as meningitis, keratitis and sepsis, that par-
ticularly affect immunocompromised individuals [3].
There are currently seven known species, namely, Eliza-
bethkingia meningoseptica, Elizabethkingia anophelis,
Elizabethkingia miricola, Elizabethkingia argenteiflava,
Elizabethkingia occulta, Elizabethkingia ursingii, and
Elizabethkingia bruuniana, all of which have undergone
various taxonomic and nomenclature changes. In 2003,
E. miricola was identified for the first time in condensed
water samples from the Russian space station Mir [4]
and found to be associated with sepsis, bacteremia and
pneumonia [5]. In 2011, E. anophelis was discovered in
the midgut of Anopheles gambiae mosquitos [6] and
found to be associated with neonatal meningitis, cathe-
ter-associated infections, and two infection outbreaks
in Wisconsin with high mortality [6, 7]. In 2018, three
new species were redefined, namely, E. occulta, E. ursin-
gii, and E. bruuniana [8]. The number of whole-genome
sequences released for Elizabethkingia is steadily increas-
ing. Due to their innate resistance to several classes of
antibiotics, treatment of Elizabethkingia infections is
challenging. Consequently, empirical treatment often
leads to a relatively high mortality rate. Early diagno-
sis and prompt initiation of appropriate antibiotics are
critical for improving survival rates and outcomes [9]. In
addition, several prior studies have reported that patients
with a history of persistent antibiotic exposure are more
likely to develop nosocomial infections associated with
the Elizabethkingia genus [10]. Despite the great clinical
significance of Elizabethkingia infections, gaps remain in
our understanding of their demographic characteristics,
pathogenicity, and effective treatment options.
Elizabethkingia strains have been reported to har-
bor various types of B-lactamases, which are enzymes
responsible for resistance against pf-lactams. There are
two significant categories of [-lactamases associated
with Elizabethkingia: class A extended-spectrum-f-
lactamases (ESBLs) and class B metallo-p-lactamases
(MBLs). The chromosomal genes blay,p blagoy and
blacye are unique to Elizabethkingia spp. and contrib-
ute to their natural resistance to several commonly used
carbapenem antibiotics. The Virulence Factor Database
has been employed to predict numerous common viru-
lence factors for Elizabethkingia. Many virulence genes
have been found to be involved in the synthesis of vari-
ous components, such as lipo-oligosaccharides, capsule

polysaccharides, catalases, proteases, and peroxidases
[11]. Additionally, a two-component regulatory system,
superoxide dismutase, heat shock protein, and several
other factors contributing to the bacterium’s virulence
have been identified [12].

Materials and methods

Clinical data collection and strains in this study

To accurately investigate the epidemiology and clinical
characteristics of Elizabethkingia infections, we collected
clinical data from 71 patients at West China Hospital of
Sichuan University (Chengdu, China) between 2020 and
2021. Seven representative Elizabethkingia isolates were
routinely collected for further analysis. These isolates
were identified using matrix-assisted laser desorption
ionization-time of flight mass spectrometry platforms
(Bruker Daltonics) with an updated reference spectrum
database, and their identities were confirmed via whole-
genome sequencing. At the time of the study, there were
83 whole-genome sequences of Elizabethkingia species
(Supplementary Materials Table S1) available in GenBank
(https://www.ncbi.nlm.nih.gov/genome/) (until Dec 01,
2021). All these genome sequences were downloaded for
comparative genomic analysis. This database included
43 E. anophelis, 16 E. meningoseptica, 18 E. miricola, 4
E. ursingii, and 2 E. occulta sequences, which were all
isolated from the environment. Among these genomic
sequences, 26 were complete genomes, and 57 were shot-
gun sequences presented as scaffolds or contigs.

Whole-genome sequencing, assembly and annotation

Seven representative strains were sequenced using an
Ilumina HiSeq 2500 sequencing platform (Oebiotech,
Shanghai, China). Short reads were assembled with
SPAdes v.3.6 and optimized based on paired-end and
overlap relationships by mapping reads to contigs and
scaffolds. The assembled genomes were submitted to the
NCBI Prokaryotic Genome Annotation Pipeline and the
Rapid Annotations based onProkaryotic Genome Anno-
tation Server (http://rast.nmpdr.org/) for gene function
annotation. The annotations were revised using UniProt
(http://www.uniprot.org/) and BLAST (https://blast.ncbi.
nlm.nih.gov/blast.cgi). Antibiotic resistance genes were
identified using the Antibiotic Resistance Genes Data-
base BLAST Server (https://ardb.cbcb.umd.edu/). The
Virulence Factor Database (http://www.mgc.ac.cn/VFs/
main.htm) was used to identify virulence genes [13].

Bioinformatics analysis
To ensure uniform and consistent annotations for core
and pangenome analyses, all genome sequences were
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annotated using PROKKA v.1.11 [14]. For genome simi-
larity assessment, average nucleotide identity (ANI)
was computed using an ANI calculator (https://www.
ezbiocloud.net/tools/ani). Bacterial pangenome analy-
sis (BPGA) [15] was used for comprehensive pan/core
genome analysis, including functional annotation of
core, accessory and unique genes to cluster of ortholo-
gous group (COGQG) categories and Kyoto Encyclopedia

Table 1 Characteristics of 71 patients with Elizabethkingia
infections

Characteristics Value
Agel(years)

Rang -0~92
-Mean£SD 56.9+20.7
Gender, n (%)

-Male 46(64.8)
~Female 25(35.2)
—Hospitalization duration(days), mean +SD 49.1 +40.7
—In-hospital mortality rate, n (%) 21 (29.6%)
Comorbidity, n(%)

—Hypertension 21(29.6)
—Diabetes mellitus 13(18.3)
—Chronic obstructive pulmonary disease 9(12.7)
—Cardiovascular disease 23(324)
—End-stage renel disease 14(19.7)
—Mechanical ventilation, n(%) 51(71.8)
Indwelling device, n(%)

—Nasogastric tube 45(63.4)
-Urinary catheter 42(59.2)
-Surgical puncture or drain 4(5.6
Surgery, n(%)

—Transplantation 1014)
—Chemoradiotherapy, n(%) 1014)
Ward, n (%)

—Geriatrics 2(2.8)
Nerosurgery 7(9.9)
Orthopaedics 101.4)
Intensive care unit 26(36.6)
Neurology 2(2.8)
Emergency 23(324)
Urology 1014)
Thoracic surgery 1(1.4)
Cardiac surgery 2(2.8)
Cardiology 3(4.3)
Hematology 1(1.4)
Nephrology 2(2.8)
Side of isolation, n(%)

Respiratory tract 61(85.9)
Blood 1014)
Urine 101.4)
Ascites 1(1.4)
Drainage fluid 2(2.8)
Pus 2(2.8)
Cerebrospinal fluid 3(4.3)
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of Genes and Genomes (KEGG) pathways, using the
default parameters. A whole-genome sequence-based
phylogenetic tree was constructed using the Reference
Sequence Alignment Phylogeny builder (REALPHY) [16].
The whole-genome sequences of the 83 Elizabethkingia
strains were submitted to the REALPHY online pipeline
in FASTA format. Sequences acquired in our study and
reference sequences downloaded from GenBank were
used to construct a phylogenetic tree using PhyML 3.1
[17].

Antimicrobial susceptibility test

Antimicrobial susceptibility was determined using the
VITEK 2 system (bioMérieux, Lyon, France), and break-
points were interpreted by using the criteria for non-
Enterobacterales according to CLSI M100-S30 [18]. The
minimal inhibitory concentration (MIC) of minocycline
was determined by a Kindy-Bauer KB (Thermo Fisher
Scientific, USA) following the manufacturer’s recommen-
dations. The breakpoint (MIC>2 pg/mL) for colistin was
determined by the broth microdilution method adapted
from the EUCAST [19].

Results

Clinical characteristics of Elizabethkingia species infections
As shown in Table 1, the specimens were primarily iso-
lated from the respiratory tract (85.9%, 61/71), including
sputum (69.1%, 49/71), tracheal secretory fluid (14.1%,
10/71), and bronchoalveolar lavage fluid (2.8%, 2/71).
There were only a few samples of sterile body fluids,
including cerebrospinal fluid (4.3%, 3/71), ascites (1.4%,
1/71), drainage fluid (2.8%, 2/71), blood (1.4%, 1/71) and
pus (2.8%, 2/71). The specimens were predominantly
isolated from the intensive care unit (36.6%, 26/71) and
emergency (32.4%, 23/71) departments, with fewer speci-
mens from the neurosurgery department (9.9%, 7/71).
Most patients had various underlying conditions, such as
pulmonary infection, hypertension, and diabetes. A total
of 61 patients (85.9%) were hospitalized for more than
two weeks. In addition, most patients underwent inva-
sive treatment, including mechanical ventilation (71.8%,
51/71), nasogastric tube placement (63.4%, 45/71) and
catheter insertion (59.2%, 42/71). All patients had a his-
tory of antibiotic exposure, and 94.4% of patients (67/71)
had used broad-spectrum antibiotics for more than one
week. The in-hospital mortality rate was 29.6% (21/71).

Antimicrobial susceptibility

Table 2 displays the antimicrobial susceptibility of Eliza-
bethkingia isolates and the corresponding MICs for the
tested antibiotics. All strains exhibited resistance to
13~16 antimicrobial agents, including aminoglycosides,
macrolides, cephalosporins and carbapenems (imipenem
and meropenem). Additionally, they exhibited higher
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Table 2 Antimicrobial susceptibilities of 71 Elizabethkingia

strains
Agents Resistance Intermedi- Suscep-
(%) ate tible
(%) (%)
Piperacillin 71 (100) 0 0
Piperacillin-tazobactam 64 (90.1) 1(1.4) 6(8.5)
Cefoperazone-sulbactam 47 (66.2) 4(5.6) 20(28.2)
Ceftazidime 69 (97.2) 0 2(28)
Ceftriaxone 62 (87.3) 2(28) 7(9.9)
Cefotaxime 69 (97.2) 2(2.8) 0
Aztreonam 69 (97.2) 2(2.8) 0
Imipenem 70 (98.6) 101.4) 0
Meropenem 68 (95.8) 2(2.8) 1(14)
Gentamicin 68 (95.8) 2(2.8) 1(1.4)
Amikacin 68 (95.8) 1(1.4) 2(2.8)
Ciprofloxacin 34 (47.9) 5(7.0) 32 (45.1)
Levofloxacin 25(35.2) 0 46 (64.9)
Trimethoprim-sulfamethoxazole 26 (36.6) 0 45 (63.4)
Tetracycline 57 (80.3) 10 (14.1) 4 (5.6)
Tigecycline 24 (33.8) 21 (29.6) 26 (36.6)
Minocycline 0 0 71 (100)
Colistin 0 0 71 (100)

rates of resistance to trimethoprim-sulfamethoxazole.
The rate of resistance to piperacillin was 100%, but when
piperacillin was combined with B-lactamase inhibitors
(cefoperazone/sulbactam and piperacillin/tazobactam),
increased sensitivity rates of 90.1% (64/71) and 66.2%
(47/71), respectively, were observed. Importantly, all the
isolates were found to be susceptible to minocycline and
colistin.

General features of Elizabethkingia strains

The next-generation sequencing and assembly data for
the 7 genomes are presented in Table 3. The genome size
ranged from 4.04 Mb to 4.31 Mb, with an average size
of 4.10 Mb, which is consistent with the genome size of
the 83 Elizabethkingia strains selected from the NCBI
database (Supplementary Materials Table S1). The sizes
of these 83 genomes ranged from 3.59 Mb to 4.58 Mb,
with an average size of 4.26 Mb. The number of contigs

Table 3 General features of seven Elizabethkingia strains
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per genome ranged from 1 to 378, with a mean of 32.75.
The read depth ranged from 23.26 to 80.63, with a mean
of 38.79. The average GC content and tRNA content in
83 Elizabethkingia strains were 35.84% and 45.42%,
respectively.

Resistance-associated genes of the various Elizabethkingia
strains

We analyzed the resistance genes of the 83 strains from
NCBI and 7 strains from our study and found that dif-
ferent genes were involved in resistance to 6 antibiotics.
Antimicrobial resistance genes in the 83 Elizabethkingia
strains are presented in Supplementary Materials Table
S2. These resistance genes included the extended-
spectrum B-lactamase genes blacygblagxs 34; and
blatpy_11¢ the carbapenem resistance genes blag,; and
blacop and their various subtypes; the aminoglycoside
resistance genes aadS and aph(3’)-1la; the tetracycline
resistance genes fetX and tet36; and the sulfonamide
resistance gene sul2. Molecular analysis did not reveal
any genes in the mobile colistin resistance (mcr) gene
family. There was no difference in the distribution of
drug resistance genes among the five species. The 7
strains carried all three previously described p-lactamase
genes unique to Elizabethkingia, including the extended-
spectrum [-lactamase blacy; and metallo-B-lactams
blag,p and blagop. The specific genes included macro-
lide, lincosamide and streptogramin (MLS) resistance
genes ermF, ereD, mefC and mphG. In addition, certain
aminoglycoside resistance genes, such as aac(3)-IVb and
aac(3)-Illc, were only found in our 7 strains (Table S3).

Virulence-associated genes of the various Elizabethkingia
strains

The potential virulence factors and the associated genes
of the 83 strains and 7 Elizabethkingia strains in our
study are shown in Table S2 and Table S4, respectively.
We found that some virulence genes, such as catalase/
(hydro)peroxidase (katA) and translation elongation fac-
tor (tufA), were widely distributed in our seven strains.
We identified a total of 753 virulence genes in all strains,

Isolate Specimen Age Gender Whole-genome  Hospital ward Lengthof Size GC% CDS Contig Pro-

sequencing hospital (Mb) tein

stay(days)
HXWHF  Cerebrospinal fluid 50  F E. miricola Neurosurgery 17 431 3583% 4034 63 4079
HX' YK Blood 51 M E. anophelis Liver surgery 20 404  3561% 3720 70 3764
HXZCH  Sputum 47 M E. anophelis Orthopedics 22 404 3561% 3720 76 3764
HX XZB Cerebrospinal flud 24 M E. miricola Emergency 8 408 3581% 3727 43 3769
HXWYD  Blood 92 M E.meningoseptica  Emergency 5 408 3652% 3706 59 3750
HX QKY  Bronchoalveolar 77 M E. miricola Respiratory 5 413 3583% 3766 59 3813
lavage fluid medicine

HXCGY  Blood 89 F E. anophelis Intensive care unit 10 4.02 3570% 3706 75 3750
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and 23 kinds of virulence factors could be classified into
three types: stress adaptation, adherence and immune
modulation. The virulence genes catalase/(hydro)peroxi-
dase (katA) and translation elongation factor (tufA) were
widely distributed in all 90 strains. In addition, the capsu-
lar polysaccharide biosynthesis protein (cps4]) gene was
detected only in E. miricola. In addition, 60 K heat shock
protein (htpB), urease accessory protein (ureE), urease
beta subunit (ureB), Vi polysaccharide biosynthesis (¢viB)
and chaperonin (groEL) were identified in these strains.
The immune modulation gene rfbA and stress survival
gene fcl were identified only in the 83 strains from the
NCBL

Core and pangenome analysis and phylogenetic
relationships between Elizabethkingia species

To clarify the characteristics and differences in the
pangenome between the seven Elizabethkingia strains
in this study and those from the database, we per-
formed a pangenome analysis on these 90 strains. Core
genome analysis revealed that the number of shared
genes decreased with the addition of the input genomes.

(2024) 23:32
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Overall, E. meningoseptica exhibited an open pangenome
feature, with new genes appearing when more sequenced
genomes were added to the analysis. Pangenome analy-
sis can be used to determine the diversity of genomes
and explore core, accessory, and unique genes. In the 90
strains, 2079 core genes were identified. In each strain,
the number of accessory genes ranged from 1097 to 1925,
and the number of unique genes ranged from 0 to 364.
With the addition of new genome sequences, the num-
ber of genes in the pangenome increased from 3265 to
11,813, and the number of core genes decreased from
2546 to 1959 (Fig. 1). The distributions of different gene
families and the numbers of new genes are illustrated
in Fig. 2A and B, respectively. Whole-genome compari-
sons allow for the distinction between different strains
and species with high resolution. Genome sequences
were analyzed using a pairwise method, calculating and
comparing the ANI for the 90 Elizabethkingia strains
(Fig. 2C). The pairwise comparisons revealed a minimum
ANI of ~80.72% for the most distant strains, whereas the
E. anophelis subspecies showed an ANI of >98.0%. Addi-
tionally, we observed that the ANIs of E. meningoseptica
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Fig. 2 Pangenome analysis of 90 Elizabethkingia strains. (A) The distribution of the various gene families in the 90 Elizabethkingia strains. (B) The distribu-
tion of new genes in the 90 Elizabethkingia strains. (C) Dendrogram and heatmap generated using the ANIs of 90 different Elizabethkingia strains

and four other species were notably lower than those of
the other species. According to the dendrogram, E. urs-
ingii and E. occulta appeared to be relatively close to E.
miricola. The delineation of the five species within the
Elizabethkingia genus was clearly evident in the heatmap
generated from the similarity matrix. The phylogenetic
analysis of all the isolates was based on whole-genome
sequences (Figure S1). Similar to the dendrogram gen-
erated from the ANI analysis, E. ursingii and E. occulta
were located close to E. miricola and were distant from
E. anophelis and E. meningoseptica. E. anophelis was
divided into two major sublineages.

Functional analysis of COGs

COG analysis (Fig. 3A and C) revealed 1,497 conserved
genes. There were 1888 accessory genes and 557 unique
genes. The functional analysis of the COGs in all the
Elizabethkingia genomes revealed core, accessory and
unique genes related to the regulation of metabolism, cel-
lular processes and signaling, as well as various poorly
characterized functions. Core genes were significantly
enriched in pathways related to metabolism and biogen-
esis, including general function, amino acid transport
and metabolism, translation, ribosomal structure and
biogenesis, and cell wall/membrane/envelope biogenesis.
Unique and accessory genes were significantly enriched
in transcription; defense mechanisms; and replication,
recombination and repair pathways.

The functions of COGs involved in information storage
and processing are associated with intracellular survival.
In addition, according to the functional prediction of
genomes, general function prediction accounted for the
largest proportion of COGs, followed by transcription

and replication, recombination and repair. Regard-
ing the constituents of each functional gene family, the
core genes accounted for the largest proportion of genes
related to transcription (11.7%); replication, recombina-
tion and repair (10.4%); cell wall, membrane, envelope
and biogenesis (7.1%); and defense mechanisms (10.5%).

KEGG analysis

According to the KEGG analysis (Fig. 3B and D), the
largest proportion of genes were enriched in metabolic
functions. The other KEGG categories included cellu-
lar processes, environmental information processing,
genetic information processing, human diseases and
organismal systems. The core and accessory genes were
most strongly associated with carbohydrate metabo-
lism, followed by amino acid metabolism. Among the
genes associated with carbohydrate metabolism, 15.3%
were core genes, 12.7% were accessory genes, and 18.5%
were unique genes. In addition, the majority of these
core genes were also involved in carbohydrate metabo-
lism, and the regulation of amino acid metabolism and
lipid metabolism was the focus of the greatest number
of genes, followed by signal transduction, replication and
repair. In addition to metabolic functions, these genes
were also associated with membrane transport, transla-
tion, and modulation of cellular growth and death. These
functions collectively provide bacteria with the abil-
ity to withstand and adapt to the external environment.
However, the unique genes in our 7 strains were mostly
enriched in KEGG pathways related to microRNAs in
cancer, drug resistance (p-lactam and vancomycin), ABC
transporters, biological metabolism and biosynthesis,
and nucleotide excision repair.
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Fig. 3 Clusters of orthologous groups (COGs) in the core, accessory, and unique genomes and the associated Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) analysis of 90 Elizabethkingia strains. (A) Distribution of functional COGs in each core, accessory, and unique genome. (B) The detailed dis-
tribution of KEGG pathways with their functions. (C) The majority of core, accessory, and unique genes were associated with metabolism. (D) Functional
annotations showing that the gene families associated with carbohydrate metabolism, amino acid metabolism, cofactor and vitamin metabolism, and
energy metabolism accounted for the largest proportion of these 90 Elizabethkingia strains

Discussion

Elizabethkingia spp. are responsible for serious nosoco-
mial infections and outbreaks worldwide; however, they
have received relatively little attention to date. In this
study, we performed whole-genome sequencing and
analyzed the characteristics of Elizabethkingia strains
obtained from clinical samples. This allowed us to per-
form a comparative genomic analysis of representative
clinical isolates alongside other isolates from the NCBI
database around the world.

Risk factors for patients with Elizabethkingia infec-
tions primarily include antibiotic use for more than one
week and having three or more underlying diseases.
Other risk factors include chronic hemodialysis, multiple
injuries, and immunosuppression with prolonged hos-
pitalization. Additionally, in terms of patient diagnosis
and treatment, most patients have undergone invasive
operations. In this study, mechanical ventilation (71.8%,
51/71), urinary catheter placement (59.2%, 42/71) and
nasogastric feeding tube placement (63.4%, 45/71) were
identified as the main invasive operations. One of the
most significant risk factors for Elizabethkingia infection
is the use of mechanical ventilation. Elizabethkingia can
form biofilms in moist environments or on water-related
equipment, which facilitates its transmission in hospital
settings [20]. The combination of these risk factors and

a lack of effective therapeutic regimens can lead to a
high mortality rate. In patients infected with Elizabeth-
kingia, the mortality rate ranges from ~20 to 40% [21].
The immune status of patients and virulence factors of
microorganisms may be associated with the high fatality
rate of patients with Elizabethkingia infections. More-
over, numerous previous studies have demonstrated that
patients with Elizabethkingia infections frequently have
chronic illnesses [22-24].

Elizabethkingia isolates often exhibit resistance to
numerous antimicrobial agents, including B-lactams and
inhibitors, aminoglycosides, macrolides, tetracycline,
vancomycin, and carbapenems [25]. These strains exhib-
ited variable susceptibilities to piperacillin, piperacillin-
tazobactam, fluoroquinolones, minocycline, tigecycline,
and trimethoprim-sulfamethoxazole. A wide variety of
genes associated with drug resistance in the Elizabeth-
kingia genus have been reported. MBLs are a global
concern because they can confer resistance against car-
bapenems and almost all B-lactams. Therefore, evaluating
clinical efficacy is crucial since all Elizabethkingia spp.
appear to be inherent MBL producers [26]. Elizabeth-
kingia is the only known organism to carry two distinct
MBL chromosomes (blag,gand blagqg) as well as the
chromosomal blacy;: gene that can confer resistance to
cephalosporins [27, 28]. In addition, comparative analysis
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revealed that all 90 isolates carried the same subtype of
blag,p, and 77.8% (70/71) of the isolates of Elizabeth-
kingia spp. carried blacyg_,. However, various sub-
types of the blagop gene, such as blagop_10 blagop_1e
blacop_11, and blagop_;, were identified. Interestingly,
genes capable of hydrolyzing cephalosporins, such as
blaoya_s47 and blargy_14 Were also identified, which are
relatively rare in two Elizabethkingia spp. and were not
identified in our 7 strains. Regardless of allelic combina-
tions, MIC testing demonstrated that all isolates were
highly resistant to carbapenems, penicillin and mono-
bactams. In addition to resistance to carbapenems and
[-lactams, several other isolates were found to be resis-
tant to aminoglycosides and macrolides. The resistance
genes detected in Elizabethkingia spp. included aads,
aph (3”)-1a, ermF, ereD, mef(C), and mph(G), and the spe-
cific genes aac(3)-1Vb, aph(3”)-la, aac(3)-1llc, which con-
ferred aminoglycoside resistance, were identified only in
our 7 strains. The presence of multiple resistance genes
contributes to the multidrug resistance of Elizabeth-
kingia and increases the difficulty of clinical treatment
[21]. Based on the results of drug sensitivity tests for this
study and previously reported studies [29], the antimicro-
bial therapy options include minocycline, trimethoprim/
sulfamethoxazole, cefoperazone/sulbactam, levofloxacin,
colistin or tigecycline, either alone or in combination.
Our in-hospital mortality rate of 29.6% (21/71) was lower
than that reported in other studies, supporting the value
of precision drug combinations in reducing mortality [30,
31].

The potential virulence factor homologs and their
associated genes of the five Elizabethkingia species were
predicted using the VFDB (Table S2). There was no sig-
nificant difference in the distribution of virulence genes
between the two groups of Elizabethkingia. These viru-
lence factors include genes involved in capsular polysac-
charide biosynthesis, chaperonin, elongation factor, heat
shock protein, phospholipase, capsular polysaccharide,
catalase, and peroxidase and are responsible for stress
survival, immune modulation, and adherence to the envi-
ronment [32]. Adherence-associated genes, including
tufA, htpB and groEL, were widely distributed in all 90
strains, which indicates that these strains have a strong
ability to colonize humans or other hosts [33]. In addi-
tion, the fc!/ gene encoding the GDP-L-fucose synthetase
factor is related to immune modulation [34], but it was
not detected in these seven strains. Further studies are
necessary to investigate the potential function and source
of this putative gene. These candidate genes may consti-
tute promising targets for designing novel strategies to
prevent and control infections in species belonging to
this highly diverse and environmentally adaptable genus.

Elizabethkingia spp. have caused serious nosocomial
infections and outbreaks worldwide, and the main aim
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of this study was to explore the diversity of the clinical
characteristics or transmission events of Elizabethkingia
species isolates from a global dataset. We constructed a
phylogenetic tree of 90 Elizabethkingia strains based on
ANI values, which clearly demonstrated the phylogenetic
relationships among these strains. ANI analysis revealed
that our seven strains belonged to the same or differ-
ent species. In addition, comparative genome analysis
revealed that the average GC content of E. meningosep-
tica was greater than that of the other four Elizabeth-
kingia species, indicating a unique evolutionary pattern
and potential receptiveness to mobile genetic elements
from other strains.

Pangenome analysis has been used to evaluate genome
diversity, genome dynamics, species evolution, patho-
genesis and other features of microorganisms [35]. This
approach helps us better understand the functional dif-
ferences among these genes. The gene families of the
pangenome represent metabolic capacity, while those of
the core genome are typically related to bacterial replica-
tion, translation, and maintenance of cellular biogenesis
[36]. The core genes are crucial for maintaining cell wall/
envelope structures, which shield bacteria from environ-
mental assaults. In our investigation, each strain’s unique
genes were widely distributed and associated with func-
tions such as transcription; DNA replication, recombi-
nation, and repair; and cell wall/membrane/envelope
biogenesis. The unique genes involved in defense mech-
anisms are subject to relaxed mutation pressure and
often correlate with pathogen virulence and pathogenic-
ity. The core genes likely play essential roles in helping
these intracellular pathogens survive, regulating cellular
metabolism, and mediating cell membrane signal trans-
duction events. However, the unique genes were enriched
in poorly characterized functions, suggesting that further
research should be conducted to explore their genomic
function characteristics. This information might provide
useful insights related to clinical infection control and
treatment.

Conclusions

Elizabethkingia infections have become a significant
public health concern, making it crucial to understand
their clinical, molecular, and genetic characteristics.
In this study, the complete genome sequences of 90
strains of Elizabethkingia were compared and analyzed.
The findings contributed new knowledge to our under-
standing of the population, genome characteristics, and
genetic roles of this emerging and life-threatening patho-
gen. These strains displayed diverse genetic composi-
tions, which might contribute to the particular traits of
these genera, as evidenced by the variations in their
pangenome sizes.
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