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The clinical importance of Enterobacter spp. remains
unclear because phenotype-based Enterobacter spe-
cies identification is unreliable. We performed a genomic
study on 48 cases of Enterobacter-caused bloodstream
infection by using in silico DNA-DNA hybridization to
identify precise species. Strains belonged to 12 species;
Enterobacter xiangfangensis (n = 21) and an unnamed
species (taxon 1, n = 8) were dominant. Most (63.5%)
Enterobacter strains (n = 349) with genomes in Gen-
Bank from human blood are E. xiangfangensis; taxon 1
(19.8%) was next most common. E. xiangfangensis and
taxon 1 were associated with increased deaths (20.7%
vs. 15.8%), lengthier hospitalizations (median 31 d vs.
19.5 d), and higher resistance to aztreonam, cefepime,
ceftriaxone, piperacillin-tazobactam, and tobramycin.
Strains belonged to 37 sequence types (STs); ST171 (E.
Xxiangfangensis) was most common (n = 6). Four ST171
strains belonged to a defined clone. Precise species
identification has greater implications for epidemiology
and infection control than treatment.

Enterobacter spp. belongs to the family Enterobacte-
riaceae and is a common pathogen in a variety of
infections, such as bloodstream and intraabdominal
infections, most of which are healthcare associated ().
Enterobacter spp. is the third most common human
pathogen, after Escherichia coli and Klebsiella pneumoniae,
and is therefore of clinical importance (1). Enterobacter
consists of several closely related species (1) that cannot
typically be identified precisely by common phenotypic
tests. The taxonomy of Enterobacter is complicated by
the reassignment to other genera of some species that
formerly belonged to the Enterobacter genus. For ex-
ample, E. aerogenes has been moved to genus Klebsiella
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(2), E. agglomerans to genus Pantoea (3), and E. sakazakii
to genus Cronobacter (4). Currently, 14 Enterobacter spp.
with validly published names exist, and 3 additional En-
terobacter spp. have tentative species designations await-
ing validation under the rules of the International Code
of Nomenclature of Bacteria (Bacteriological Code)
(Appendix 1 Table 1, https://wwwnc.cdc.gov/EID/
article/27/1/19-0154-App1.pdf).

Several Enterobacter spp., such as E. asburiae,
E. cloacae, and E. hormaechei, cause infections in hu-
mans (1). Enterobacter strains extracted from clinical
samples are usually reported as E. cloacae, and some-
times E. asburiae, E. hormaechei, or E. kobei, by auto-
mated microbial identification systems such as Vi-
tek II (bioMérieux, https://www.biomerieux.com).
However, such phenotype-based tests are unreliable
for species identification of Enterobacter and can result
in misidentification (1). For instance, all Enterobacter
spp. have a positive reaction for f-galactosidase, ar-
ginine dihydrolase, citrate utilization, sucrose, amyg-
dalin, arabinose, and D-glucose but are negative for
lysine decarboxylase, H,S production, urease activity,
indole production, deaminase, and gelatinase (5-7).
Differentiating Enterobacter spp. by biochemical reac-
tions commonly used in clinical microbiology labora-
tories is therefore difficult. The differences in clinical
importance of each Enterobacter species remain large-
ly unknown because they are regularly misidentified
in clinical microbiology laboratories.

Because of the substantial reduction in cost of
whole-genome sequencing for bacterial strains, we
are entering the era of genomic microbiology (8).
Newly created methods can determine the overall
nucleotide identities between genome sequences
and therefore enable more precise species identifica-
tion (9). Calculation of average nucleotide identity
(ANI) between genomes is widely used for species
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identification. It has been proposed that ANI >96%
would guarantee species assignation, whereas ANI
of <93% can be considered species differentiation
(10). However, ANI values in the range of 93%-96%
represent a vague zone in which the boundary of
a species might fall (10). DNA-DNA hybridization
(DDH) remains the standard for species identifica-
tion, with a >70% cutoff recommended to define a
species. However, DDH is cumbersome, prone to
fluctuation, and requires the availability of type
strains. To overcome the shortcomings of DDH, in
silico DDH (isDDH) mimics DDH by comparing
genome sequences and can be a reliable and conve-
nient tool for species assignation. To provide insight
into the potential clinical importance of different En-
terobacter spp., we performed a genomic study using
isDDH to identify bloodstream infection (BSI)-caus-
ing Enterobacter strains to the species level.

Materials and Methods

Strain and Susceptibility Tests

We collected nonduplicate Enterobacter strains re-
covered from blood cultures during January 2016-
June 2018 at West China Hospital of Sichuan Uni-
versity (Appendix 2 Table 1, https://wwwnc.cdc.
gov/EID/article/27/1/19-0154-App2.xlsx). ~ West
China Hospital is a 5,000-bed major referral hospital
in western China. Initial species identification and
in vitro susceptibility testing were performed by us-
ing Vitek II. We determined MICs of colistin by us-
ing the broth microdilution method of the Clinical
and Laboratory Standards Institute (CLSI) and inter-
preted susceptibility following CLSI guidelines (11).
For colistin and tigecycline, no CLSI breakpoints are
available, so we used breakpoint standards defined
by the European Committee on Antimicrobial Sus-
ceptibility Testing (https://www.eucast.org). Mul-
tidrug resistance was defined based on the criteria
for Enterobacteriaceae (12).

Patient Data

West China Hospital has a comprehensive hospital
information system, which allowed us to retrieve
patient data including age, sex, length of hospital-
ization, and clinical outcomes (death or discharge)
from electronic medical records. One patient (with
strain 090040) had an unusually long hospital stay
(578 d) because of a medical dispute and was re-
moved from our analysis of length of stay. Accord-
ing to social customs in China, dying at home is
preferred over the hospital; it is likely many pa-
tients chose to stop treatment and return home if
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treatment was not working and patients felt death
was imminent. We categorized patients who chose
to be discharged but were likely to die in the hos-
pital (judged by the consensus of 2 physicians re-
viewing blind data) as patients with predicted
death. BSI, the type of BSI (primary or secondary
to infection of other sites), central line-associated
BSI (CLABSI), and healthcare-associated infection
were determined by using criteria established by
the Centers for Disease Control and Prevention’s
National Healthcare Safety Network (13,14). We
conducted the study in accordance with the amend-
ed Declaration of Helsinki. The Ethics Committee
of West China Hospital approved the study and
waived informed consent.

Short-Read Genome Sequencing, Analysis,

and Precise Species Identification

All strains underwent whole-genome sequenc-
ing by using the HiSeq X10 platform (Illumina,
https:/ /www.illumina.com). Genomic DNA was
prepared by using the QlAamp DNA mini kit
(QIAGEN, https://www.qiagen.com). We used
Unicycler version 0.4.3 (15), in the conservative
mode for increased accuracy, to perform a de novo
hybrid assembly. Precise species identification was
established by determining the pairwise isDDH be-
tween the genome sequence of the query strain and
those of type strains of Enterobacter spp., including
the validly published species and the species await-
ing validation (Appendix 1 Table 1). This process
was performed by using the Genome-to-Genome
Distance Calculator, formula 2 (16). A >70% cut-
off was applied to define a species. In addition, we
determined the pairwise ANI of the genome se-
quence of the query strain and those of type strains
of Enterobacter spp. (Appendix 1 Table 1) by using
JSpecies software (https://imedea.uib-csic.es/
jspecies) with a >96% ANI cutoff to define a spe-
cies (10). Sequence types (STs) were determined by
using the genomic sequences to query the multilo-
cus sequence typing database of E. cloacae (https://
pubmlst.org/ecloacae). Antimicrobial resistance
genes were identified from genome sequences by
using the ABRicate program (https://github.com/
tseemann/abricate) to query the ResFinder data-
base (https://genomicepidemiology.org).

The genome sequences of all Enterobacter strains
recovered from human blood (n = 349, Appendix 2
Table 2) were retrieved from GenBank (accessed 2018
Nov 1). These Enterobacter genomes were subjected to
precise species identification by using the Genome-
to-Genome Distance Calculator as described.
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Clonal Relatedness on the Basis of

Single-Nucleotide Polymorphisms

We performed single-nucleotide polymorphism
(SNP) calling for genome sequences to untangle the
clonal relatedness of ST171 strains and to investigate
whether the ST171 strains in this study are clonally
related to strains recovered elsewhere. All genome
sequences of ST171 Enterobacter strains (n = 102), re-
gardless of types of the host source (human, nonhu-
man, or unknown) and source (blood, nonblood, or
unknown), were retrieved from GenBank. We used
the complete chromosome sequence of ST171 strain
34798 (GenBank accession no. CP012165), which was
recovered from a bile sample in the United States in
2011, as our reference for mapping. Genome sequenc-
es of the strains were mapped against the reference ge-
nome by using Snippy version 4.3.6 (https://github.
com/tseemann/snippy) at default settings. The re-
sulting core SNPs (n = 1,918) were concatenated and
used to infer a phylogenomic tree by using RAXML
version 8.2.12 (17) under the general time-reversible
plus gamma model with a 1,000-bootstrap test.

Long-Read Genome Sequencing and Plasmid

Analysis for ST171 Strains

We determined plasmid replicons of all ST171 strains
in this study by using PlasmidFinder version 2.0
(https:/ /cge.cbs.dtu.dk/services/PlasmidFinder).
The first bla,,, .~harboring ST171 strain (090011) in
this study and the only bla, . ~harboring ST171 strain
(045001) were selected for whole-genome sequencing
by using the long-read MinlON sequencer (Nanopore,
https:/ /nanoporetech.com) to obtain complete chro-
mosomal and plasmid sequences. De novo hybrid as-
sembly of short lllumina reads and long MinlON reads
was performed by using Unicycler version 0.4.3 (15)
in conservative mode for increased accuracy. Com-
plete circular contigs were then corrected by using
Pilon version 1.22 (18) with Illumina reads for several
rounds until no further improvements were reported.
Short reads of the remaining four bla,, .~harboring
ST171 strains (090022, 090023, 090055, and 090059)
were mapped against the bla -carrying plasmid
(designated pNDM5_090011) of strain 090011 by using
BWA version 0.7.17 (H. Ling, unpub. data, https://
arxiv.org/abs/1303.3997) at default settings.

Statistical Analysis

Continuous variables were presented as median
and interquartile range and were compared by us-
ing rank-sum test. We used the Pearson x? test,
Yates correction for continuity, or Fisher exact test
to compare disparities between different groups
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for categorical variables. Pearson x? test was used
when sample size (n) was >40 and theoretical fre-
quency (T) >5, Yates correction for continuity when
n>40 and 1<T<5, and Fisher exact test when n<40 or
T<1. We used SPSS Statistics 21.0 (IBM Inc., https://
www.ibm.com) to perform statistical analyses. All
p values were 2-tailed, and p<0.05 was considered
statistically significant. We used PASS version 11.0
(NCSS, https:/ /www.ncss.com) to calculate statisti-
cal power after using the Wilcoxon test to conduct
nonparametric adjustment.

Draft genome sequences of the strains in this
study were deposited into GenBank (accession num-
bers in Appendix 2 Table 1). The complete genome se-
quence of strain 090011 was deposited into GenBank
under accession nos. CP036310-2. and the sequence
for strain 045001 was deposited under accession
nos. CP043382-5.

Results

Precise Species Identification of Enterobacter Strains
A total of 48 nonduplicated Enterobacter strains were
recovered from blood during our 2.5-year study period
and were collected for study (Table 1; Appendix 2 Table
1). Whole-genome sequencing results, isDDH, and ANI
values of these strains are summarized in Appendix 2
Table 1. The 48 strains were identified as E. cloacae (n
=42), E. asburige (n = 3), and E. kobei (n = 3) by Vitek II.
However, precise species identification on the basis of
isDDH revealed that the most common species was ac-
tually E. xiangfangensis (n = 21) (Table 2); the next most
common was an Enterobacter sp. (n = 8) that has no as-
signed species name but was previously known as En-
terobacter cluster 111, as defined by Hoffman etal. (6). This
species is most closely related to E. xiangfangensis with a
66.6% isDDH value and is temporarily assigned taxon 1
here (Appendix 2 Table 2). The remaining strains were
assigned to 10 Enterobacter species: E. bugandensis (n = 4),
E. cloacae (n = 3), E. asburiae (n = 2), E. hormaechei (n = 2),
E. huaxiensis (n = 2), E. roggenkampii (n = 2), E. chuanda-
ensis (n=1), E. ludwigii (n =1), E. sichuanensis (n = 1), and
an unnamed Enterobacter sp. (n = 1) (Table 2). The un-
named species is most closely related to E. roggenkampii
with a 65.4% isDDH value (Appendix 1 Table 2) and is
temporarily assigned taxon 2 here.

Of 349 Enterobacter strains in GenBank that were
recovered from human blood, most (221, 63.3%) are
also E. xiangfangensis; taxon 1 is the second most com-
mon species with 69 strains (19.8%) (Table 2). The
remaining 59 strains (16.9%) belong to 14 species:
E. asburiae (n =14 [4.0%]), E. kobei (n =10 [2.9%]), E. bu-
gandensis (n =7 [2.0%]), E. roggenkampii (n =7 [2.0%]),
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Table 1. Enterobacter strains in genomic study of Enterobacter bloodstream infection, China*

BSI types Hospitalization, d
Strain Date Species, by isDDH STt Carbapenemase P S CLA HA Before BSI After BSI Death
090034 201706  Enterobacter asburiae N12 + 0 27
090058 201805 E. asburiae 879 + + + 22 18
090031 201711 E. bugandensis N10 + 1 0 +
090283 201610 E. bugandensis N16 + + 7 6
090210 201607 E. bugandensis 499 + 1 16
090029 201709 E. bugandensis 718 NDM-5 + + 71 16 +
090028 201708 E. chuandaensis N9 + 1 11
090005 201706 E. cloacae 1 NDM-1 + + + 29 11
090016 201703 E. cloacae 519 + + 17 24
090014 201712 E. cloacae 922 + + 0 10
090027 201704 E. hormaechei 528 + + 24 38
090003 201705 E. hormaechei 696 + + 0 15
045002 201609 E. huaxiensis N1 + 0 7
090008 201709 E. huaxiensis N1 + + 3 23
090017 201702 E. ludwigii 12 + + 6 8
045158 201607 E. roggenkampii N2 + + 3 7
090037 201608 E. roggenkampii 984 + + + 14 8
090032 201712 E. sichuanensis N11 + + + 6 16 +
090004 201706 E. xiangfangensis N3 + + 6 13
090006 201707 E. xiangfangensis N4 + + 12 8
090007 201707 E. xiangfangensis N5 + + 24 19
090012 201711 E. xiangfangensis N6 + 0 3
090018 201705 E. xiangfangensis N7 + + + 12 14 +
090020 201712 E. xiangfangensis N8 + + + 4 60
090057 201804 E. xiangfangensis N15 NDM-1 + + + 36 43
090015 201712 E. xiangfangensis 50 + 0 2
090026 201704 E. xiangfangensis 50 + + 11 52
090035 201712 E. xiangfangensis 127 + + 13 20
045001 201801 E. xiangfangensis 171 NDM-1 + + + 8 33
090011 201710 E. xiangfangensis 171 NDM-5 + + 7 14 +
090022 201802 E. xiangfangensis 171 NDM-5 + + 40 20
090023 201802 E. xiangfangensis 171 NDM-5 + + + 26 19
090055 201806 E. xiangfangensis 171 NDM-5 + + 14 14
090059 201805 E. xiangfangensis 171 NDM-5 + + + 17 31
090043 201612 E. xiangfangensis 337 + + 11 4 +
090013 201711 E. xiangfangensis 418 NDM-5 + + + 28 10 +
090038 201609 E. xiangfangensis 418 + + 3 33
090060 201806 E. xiangfangensis 550 + + + 20 8 +
090042 201611 E. xiangfangensis 828 + + 5 3
090036 201605 Taxon 1 N13 + + + 13 22
090019 201706 Taxon 1 78 + + 16 62
090030 201709 Taxon 1 78 + + + 0 15
090039 201610 Taxon 1 78 + + 12 8 +
090021 201801 Taxon 1 97 + + + 5 28
090009 201709 Taxon 1 104 + + 5 66
090033 201704 Taxon 1 316 + + 10 3
090056 201803 Taxon 1 568 + + 11 7
090040 201611 Taxon 2 N14 + + + 208 370

*BSlI, bloodstream infection; CLA, central line—associated; HA, healthcare associated; isDDH, in silico DNA-DNA hybridization; P, primary; S, secondary;

ST, sequence type.

1There are 16 new sequence types, which are temporarily assigned N1-N16 (Appendix 1 Table 3, https://wwwnc.cdc.gov/EID/article/27/1/19-0154-

App1.pdf).

E. ludwigii (n =6 [1.7%]), E. cloacae (n = 4 [1.1%]), taxon
1 (n=2), E. chengduensis (n = 1), E. mori (n =1), E. sich-
uanensis (n = 1), and 4 species without assigned species
names (n =1 or 2 for each species, 6 in total; Table 2).
The 4 unnamed species were assigned taxon 3-6 (Table
2); the closest species of taxon 3-6 are listed in Appen-
dix 1 Table 2 and are also shown in a phylogenomic
tree in Appendix 1 Figure 1. E. xiangfangensis and taxon
1 are closely related as shown by their phylogenetic
position in the phylogenomic tree of Enterobacter spp.

and by their common 66.6% isDDH value (close to the
70% cutoff to define a species). We therefore combined
the 2 species in the following analysis.

BSI Types and Characteristics

Most of the 48 BSI cases (n = 36, 75%) were prima-
ry BSls, including 16 cases of CLABSI. BSIs in the
remaining 12 cases were secondary; original sources
were intraabdominal infection (n = 5), cholangitis (n
= 3), urinary tract infection (n = 2), wound infection
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(n = 1), and gastrointestinal tract infection (n = 1).
Most (n = 41, 85.4%) BSls caused by Enterobacter spp.
were healthcare-associated infections. E. xiangfangen-
sis and taxon 1 were more likely to cause primary
BSI (82.8% vs. 63.2%), CLABSI (27.9% vs. 17.2%), and
healthcare-associated BSI (93.1% vs. 73.7%) than were
other Enterobacter spp. However, the differences were
not statistically significant (Table 3).

Two patients who had Enterobacter BSIs (1 E.
xiangfangensis and 1 taxon 1) died in the hospital. In
addition, 7 patients with Enterobacter BSIs (4 E. xiang-
fangensis, 2 E. bugandensis, and 1 E. sichuanensis) did
not respond to treatment and were discharged in crit-
ical condition. These 7 case-patients were categorized
as patients in whom death was predicted. The death
rate for Enterobacter BSI was 18.8% (9/48); the death
rate (20.7% [6/29]) of BSI caused by E. xiangfangensis
or taxon 1 was not statistically different (15.8% [3/19]
p>0.05) (Table 3) from that of BSI caused by other En-
terobacter spp. Of note, 2 of the 4 patients with E. bu-
gandensis-caused BSI had poor outcomes (predicted
death) (Table 1). BSIs caused by E. xiangfangensis or
taxon 1 were more common in younger patients and
resulted in lengthier overall hospitalizations (median
33 vs. 19.5 d; p>0.05) (Table 3) than BSIs caused by
other Enterobacter spp. This difference was largely be-
cause of the prolonged length of stay (median 11 d vs.
4.5 d; p>0.05) before the episode of BSI.

Antimicrobial Susceptibility and Antimicrobial
Resistance Genes

The antimicrobial susceptibility and antimicrobial re-
sistance gene repertoire of the 48 Enterobacter strains
are shown in Appendix 2 Table 1. E. xiangfangensis and
taxon 1 had substantially higher rates of resistance
to aztreonam (48.3% vs. 10.5%), cefepime (41.4% vs.
10.5%), ceftriaxone (58.6% vs. 15.8%), piperacillin/
tazobactam (41.4% vs. 10.5%), and tobramycin (44.8%

Enterobacter Bloodstream Infection, China

Table 2. Proportion of Enterobacter species recovered from
blood in genomic study of Enterobacter bloodstream infection,
China

No. (%)

Strains from blood Strains from
Species* in this study blood in GenBank
Enterobacter 21 (43.8) 221 (63.3)
Xxiangfangensis
Taxon 1 8 (16.7) 69 (19.8)
E. bugandensis 4 (8.3) 7 (2.0)
E. cloacae 3(6.3) 4(1.1)
E. asburiae 2 (4.2) 14 (4.0)
E. roggenkampii 2(4.2) 7(2.0)
E. hormaechei 2(4.2) 0
E. huaxiensis 2(4.2) 0
E. ludwigii 1(2.1) 6 (1.7)
E. sichuanensis 1(2.1) 1(0.3)
E. chuandaensis 1(2.1) 0
Taxon 2 1(2.1) 2(0.6)
E. kobei 0 10 (2.9)
Taxon 3 0 2(0.6)
Taxon 4 0 2(0.6)
Taxon 5 0 1(0.3)
Taxon 6 0 1(0.3)
E. chengduensis 0 1(0.3)
E. mori 0 1(0.3)
Total 48 (100.0) 349 (100.0)

*Taxons 1-6 represent 6 Enterobacter spp. without assigned names. Their
most closely related Enterobacter spp. are listed in Appendix 1 Table 2
and shown in Appendix 1 Figure 1
(https://wwwnc.cdc.gov/EID/article/27/1/19-0154-App1.pdf).

vs. 5.3%) (Table 4) and were substantially more likely
to be multidrug resistant (55.2% vs. 10.6%) (Table 3).
There were 10 carbapenem-resistant strains (8 E. xiang-
fangensis, 1 E. bugandensis, and 1 E. cloacae), all of which
carried a bla,  gene (bla,, ., n=7;bla, , n=3)(Ta-
ble 1; Appendix 2 Table 1), and they belonged to 5 STs
(ST171 [n=6],ST718 [n=1],ST1 [n=1], ST418 [n=1],
and a new ST [n = 1]). No carbapenemase genes were
identified in carbapenem-susceptible strains.

Sequence Types and Clonal Relatedness
The 48 Enterobacter strains belonged to 37 STs (Table 1;
Appendix 1 Table 3) but only ST171 (E. xiangfangensis)

Table 3. Patient demographics, types of bloodstream infection, and outcomes in patients with bloodstream infection caused by E.

xiangfangensis plus taxon 1 and other Enterobacter species, China*

E. xiangfangensis and Other species, n

Characteristic taxon 1, n = 29 =19 x> p value Powert
Age, y, median (IQR) 15 (8-32) 52 (16-71) - 0.958 0.085
Male sex 19 (65.5) 14 (73.7) 0.356 0.551 0.084
MDR 16 (55.2) 2(10.6) 9.763 0.002 -
Primary BSI 24 (82.8) 12 (63.2) 1.423 0.233 0.317
CLABSI 11 (27.9) 5(17.2) 0.697 0.404 0.115
HABSI 27 (93.1) 14 (73.7) 2.091 0.148 0.430
Deaths 6 (20.7) 3(15.8) 0.176 0.675 0.053
Total time hospitalized, d, median (IQR){ 33 (19-47) 20 (2—-40) - 0.098 0.265
Time hospitalized before BSI onset, d, median (IQR)t 11 (5-7) 5(1-18) - 0.154 0.070
Time hospitalized after BSI| onset, d, median (IQR) 15 (8-32) 13 (8—19) - 0.357 0.384

*Values are no. (%) except as indicated. Bold indicates significance. BSI, bloodstream infection; CLABSI, central line—associated bloodstream infection;
HA BSI, healthcare-associated bloodstream infection; IQR, interquartile range; MDR, multidrug resistance; —, not calculated.

tStatistical power was calculated for parameters without statistical significance (p>0.05).

1One patient belonging to the other species group had an unusually lengthy hospitalization (578 d) because of a medical dispute and was therefore

removed from the analysis of hospitalization time.
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and ST78 (taxon 1) contained >3 strains (6 for ST171
and 3 for ST78). We performed analysis of clonal relat-
edness based on SNPs for ST78 and ST171 strains. In
the 3 ST78 strains, there were 306 to 1,052 SNPs differ-
ence, suggesting no recent shared origins (Appendix 1
Table 4). The 6 ST171 strains were all resistant to car-
bapenems and carried bla, . (n=5) or bla, . (n=1).
Among the 6 ST171 strains, 4 (all carrying bla, ) had
0-2 SNPs difference (Table 5) and were recovered from
patients in the same ward (cardiac surgery). One pa-
tient infected with strain 090011 died but the remain-
ing 3 patients recovered.

The remaining 2 ST171 strains, 045001 (carrying
bla,\,,) and 090055 (carrying bla,,.), were 81-82
SNPs different from the 4 previously mentioned
strains and were 38 SNPs different from each other.
These 2 strains were recovered from patients in 2
different wards (medical and respiratory intensive
care units). The 6 ST171 strains isolated in our study
formed a phylogenetic cluster with strain CCBH10892,
which was isolated from a rectal swab sample in Bra-
zil in 2012 (GenBank accession no. JSBO00000000),
and strain EC_849, which was isolated from a sputum
sample in South Africa in 2012 (GenBank accession
no. LRIZ00000000) (Appendix 1 Figure 2). The cluster
contained 98 to 107 SNPs difference (Table 5; Appen-
dix 1 Figure 2). Of note, both CCBH10892 and EC_849
carried bla, .. By contrast, the 6 strains were >300
SNPs different from other ST171 strains with genome
sequences deposited in GenBank (Appendix 2 Table 3).

Plasmid Analysis of ST171 Strains

The complete genome sequences of bla,, .~harbor-
ing strain 090011 and the bla, ,~harboring strain
045001 were obtained. Strain 090011 had a 4.64-Mb
circular chromosome and 2 plasmids (a 102.5-kb

plasmid containing IncFIA, IncFIB, and IncR rep-
licons and a 46.1-kb plasmid containing an IncX3
replicon) (Appendix 1 Table 5). The bla,,, . gene in
strain 090011 was carried on the 46.1-kb IncX3 plas-
mid, designated pNDM5_090011. The short reads of
the remaining 4 bla,  ~harboring strains were then
mapped against pNDM5_0900117. The 4 strains had
contigs showing 100% coverage and 100% identity
with pNDM5_090011, suggesting a common plasmid
in all 5 bla,,, .~harboring ST171 strains in our study.
Strain 045001 had a 4.70-Mb circular chromosome
and 3 plasmids (an 85.7-kb IncFII plasmid, a 78.2-kb
plasmid, and a 2.5-kb plasmid) (Appendix 1 Table 5).
The replicon type of the latter 2 plasmids could not
be determined by the current replicon-typing scheme.
The bla,, , gene in strain 045001was carried on the
85.7-kb IncFII plasmid.

Discussion

Although genome sequences deposited in GenBank
might be biased in sampling, they can provide com-
plementary information on the species distribution of
Enterobacter in cases of BSI. Examination of our set of
strains and those available in GenBank demonstrates
that a variety of Enterobacter spp. can cause BSI, but
most BSl-causing Enterobacter strains belong to ei-
ther E. xiangfangensis or, less commonly, taxon 1. E.
xiangfangensis and taxon 1 are closely related, with a
66.6% isDDH value (near the 70% cutoff to define a
species). Why the 2 species account for most Entero-
bacter BSls, however, remains unknown. Although
the colonization of the human gastrointestinal tract
by Enterobacter has not been investigated to the level
of precise species identification, E. xiangfangensis and
taxon 1 could be the most common Enterobacter spe-
cies colonizing there, which warrants further study.

Table 4. Antimicrobial resistance rates in E. xiangfangensis plus taxon 1 and other Enterobacter spp. in genomic study of Enterobacter

bloodstream infection, China*

No. (%)

E. xiangfangensis

Antimicrobial agent +taxon 1, n =29 Other species, n = 19 12 p value  Powert
Amikacin 2(6.9) 0 - 0.512 ND
Gentamicin 9(31.0) 1(5.3) 3.192 0.074 0.600
Tobramycin 13 (44.8) 1(5.3) 8.698 0.003 -
Aztreonam 14 (48.3) 2 (10.5) 7.361 0.007 0.829
Cefepime 12 (41.4) 2 (10.5) 5.289 0.021 -
Ceftriaxone 17 (58.6) 3(15.8) 8.664 0.003 -
Imipenem 8 (27.6) 2(10.5) 1.123 0.289 0.258
Piperacillin/tazobactam 12 (41.4) 2 (10.5) 5.289 0.021 -
Ciprofloxacin 11 (37.9) 0 7.326 0.007 ND
Levofloxacin 11 (37.9) 0 7.326 0.007 ND
Colistin 10 (34.5) 6 (31.6) 0.044 0.835 0.052
Tigecycline 5(17.2) 0 2.043 0.153 ND
Trimethoprim/sulfamethoxazole 12 (41.4) 0 8.392 0.004 ND

*Bold indicates significance. ND, not determined; —, not calculated.

TStatistical power was calculated for parameters without statistical significance (p>0.05) but could not be calculated for any parameters being 0.
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Table 5. Single-nucleotide polymorphisms between the 6 ST171 strains in genomic study of Enterobacter bloodstream infection,
China, and strain EC_849 from South Africa and strain CCBH10892 from Brazil*

Strain 090011 090022 090023 090059 045001 090055 EC_849 CCBH10892
090011 - 1 0 1 81 81 106 102
090022 1 - 1 2 82 82 107 103
090023 0 1 - 1 81 81 106 102
090059 1 2 1 - 82 82 107 103
045001 81 82 81 82 - 38 103 99
090055 81 82 81 82 38 - 103 99
EC_849 106 107 106 107 103 103 - 98
CCBH10892 102 103 102 103 99 99 98 -

*—, not calculated.

Alternatively, E. xiangfangensis and taxon 1 could be
more pathogenic than other Enterobacter spp., which
also requires further study.

BSIs caused by E. xiangfangensis and taxon 1 were
more likely to occur in younger patients and result in
longer overall hospital stays, although the differenc-
es in length of hospitalization between the 2 groups
were not statistically significant (p>0.05). This find-
ing might be because of the relatively small sample
size (power <0.8) (Table 3). Resistance rates to certain
antimicrobial agents, including aztreonam, cefepime,
ceftriaxone, piperacillin/tazobactam, and tobramycin
and prevalence of multidrug resistance in E. xiangfan-
gensis and taxon 1 were substantially higher than in
other Enterobacter spp. This difference suggests that
the identification of Enterobacter strains to precise spe-
cies level also has implications in options of antimi-
crobial treatment. Although BSI caused by E. xiang-
fangensis and taxon 1 was not associated with higher
death rates, 2 of the 4 patients with E. bugandensis had
poor outcomes (predicted death). E. bugandensis has
been reported to be a highly pathogenic species asso-
ciated with life-threatening BSIs and sepsis (19). The
virulence of this species warrants further study.

As previously noted, 4 bla,, ~harboring ST171
strains had 0-2 SNPs difference (Table 5) and were
taken from patients in the same ward (cardiac sur-
gery). The first patient with BSI caused by a strain
belonging to the clone (090011) had Enterobacter BSI
before being transferred to West China Hospital from
another facility. Although the particular Enferobacter
strain from the first hospital was not available for
analysis, it is very likely that 090011 was introduced
to West China Hospital by transfer of this patient.
The next 3 cases were acquired in West China Hos-
pital, highlighting both interhospital and intrahospi-
tal transmission of a common strain. BSI in 2 of the 3
cases was CLABSI. These findings suggest that the 4
strains belong to a common clone that caused a clus-
ter of BSI cases. In the hospital ward, central lines
were commonly used for drawing blood but were not
properly decontaminated after each use; in addition,
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healthcare workers were observed by anonymous
interns to have low compliance (24.8%) with hand
hygiene standards established by the World Health
Organization. There have been no further Enterobac-
ter BSIs after restricting access to central lines and
promoting hand hygiene among healthcare workers,
which resulted in the compliance rate increasing to
45.5%.

The remaining 2 ST171 strains, 045001 (harbor-
ing bla,, ) and 090055 (harboring bla,, .), belong
to 2 clones (38 SNPs between each other) which dif-
fered from the aforementioned clone by 81-82 SNPs.
The relatively low number of SNPs among the 3
ST171 clones also suggests recent divergence within
the lineage. In addition, the 6 ST171 strains in this
study were clustered together with 2 bla,  ~har-
boring strains, strain CCBH10892 isolated from Bra-
zil in 2012, and strain EC_849 from South Africa in
2012, with 98 to 107 SNPs, but had >300 SNPs with
other ST171 strains that had genome sequences de-
posited in GenBank. This finding suggests that the
6 strains identified in this study, CCBH10892, and
EC_849 represent a subclade of ST171, which carries
bla,,, has an international distribution, and might
have emerged within the past 10 years. In addition,
although 090055 and the other 4 bla,, ~harboring
strains (090011, 090022, 090023, and 090059) belonged
to 2 different clones, they had the same IncX3 plasmid
carrying bla, ., which suggests that the spread of
bla,,, s in the hospital was both clonal (vertical) and
plasmidborne (horizontal).

The association of ST171 E. xiangfangensis with
outbreaks is not rare; repeated reports from differ-
ent geographic locations have demonstrated the
same association (20-24). This association suggests
that ST171 is a lineage of Enterobacter, which might
be well adapted to causing infections in healthcare
settings. Previous reports have demonstrated that
ST171 E. xiangfangensis is a high-risk clone mediat-
ing the spread of carbapenem resistance (21,23). Its
emergence was initially documented in 2015 and 2016
by 2 studies in the United States (24,25). Subsequent
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studies have revealed the international distribution of
ST171 (21-23). Almost all carbapenem-resistant ST171
E. xiangfangensis strains have bla,,. (21), and only a
small number of strains carry bla,, instead (21,26).
In this study, we identified in-hospital transmission
of carbapenem-resistant ST171 strains, which carried
bla,, - rather than bla,,. as seen in previous studies
(21,23). The ability to acquire different carbapene-
mase genes and its adaptability to healthcare settings
might be major drivers in the emergence of ST171,
which warrants further study.

Our investigation demonstrates the value of
whole-genome sequencing for precise species identi-
fication. However, this study has several limitations.
First, because it is a single site study, the application
of our findings could be limited. However, we ana-
lyzed genomes available in GenBank to provide the
most comprehensive information possible. Second,
the relatively small sample size in this study might
not have adequate power to examine statistical sig-
nificance in BSI type and patient outcomes. However,
this study provided useful information on the clinical
importance of E. xiangfangensis and its closely related
taxon 1. Larger-scale studies are warranted.

In conclusion, most Enterobacter strains recovered
from human blood in China were not E. cloacae but
E. xiangfangensis. Most Enterobacter BSI cases in our
study were healthcare-associated and primary infec-
tions. E. xiangfangensis ST171 is a major lineage of car-
bapenem-resistant Enterobacter, has an intercontinen-
tal distribution, is usually healthcare associated, and
carries bla,  rather than bla,,,. in China. Precise spe-
cies identification of Enterobacter has clinical impor-
tance in antimicrobial therapy and infection control.

Addendum: Since submission and acceptance
of this manuscript, the taxonomy of Enterobacter has
been substantially updated. The updated Enterobacter
taxonomy is available at https://doi.org/10.1128/
mSystems.00527-20. The update of new taxa iden-
tified in this study is shown in Appendix 3 Table
(https://wwwnc.cdc.gov/EID/article/27/1/19-
0154-App3.pdf).

Acknowledgments
We are grateful for Alan McNally for his proofreading and
helpful suggestions.

The work was supported by grants from the National
Natural Science Foundation of China (project no. 81772233,
81661130159 and 81861138055), West China Hospital of
Sichuan University (1.3.5 project for disciplines of
excellence, project no. ZYYC08006) and the Newton
Advanced Fellowship, Royal Society, UK (NA150363).

168

About the Author

Dr. Wu is a scientist in the Department of Laboratory
Medicine, West China Second Hospital, Sichuan
University. Her major research interests are the
epidemiology and clonal background of carbapenemase-
producing Enterobacter spp.

References

1. Mezzatesta ML, Gona F, Stefani S. Enterobacter cloacae
complex: clinical impact and emerging antibiotic resistance.
Future Microbiol. 2012;7:887-902. https:/ /doi.org/10.2217/
fmb.12.61

2. Tindall BJ, Sutton G, Garrity GM. Enterobacter aerogenes
Hormaeche and Edwards 1960 (approved lists 1980) and
Klebsiella mobilis Bascomb et al. 1971 (approved lists 1980)
share the same nomenclatural type (ATCC 13048) on the ap-
proved lists and are homotypic synonyms, with
consequences for the name Klebsiella mobilis Bascomb
etal. 1971 (approved lists 1980). Int ] Syst Evol Microbiol.
2017;67:502-4. https:/ /doi.org/10.1099/ijsem.0.001572

3. Gavini R, Mergaert ], Beji A, Mielcarek C, Izard D,

Kersters K, et al. Transfer of Enterobacter agglomerans
(Beijerinck 1888) Ewing and Fife 1972 to Pantoea gen. nov. as
Pantoea agglomerans comb. nov. and description of Pantoea
dispersa sp. nov. Int ] Syst Evol Microbiol. 1989;39:337-45.

4. Iversen C, Mullane N, McCardell B, Tall BD, Lehner A,
Fanning S, et al. Cronobacter gen. nov., a new genus to
accommodate the biogroups of Enterobacter sakazakii, and
proposal of Cronobacter sakazakii gen. nov., comb. nov.,
Cronobacter malonaticus sp. nov., Cronobacter turicensis sp.
nov., Cronobacter muytjensii sp. nov., Cronobacter dublinensis
sp. nov., Cronobacter genomospecies 1, and of three
subspecies, Cronobacter dublinensis subsp. dublinensis
subsp. nov., Cronobacter dublinensis subsp. lausannensis
subsp. nov. and Cronobacter dublinensis subsp. lactaridi
subsp. nov. Int ] Syst Evol Microbiol. 2008;58:1442-7.
https:/ /doi.org/10.1099/ijs.0.65577-0

5. Hoffmann H, Roggenkamp A. Population genetics of the
nomenspecies Enterobacter cloacae. Appl Environ Microbiol.
2003;69:5306-18. https:/ /doi.org/10.1128/ AEM.69.9.
5306-5318.2003

6. Hoffmann H, Stindl S, Stumpf A, Mehlen A, Monget D,
Heesemann J, et al. Description of Enterobacter ludwigii sp.
nov., a novel Enterobacter species of clinical relevance. Syst
Appl Microbiol. 2005;28:206-12. https:/ /doi.org/10.1016/
j-syapm.2004.12.009

7. WuW, Feng Y, Zong Z. Enterobacter sichuanensis sp. nov.,
recovered from human urine. Int J Syst Evol Microbiol.
2018;68:3922-7. https:/ /doi.org/10.1099/ijsem.0.003089

8. Balloux F, Brenstad Brynildsrud O, van Dorp L, Shaw LP,
Chen H, Harris KA, et al. From theory to practice:
translating whole-genome sequencing (WGS) into the clinic.
Trends Microbiol. 2018;26:1035-48. https:/ /doi.org/
10.1016/j.tim.2018.08.004

9. Besser ], Carleton HA, Gerner-Smidt P, Lindsey RL, Trees E.
Next-generation sequencing technologies and their
application to the study and control of bacterial infections.
Clin Microbiol Infect. 2018;24:335-41. https:/ /doi.org/
10.1016/j.cmi.2017.10.013

10. Rossell6-Mora R, Amann R. Past and future species
definitions for Bacteria and Archaea. Syst Appl Microbiol.
2015;38:209-16. https:/ /doi.org/10.1016/j.syapm.
2015.02.001

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 27, No. 1, January 2021



11.

12.

13.

14.

15.

16.

17.

18.

19.

Clinical and Laboratory Standards Institute. Performance
standards for antimicrobial susceptibility testing; twenty-
seventh informational supplement. M100-S27. Wayne (PA):
The Institute; 2017.

Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y,

Falagas ME, Giske CG, et al. Multidrug-resistant, extensively
drug-resistant and pandrug-resistant bacteria: an
international expert proposal for interim standard definitions
for acquired resistance. Clin Microbiol Infect. 2012;18:268-81.
https:/ /doi.org/10.1111/j.1469-0691.2011.03570.x

Centers for Disease Control and Prevention. National
Healthcare Safety Network FAQs: bloodstream infection
(BSI) events. 2018 [cited 2018 Nov 1]. https:/ /www.cdc.gov/
nhsn/faqs/faq-bsi.html

Centers for Disease Control and Prevention. Identifying
healthcare-associated infections (HAI) for NHSN
surveillance. 2018 [cited 2018 Nov 1]. https:/ /www.cdc.gov/
nhsn/ pdfs/pscmanual /2psc_identifyinghais_nhsncurrent.pdf
Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: resolving
bacterial genome assemblies from short and long
sequencing reads. PLOS Comput Biol. 2017;13:€1005595.
https:/ /doi.org/10.1371/journal.pcbi. 1005595
Meier-Kolthoff JP, Auch AF, Klenk HP, Goker M. Genome
sequence-based species delimitation with confidence
intervals and improved distance functions. BMC
Bioinformatics. 2013;14:60. https:/ /doi.org/10.1186/
1471-2105-14-60

Stamatakis A. RAXML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. Bioinformat-
ics. 2014;30:1312-3. https:/ / doi.org/10.1093 / bioinformatics/
btu033

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A,
Sakthikumar S, et al. Pilon: an integrated tool for
comprehensive microbial variant detection and genome as-
sembly improvement. PLoS One. 2014;9:e112963.
https://doi.org/10.1371/journal.pone.0112963

Pati NB, Doijad SP, Schultze T, Mannala GK, Yao Y,

Jaiswal S, et al. Enterobacter bugandensis: a novel
enterobacterial species associated with severe clinical
infection. Sci Rep. 2018;8:5392. https:/ /doi.org/10.1038/
$41598-018-23069-z

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 27, No. 1, January 2021

20.

21.

22.

23.

24.

25.

26.

Enterobacter Bloodstream Infection, China

Hawken SE, Washer LL, Williams CL, Newton DW,

Snitkin ES. Genomic investigation of a putative endoscope-
associated carbapenem-resistant Enterobacter cloacae outbreak
reveals a wide diversity of circulating strains and resistance
mutations. Clin Infect Dis. 2018;66:460-3. https:/ /doi.org/
10.1093/cid/ cix934

Chavda KD, Chen L, Fouts DE, Sutton G, Brinkac L, Jenkins SG,
et al. Comprehensive genome analysis of carbapenemase-
producing Enterobacter spp.: new insights into phylogeny,
population structure, and resistance mechanisms. MBio.
2016;7:02093-16. https:/ /doi.org/10.1128 /mBio.02093-16
Harada K, Shimizu T, Mukai Y, Kuwajima K, Sato T,

Kajino A, et al. Phenotypic and molecular characterization
of antimicrobial resistance in Enterobacter spp. isolates from
companion animals in Japan. PLoS One. 2017;12:0174178.
https:/ /doi.org/10.1371/journal.pone.0174178
Gomez-Simmonds A, Annavajhala MK, Wang Z, Macesic N,
Hu Y, Giddins M]J, et al. Genomic and geographic context for
the evolution of high-risk carbapenem-resistant Enterobacter
cloacae complex clones ST171 and ST78. MBio. 2018;9:00542~
18. https:/ /doi.org/10.1128 /mBio.00542-18

Hargreaves ML, Shaw KM, Dobbins G, Snippes Vagnone PM,
Harper JE, Boxrud D, et al. Clonal dissemination of
Enterobacter cloacae harboring bla, . , in the upper midwestern
United States. Antimicrob Agents Chemother. 2015;59:7723-
34. https:/ /doi.org/10.1128/ AAC.01291-15
Gomez-Simmonds A, Hu Y, Sullivan SB, Wang Z,

Whittier S, Uhlemann AC. Evidence from a New York City
hospital of rising incidence of genetically diverse
carbapenem-resistant Enterobacter cloacae and dominance of
ST171, 2007-14. ] Antimicrob Chemother. 2016;71:2351-3.
https:/ /doi.org/10.1093/jac/ dkw132

Peirano G, Matsumura Y, Adams MD, Bradford P, Motyl M,
Chen L, et al. Genomic epidemiology of global carbapenemase-
producing Enterobacter spp., 2008-2014. Emerg Infect Dis.
2018;24:1010-9. https:/ /doi.org/10.3201/eid2406.171648

Address for correspondence: Zhiyong Zong, Center of Infectious

Diseases, West China Hospital (Huaxi), Guoxuexiang 37,

Chengdu 610041, China; email: zongzhiy@scu.edu.cn

169



Article DOI: https://doi.org/10.3201/eid2701.190154

Precise Species Identification by Whole-
Genome Sequencing of Enterobacter
Bloodstream Infection, China

Appendix 1

Appendix 1 Table 1. Classification and nomenclature of the genus Enterobacter as of December 2018*

Hoffman GenBank accession no.

Species cluster  Reference Type strain or current species name
Species name for validation (n = 14)

Enterobacter asburiae I Q) JCM 6051 CP011863

E. cancerogenus - ) ATCC 35316 ERR1854846

E. chuandaensis - 3) 0900287 QZCSs00000000

E. cloacae Xl ATCC 13047 ERR1854846

E. bugandensis IX 4) EB-247 FYBIO0000000

E. hormaechei VI (5) ATCC 49162 MKEQO00000000

E. huaxiensis - 3) 090008" QzCT00000000

E. kobei Il (6) ATCC BAA-260 CP017181

E. ludwigii \Y ) EN-119 CP017279

E. mori - (8) LMG 25706 AEXB00000000

E. soli - 9) ATCC BAA-2102 LXES00000000

E. tabaci - (10) YIM Hb-3 N/A

E. xiangfangensist VI (11) LMG 27195 CP017183

E. sichuanensis - (12) WCHECI1597 POVL00000000
Species in doubt (n = 2)

E. muellerit - (13) JM-458 FXLQO00000000

E. siamensis§ - (14) C2361 N/A
Species hame awaiting validation (n = 3)

E. timonensis - (15) mt20 FCOP00000000

E. chengduensis - (16) WCHECI-C4 MTSO00000000

E. roggenkampii \% a7) DSM16690 CP017184

Species listed in LPSN but moved out of E. (n = 20)
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Hoffman GenBank accession no.

Species cluster  Reference Type strain or current species name
E. aerogenes (18) ATCC 13048 Klebsiella aerogenes
E. agglomerans (29) ATCC 27155 Pantoea agglomerans
E. amnigenus (20) ATCC 33072 Lelliottia amnigena
E. arachidis (20) KCTC 22375 Kosakonia arachidis
E. cowanii (20) CCUG 45998 Kosakonia cowanii
E. gergoviae (20) ATCC 33028 Pluralibacter gergoviae
E. helveticus (20) JCM 16470 Cronobacter helveticus
E. intermedius (21) ATCC 33110 Kluyvera intermedia
E. massiliensis (22) JC163 Metakosakonia massiliensis
E. nimipressuralis X (20) CIP 104980 Lelliottia nimipressuralis
E. oryzae (20) LMG 24251 Kosakonia oryzae
E. oryzendophyticus (23) LMG 26432 Kosakonia oryzendophytica
E. oryziphilus (23) LMG 26429 Kosakonia oryziphila
E. pulveris (20) DSM 19144 Cronobacter pulveris
E. pyrinus (20) ATCC 49851 Pluralibacter pyrinus
E. radicincitans (20) CIP 108468 Kosakonia radicincitans
E. sacchari (11) CGMCC 1.12102 Kosakonia sacchari
E. sakazakii (24) ATCC 29544 Cronobacter sakazakii
E. taylorae (25) ATCC 35317 Enterobacter cancerogenus
E. turicensis (20) DSM 18397 Cronobacter zurichensis

*LPSN, The list of Prokaryotic Names with Standing in Nomenclature.

tThe species status of E. xiangfangensis has been doubted previously and it has been proposed as a subspecies of E. hormaechei rather than a
valid species (17,26). However, its type strain has only 94.48% ANI and 60.0% isDDH with E. hormaechei type strain ATCC 491627 (GenBank
accession no. MKEQO0000000). Therefore, E. xiangfangensis and E. hormaechei are clearly 2 different species.

FE. mueller is a later synonym of E. asburiae.

§lt has been proposed to reject E. siamensis because the 16S rRNA sequence of its type strain available in collections does not match its record in

GenBank (27).
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Appendix 1 Table 2.

The 6 unnamed Enterobacter spp. identified in genomic study of Enterobacter bloodstream infection, China*

Species

assignation Representative strain Genome accession no. Closest species isDDH (%)t
Taxon 1 DSM 14563% CP017186 E. xiangfangensis 66.6
Taxon 2 e362 FKDT00000000 E. roggenkampii 65.4
Taxon 3 e773 FKGE00000000 E. asburiae 65.3
Taxon 4 2032 FKBK00000000 E. asburiae 52.0
Taxon 5 e483 FKEG01000000 E. asburiae 49.6
Taxon 6 153C2 QMCQ01000000 E. xiangfangensis 52.8

*isDDH, in silico DNA-DNA hybridization.

TisDDH values between the representative strain and the type strain of closest species.

FStrain DSM 14563 has been proposed as the type strain of E. hormaechei subspecies Hoffmannii. However, the strain has only 94.13% ANI and

58.0% isDDH with E. hormaechei type strain ATCC 49162T (GenBank accession no. MKEQO0000000). It is clear that the E. hormaechei subspecies

hoffmannii is actually not a subspecies of E. hormaechei but rather represents a new, unnamed Enterobacter species. In this study, we temporarily

designated the species taxon 1 for simplicity.

Appendix 1 Table 3. Profiles of sequence types in genomic study of Enterobacter bloodstream infection, China*

Closest STt

ST Species dnaA fusA gyrB leuS pyrG rplB rpoB (no. of allele difference)
1 E. cloacae 1 1 1 1 1 1 1
12 E. ludwigii 13 2 45 24 52 2 14
50 E. xiangfangensis 4 4 4 6 37 4 25
78 Taxon 1 8 9 6 9 9 6 8
97 Taxon 1 59 9 62 9 62 25 6
104 Taxon 1 59 40 76 9 70 6 6
127 E. xiangfangensis 46 20 74 44 45 24 6
171 E. xiangfangensis 49 21 19 44 45 12 32
316 Taxon 1 59 88 82 9 67 6 6
337 E. xiangfangensis 67 21 9 129 45 12 32
418 E. xiangfangensis 53 35 154 44 45 4 6
499 E. bugandensis 164 18 183 200 120 8 29
519 E. cloacae 1 107 158 1 168 36 1
528 E. hormaechei 95 56 112 116 104 4 63
550 E. xiangfangensis 179 4 4 6 112 4 6
568 Taxon 1 189 9 12 9 67 6 6
696 E. hormaechei 225 140 93 268 224 109 141
718 E. bugandensis 140 18 248 31 230 8 29
828 E. xiangfangensis 9 4 14 61 257 4 9
879 E. asburiae 152 15 102 15 101 11 133
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Closest STt

ST Species dnaA fusA gyrB leuS pyrG rplB rpoB (no. of allele difference)
922 E. cloacae 169 107 61 168 36 77 1

984 E. roggenkampii 65 57 49 94 49 12 47

N1 E. huaxiensis nl nl nl nl nl nl nl None

N2 E. roggenkampii 191 n2 254 193 49 12 26 613 (3)

N3 E. xiangfangensis n2 20 148 44 45 4 6 886/916/986 (1)
N4 E. xiangfangensis 4 4 15 4 11 30 6 111/981 (2)

N5 E. xiangfangensis 58 22 14 6 39 4 9 79 (1)

N6 E. xiangfangensis 58 41 14 6 69 4 n2 106 (1)

N7 E. xiangfangensis 178 4 4 6 92 4 6 542 (1)

N8 E. xiangfangensis 4 37 4 6 42 4 6 329 (1)

N9 E. chuandaensis n3 n3 n2 n2 n2 n2 120 573/944 (6)
N10 E. bugandensis 309 18 n3 n3 34 8 n3 1084 (3)

N11 E. sichuanensis n4 98 170 n4 n3 68 n4 472/607/738/847 (4)
N12 E. asburiae n5 15 n4 124 n4 11 68 319 (3)

N13 Taxon 1 59 9 n5 n5 79 37 n5 157/419/792 (4)
N14 Taxon 2 151 108 n6 n6 n5 14 93 474 (3)

N15 E. xiangfangensis n6 69 19 44 64 4 32 270 (2)

N16 E. bugandensis 140 18 n7 31 230 8 29 718 (1)

*N1 to N16 are new sequence types. New alleles are temporarily assigned nl to n6. ST, sequence type.

tFor new sequence types only.

Appendix 1 Table 4. Single nucleotide polymorphisms between the 3 ST78 strains in genomic study of Enterobacter bloodstream

infection, China*

Strain 090039 090030 090019
090039 - 1,052 814
090030 1,052 - 306
090019 814 306 -

*The 3 genomes were mapped against the complete chromosome

sequence of ST78 strain AR_0050 (GenBank accession no. CP021896)
by using Parsnp version 1.2 and alignment was obtained by using Harvest

(28).
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Appendix 1 Table 5. Complete genome and antimicrobial resistance genes of strain 090011 and strain 045001 in genomic study of Enterobacter bloodstream infection, China*

Genes mediating resistance to

Replicon type, Sulfonamid
Strain Size, bp Inc B-lactam Aminoglycoside Fluoroquinolone  Fosfomycin  Rifampin e Tetracycline  Trimethoprim
090011
Chromosome 4,639,926 - blaacrz fosA
pNDM5_090011 46,161 X3 blanom-s
pCTXM65_090011 102,543 FIA, FIB, R blactx-m-es, blarem-1s aadA16, aac(6")-1b-cr arr-3 sull tet(A) dfrA27
aac(6")-1b-cr
045001
Chromosome 4,698,270 - blactx-m-15, blaoxa-1, aac(3)-lla, aac(6'")-Ib-cr, fosA
blaacrt.z aac(6")-1b-cr qgnrB1
pNDMZ1_045001 85,718 Fl blanpy-1, blarems rmtB tet(A) dfrAl4
pl_045001 78,247 ND
p2_045001 2,496 ND

*ND, undetermined.
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Appendix 1 Figure 1. Phylogenomic tree of Enterobacter species. Phylogenomic tree based on the
concatenated nucleotide sequence of the core-genes of type strains of species belonging to the genus
Enterobacter (Appendix 1 Table 1) and representative strains of the 6 new species (Appendix 1 Table 2)
as described previously (12). The species and strain name are shown and accession humbers are
indicated in parentheses. The tree was inferred by using the maximume-likelihood algorithm. Bootstrap
values >50% (based on 1,000 resamplings) are indicated by the dotted lines. Scale bar indicates 0.4 nt

substitution per site.
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f 28131 LABCOODO000D HA 2008 USA a
LAAZOO000000  NA 009 USA -3
LAAVDO000000 HA 2001 usA a
MGHT KITET0 wonnd 008 USA -3
JZVEDOOOOO00 HA 2013 usA 2
4213 ATVFOR000000  NA M3 USA E
1775 FRASO0000000 biood 2008 UK
GROSTIA LRCKOOOM000 NA. W0 USA
EC_B43 LRIZDOO0O000  sputem 2012 Seuth Aica 1
CCBHIONZ  JSBO00000000 rectal swaby T Benzd 1
090055 RXRYD0000000 biood 018 Crina 5
045001 RAPOOO0000 biood 2018 China 1
090059 tiood 018 Crina 5
00022 RXRFO0000000 biood M8 Chna 4
090023 GO0IC00D bicod 018 Crina r
0R0011 CUO000000 blood 27T China el
SMART_1057 LPONDOOODOOO NA 013 Guatemals 1
2 2
_i_- LPOTOOMN000 HA 210 Colombia 2
171 NRIAZ 1 PRXROO0O0000 203 usA -
KOORGETE  NA 014 USA +
MGHIY NGRKO0000000 HA s usA "
KO0B0T HA 2014 USA +
BOMCES  KKTI6214 tssue 2013 usA - 3
BWH 37 KIOTI0T il gwab Wz uUsA -
o125 FAWZ00000000 biood 2008 UK -
8T FRHHD0O00000 tiood 2004 UK “+
wean FRFLODDO0000  biood 2003 UK -
o139 FroO00000000 tiood 006 UK -
wigar FIZWO0000000 biood 2007 UK -
o7 FRAIO0000000  tiood 004 UK -
w1823 FIZVOI000000  biood 2007 UK “

Appendix 1 Figure 2. Phylogenomic tree of ST171 Enterobacter strains. Strains in this study are
highlighted in red. The strain name, accession no., sample type, year and country of recovery, and
carbapenemase genes are shown. Among 108 ST171 strains (102 from GenBank and 6 in this study), 2
strains, 1481 and 1486, had >20,000 single nucleotide polymorphisms compared with other strains
(Appendix 2 Table 3), suggesting different origins. These 2 strains were therefore removed from the

phylogenomic tree. NA, not available.

Page 12 of 13



Page 13 of 13



Article DOI: https://doi.org/10.3201/eid2701.190154

Precise Species Identification by Whole-
Genome Sequencing of Enterobacter
Bloodstream Infection, China

Appendix 3

The Update of Taxonomic Assignments of New Taxa Identified in this Study

Since the submission and acceptance of this manuscript, the taxonomy of Enterobacter

has been substantially updated. The updated Enterobacter taxonomy is available at doi:

10.1128/mSystems.00527-20. The update of new taxa identified in this study is shown in the

table below.

Appendix 3 Table. The update of taxonomic assignments of new taxons identified in genomic study of Enterobacter bloodstream

infection

Taxonomic assignment in this study

Assignment in the updated taxonomy at

doi: 10.1128/mSystems.00527-20

Taxon 1
Taxon 2
Taxon 3
Taxon 4
Taxon 5

Taxon 6

Enterobacter hoffmannii
Enterobacter quasiroggenkampii
Taxonl4
Taxon 4
Taxon 5

Enterobacter quasihormaechei
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