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Abstract

Background: Carbapenem-resistant hypervirulent Klebsiella pneumoniae strains have recently come into existence
worldwide; however, researchers in northeast China are not aware of their clinical features and molecular
characteristics.

Methods: Here, the molecular and virulent characteristics of 44 carbapenem-resistant K. pneumoniae (CRKP) isolates
collected from January 2015 to December 2017 were studied. Multilocus sequence typing (MLST) and pulsed-field
gel electrophoresis (PFGE) were carried out to define the clonal relatedness among the isolates. PCR and capsular
serotyping of the virulence-associated genes, as well as biofilm formation and serum complement-mediated killing
assays, were employed to determine the virulent potential. The genomic features and associated mobile genetic
elements of JmsCRE57 were detected by whole genome sequencing.

Results: The only positive isolate was JmsCRE57, which belonged to the ST375 serotype K2 that expressed uge,
mrkD, fimH, kpn, aerobactin and rmpA virulence-associated genes and showed strong biofilm formation and serum
sensitivity. Sequencing results showed that the JmsCRE57 genome mainly consisted of a circular chromosome,
three antimicrobial resistant plasmids and a virulent plasmid. The antimicrobial resistant plasmid expressing bldxpc.,
blacrx-is, aph(3")-1b, aph(6)-Id, gnrB1, aac(3)-lla, aac(6')-1b-cr, blaoxa.;, blare- s, catB4, sul2, dfrA14 and blasy,.oe. The
virulent plasmid belonged to the IncHI1B group, which is mainly composed of mucoid phenotype genes and
siderophore-associated genes. The remaining CRKP strains that expressed uge, fimH, mrkD and kpn virulence-
associated genes were not successfully typed.
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Conclusion: Our results provide new insights on the epidemiology of carbapenem-resistant K2 hypervirulent K.
pneumoniae ST375 and CRKP ST76 strains in northeast China, which may help control their future outbreaks.
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Background

Klebsiella pneumoniae has become a common pathogen
that is often treated in clinical practices. It normally
causes pneumonia, bacteremia, urinary tract infections,
and surgical-site infections in hospitalized patients [1].
With the increasing overuse of common antibiotics,
carbapenem-resistant Klebsiella pneumoniae (CRKP)
strains have spread worldwide in the past two decades.
CRKP infections increase the length of hospitalization,
and their treatment results in higher overall costs. Its
mortality rate is as high as 40-50%, which has attracted
significant public attention [2].

The hypervirulent K. pneumoniae (hvKP) strain was
first discovered in Taiwan in 1982 [3], and its presence
was later reported by the United States, Australia,
Mexico, and South Korea [4, 5]. The hvKP strain gets its
name from its ability to cause community-acquired liver
abscesses in young, healthy individuals. In addition, it
may cause extrahepatic complications, including necro-
tizing fasciitis, endophthalmitis and meningitis [6]. Pres-
ently, there are at least 78 serotypes of K. pneumoniae
worldwide, and serotypes K1 and K2 can cause liver ab-
scesses [7]. These serotypes are largely characterized by
their ability to produce capsular polysaccharides, which
is typified by a super-viscous phenotype that enables
them to avoid phagocytosis by neutrophils [8]. Several
virulence factors, including the genes that regulate the
mucoid phenotype A (rmpA) and siderophore produc-
tion (aerobactin), have been shown to be major virulence
genes of hvKP.

Unlike the multi-drug resistant form of K pneumo-
niae, the hvKP strain is mostly sensitive to antimicro-
bials other than ampicillin. With the horizontal
transmission of K. pneumoniae carbapenemases (KPC),
however, New Delhi metallo-beta-lactamase (NDM) and
other carbapenemases appeared as carbapenem-resistant
hypervirulent K. pneumoniae that are highly aggressive
and capable of escape from the host’s immunological re-
sponse [9]. This strain has already caused public panic
due to its incurability, and its presence has been re-
ported by major cities such as Taiwan, Beijing, Nan-
chang and Zhejiang [3, 4, 7, 10]. In addition, its high
mortality and prevalence rates call for further studies.
We previously reported the mechanism responsible for
the resistance of CRKP to antimicrobials [11]. In this
study, we address the virulence of CRKP isolates, which
will enable us to compare the molecular characteristics

and the virulence of the ST76 CRKP strain with the
KPC-2 resistance gene in this region and to provide epi-
demiological data for patients infected with CRKP. To
the best of our knowledge, this is the first report to de-
scribe the genomic background and the virulence of the
carbapenem-resistant K2 hypervirulent K. pneumoniae
ST375 strain in Heilongjiang Province, Northeast China.

Methods

Collection and identification of K. pneumoniae isolates
Forty-four CRKP isolates were collected from patients at
the 1980-bed First Affiliated Hospital of Jiamusi Univer-
sity in Heilongjiang Province, northeast China, from
January 2015 to December 2017. The isolates were iden-
tified as CRKP strains by the VITEK-2 System (bioMe’r-
ieux). The minimal inhibitory concentrations (MICs) of
imipenem and meropenem were verified by the E-test,
and the results were interpreted according to the 2016
Clinical and Laboratory Standard Institute Guidelines.
Hypermucoviscosity was determined using the string
test. Quality control strains (Escherichia coli ATCC
25922, Salmonella H9812 and K. pneumoniae ATCC
700603) were used for pulsed-field gel electrophoresis,
as well as antimicrobial susceptibility and serum
complement-mediated killing assays. Nine out of forty-
four CRKP strains died after completing the molecular
biology experiments due to improper preservation.

Multilocus sequence typing (MLST) and pulsed-field gel
electrophoresis (PFGE)

MLST was used to screen the 44 CRKP strains by ampli-
fying seven housekeeping genes (gapA, infB, mdh, pgi,
PhoE, rpoB and tonB) expressed by K. pneumoniae ac-
cording to the protocol at (http://bigsdb.pasteur.fr/kleb-
siella/primers_used.html). eBURST Software (ver 3) was
used to analyze the sequence types (STs). Clonal com-
plexes (CCs) were defined as those originating from the
same genotype; they shared alleles with another member
of the group at six out of seven loci and predicted the
ST with the largest number of a single locus variant
(SLV). PFGE was performed on 35 CRKP strains that
were digested with Xbal for 3h at 37°C. The digested
fragments were separated on a 1% Seakem Gold agarose
gel for 18 h at 14 °C using the Bio-Rad CHEF MAPPER
System. The band patterns were analyzed using BioNu-
merics 7.0 Software. Clusters were defined as DNA
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patterns sharing 285% similarity. PFGE patterns were
identified as previously described [12].

String test

CRKP strains were incubated overnight on blood agar. A
single colony was touched with a loop and stretched
outward. The length of the viscous string was pulled up-
ward and measured. A positive string test result was de-
fined as a string longer than 5mm. The string test was
repeated three times for each strain, and determined the
final result.

Detection of capsular serotyping and virulence-associated
genes

Forty-four CRKP strains belonging to K1, K2, K5, K20,
K54 and K57 serotypes were identified by PCR [13].
Virulence-associated genes (rmpA, uge, magA, kfu,
mrkD, fimH, kpn, iroNB, alls, wecaG and aerobactin)
were amplified by PCR as previously described [14-16].
The amplified transcripts were sequenced, and BLAST
was used to determine their identities.

Biofilm formation assay

In brief, 10 ul of the 0.5 McFarland bacterial standard
and 200 pl of Luria-Bertani (LB) broth were inoculated
into the wells of a 96-well microplate, with four wells
per strain, and the microplate was incubated at 37 °C for
24 h. Thereafter, the LB broth was removed, and the
bacterial cells were stained with 200 pl of 0.1% crystal
violet at room temperature for 15 min, then removed
the due. The wells were washed free of dye with PBS
and then dried. The absorbance was measured with a
microplate reader set at 570 nm after adding 200 pl of
ethanol for 10 min into the wells. The yield of biofilm
formation of the strains was interpreted as follows: OD
>0.6 as strong-producing, 0.4 <OD <0.6 as moderate-
producing and OD < 0.4 as weak-producing.

Serum complement-mediated killing assay

Venous blood was collected from 10 healthy volunteers,
who had provided written informed consent before par-
ticipation in the studies. Sera were obtained and stored
at —80°C until use. A bacterial stock at mid-log-phase
was diluted to 1 x 10° colony-forming units (CFUs)/ml
in 0.9% saline, combined with serum at a 1:3 volume ra-
tio, and then incubated at 37 °C. Serial dilutions were
plated on MHA and incubated for 0, 1, 2, and 3 h to de-
termine the number of colonies. Each sample was tested
three times. The results were presented as means, and
the final results were expressed as previously described
[17]. K. pneumoniae ATCC 700603 and K. pneumoniae
Jms100, which exhibits a hypermucoviscous phenotype
and is sensitive to all antimicrobials except ampicillin,
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was isolated from a liver abscess from a patient in our
hospital and used for comparison.

Whole genome sequencing

JmsCRE57 genomic DNA was extracted from overnight
cultures using the QIAamp DNA Mini Kit (Qiagen, Hil-
den, Germany). The Illumina HiSeq 2000 System (Illu-
mina Inc., San Diego, CA, USA), which generates 300—
500 bp paired-end sequences, and the PacBio System
(Pacific Biosciences, Menlo Park, CA, USA), which as-
sembles a 10-kb fragment library, were used via SOAP-
denovo (ver 2.04). The genomic sequences were
annotated using the Prokka 1.12 Program. The expres-
sion of rRNAs and tRNAs was predicted using Barrnap
0.4.2 Software and tRNAscan-SE Software (ver 1.3.1), re-
spectively, whereas bacterial gene expression was pre-
dicted using Glimmer 3.02 Software. The annotated
information for the predicted genes was obtained using
BLAST aligned with NRGene, EggNOG and GO Data-
bases. The PlasmidFinder Database and BLASTn were
used to identify the incompatibility groups. The anti-
microbial resistance genes and virulence genes were
identified after uploading the assembled genome at
ResFinder (https://bitbucket.org/genomicepidemiology/
resfinder) and the Virulence Factor Database (VFDB)
(http://www.mgc.ac.cn/VFs/). The JmsCRE57 genomic
sequence was deposited into GenBank under accession
number SAMN10995714.

Statistical analysis

Statistical analysis was performed using IBM SPSS Sta-
tistics Software (ver 20.0) and Graphpad Prism Software
(ver 7). Data were presented as medians or means *
standard deviation.

Results

Clinical characteristics of CRKP isolates

The clinical characteristics and antimicrobial susceptibil-
ity of 44 CRKP isolates obtained from different clinical
specimens, including 38 respiratory secretions (86.3%),
five blood specimens (13.6%) and one wound (2.3%),
were investigated. The mean + standard deviation age of
the patients was 60.3 + 15.2 (range, 16—86) years. Most
CRKP isolates were obtained from patients at the neur-
ology unit and ICU, with a separation rate of 40.9 and
38.6%, respectively, followed by 9.1, 6.8, 2.35 and 2.35%
at the units of emergency, hematology, orthopedics
and cardiac surgery, respectively. The mortality rate
was 27.3%. Most patients presented with severe
underlying diseases and received several antimicrobials
during hospitalization. The clinical characteristics are
listed in Table 1.


https://bitbucket.org/genomicepidemiology/resfinder
https://bitbucket.org/genomicepidemiology/resfinder
http://www.mgc.ac.cn/VFs/

Page 4 of 14

(2020) 20:472

Su et al. BMC Infectious Diseases

9L udy 'HWwy ‘G ‘9bn  GL-W-X1D AHS ‘T-Dd) p=1a 9|0zaya) ‘dZ1L  9beyuoway [eigaled ‘wshinauy AisbinsoinaN  wninds 01/G/910C 09-SS 073YDSWr

9L udy Huwy ‘@ 'abn - §1-N-XID AHS ‘T-Dd) paig XAT'dZL Ainfur uteiq “Asjed uteig NDI - wninds LL/F/910C Sb-0F 8l3ydswr
ejuownaud

9/ udy 'Hw ‘G '9bn  §L-W-X1D AHS ‘T-Dd) p=1a IXN dWI 'dZL P0ys snondsyu| nDI - wninds 8/6/910C S8-08 /L13YDSwr
ejuownaud
SIWXID ‘uolsnya [ena|d

9/ udy ‘Huwy 'Guw ‘bn WAL AHS 'T-Dd)  Pai9A0day XA1 11D ‘abeyliowsy [e1gaIa) NDI - wninds 8/9/910C 09-55 9Ll3yDswr
SL-W-X1D XA1'4DS eluownaud

9/ uay 'Huwy ‘Quw ‘abn WAL 'AHS '¢-DdY  P31an0d3y "dNI'dZL D ‘aindely [eIA1) soipadoyuQ - wnnds 6/L1/910C GE-0€ SLIgDswr

GL-W-X1D

9/ udy Huiy ‘gyw 'abn WAL AHS ‘T-Dd)  pa19n039y XA1'ZL sbejuowsy [eiqa1a) Aiabinsoinan - wninds yL/LL/9L0T §9-09 #13uDsur
XAT 'NVA eluownaud
SI-W-X1D ‘uIr1RgOZR) ‘uoisnya [ejpledpiad

9/ udy ‘Huwy 'Guw ‘abn ‘WAL ‘AHS 'T-DdM pa1a /auozesadojed ‘uoIDIRJUI [eIgSIeD) NDI - wninds 6¢/8/910C 08-S/ CLIYDswr
SI-W-X1D uolsuauadAy ‘ejuownaud

9/ uay 'Huwy ‘Quw ‘abn WAL 'AHS '2-Ddy  P31an0d3y 405 'dZ1L ‘abeyuoway [eigase) AizabinsoinaN - wninds T/LL/9L0T §9-09  LLFYDswr
SL-W-X1D ejuownaud

9/ udy ‘Huwy 'quw ‘abn ‘WAL ‘AHS 'T-Dd)  Po19n0dsy - ‘abeyLowsay |eigaI1) nDI - wninds ¢/LL/910C 08-S 0LFdDswr
ejuouwlnaud ‘aoeds
SI-W-X1D dW| ‘weieqozel Bun| ‘'ssadsqe JaA|

9/ udy ‘Huwy 'Guw ‘abn ‘WAL ‘AHS 'T-DdM pa1a /auozesadojed ‘UonONAISqO [eUNSSIU| NDI - wninds C¢/8/910¢ 06598 603dDswr
uoisnye |einad
SI-W-X1D ‘eluowinaud ‘uoisusauadAy

9/ udy ‘Huwy 'gyw ‘bn WAL 'AHS 'T-Dd)  Pa19A0d9Y 4XW LD 'dZL ‘sbeyliowsy [IgaIad AigbinsonaN  winindg 6/L1/910C S/=0/ 803YDSWI
ejuownaud
SI-W-X1D dW| ‘weideqozey ‘uoisnya [einajd ooys

9/ udy 'Hwiy ‘Quw ‘9bn ‘WIL AHS '7-Dd)  Po19A0D3Y /auozeladoyed) oibeyoway ‘Anfur utesg  uswnedsp Aousbiswy  wnnds 22/8/910C 07-Sl /034Dswr
uolsuauadAy ‘eluownaud

€ce  udy Hwy ‘Qpuw ‘abn AHS ‘T-Dd) palg dz1L ‘sbeyLowsay [eiga1) ABojorewsH  wninds €L/L//10T 0/-59 90FYDswr
SL-W-X1D ejuownaud ‘abeyrioway

9/ udy ‘Huwy 'gyw ‘bn ‘WAL 'AHS 'T-Dd)  P319A033Y 11950490 XA 'dZL [e1ga1d Ainfur ureig AigbinsoinaN  winindg 7/8/910¢ 0/=59 S0FYDsuwr
SI-W-X1D ejuownaud

9/ udy Huiy ‘guw '9bn WAL 'AHS '2-Dd¥  Pa1an0d3y XA1'dZL ‘abeyLioway [eigai) AisbinsoinaN - winnds 81/9/910C 09-SS ¥0FgDswr
SI-W-X1D ejuownaud ‘sbeyliowsy

9/ udy ‘Hwy 'Guw ‘bn ‘WAL AHS 'T-DdM pa1a XAT'4DS ‘dNI 'dZL [e1ga4a2 49dued HunT nDI - wninds L¢/LL/910C 08-SZ €03YDSwr
GL-W-X1D eluownaud

9/ udy ‘Huiy ‘g '9bn "W3L AHS ‘T-Dd)  Pa1sn0ddy AT 'AZ1 04D 'dZL ‘elwaia10eq Ainfur ureig AiabinsoinaN - wninds 6¢/T1/910C 09-GS Z03ydswr
SLW-XID XAT'4DS ‘dIAl eluownaud ‘Ainful

9/ udy ‘Huy ‘@uw ‘9bn WAL 'AHS 'T-Dd)  PaI9A0DY  'd13 'SUdIXOUSWYSD [eulwopge pue ulelg nDI - wninds LL/€/SL0C 05=S¥  L0IYDSWr

(S)2us  (Kep/owi/IA) UoiD3||0d (1K) ‘ou

1SN S9Uab IDUBNIIA S9USb SDURISISAY  SWODINO usuiieal| 9seasip bulApspun piepy  uone|os| uswipads Jo a1eg  =by 91€|0s|

S1R10SI gD #i JO SPUSH PR1RIDOSSL-2DUR|NIIA PUB S3USb oUelsISas Bnup ‘sonsu1dRIRYD [eDIUlD) | 3geL



Page 5 of 14

(2020) 20:472

Su et al. BMC Infectious Diseases

9/ udy ‘Huwy 'guw ‘abn WAL 'AHS '2-Dd) pald  4XIN 'dZL '9|0zayaD [exga1a)) ‘Asjed ureg AigbinsoinaN  wninds 8C/v/L10T 08-S/ 8yIYDSWS
WAW

JXIN ‘weideqozey e|ula1a10eq

Ll udy 'Hwy ‘@uw 'abn AHS 'T-DdY  pa1anoday  /auozeladofa) XOd ‘elwiaue dnse|dy ABojorewsH  poojg 0£/6/9107 09-SS  /bI3gDsSwr
SI-W-X1D ejuownaud ‘suoisa)

9/ udy ‘Hwy 'qyw abn WAL 'AHS 'Z-Dd) paid dz1 749 Buidnao0o [ejueideinyl AgbinsoinaN  wninds 6C/v/910C 0/-59 #bIgDswr
uond3ul
|elueldenu| ‘eluownaud
SI-W-X1D '95e35|p Leay Aleuoiod

9/ udy ‘Huwy 'Guw ‘abn WAL 'AHS 'Z-Dd)  pa19A0deY XO4 'dZL ‘uodIRjUl [RIGRID) AigbinsonaN  wninds 0€/L1/910Z S/-0/ 6£34DSW(
SL-W-X1D e|WaJ210e] ‘DWOIPUAS

y96¢  udy 'Hwy ‘@uw '9bn WAL AHS B-dWi paid YAREN onse|dsApojeAiy ABojorewsH  wninds €7/T1/S10C 09-SS  ££34Dswr
2Jnioel}
SL-W-X1D 1eyS |rIOW) ‘9A3|S

9/ udy ‘Huwy 'quw ‘bn WAL 'AHS 'z-Dd)  pa19A0daYy XA1'4DS 'dZL Usnid ANWS1IXe 19MOT] DI PUNom 87/8/910C G/-0/ 9£3gDSWf
ejuownaud
SL-W-X1D ‘UoNDIRJUI [RIgRIDD

9/ udy ‘Huy ‘@uw ‘abn WAL 'AHS '2-Dd)  pa19A0d3Y AXIN dZL ‘sbeyuioway eigais) AisbinsoinaN  wninds TT/L/9107 S0 SETDswr
Co_mjtw
|eina|d ‘eluowinaud
SI-W-X1D ‘UoIDJRJUI |RIgRID

9/ udy ‘Hwy 'gyw ‘bn WAL 'AHS ‘T-Dd)  Pa197033Yy dz1L ‘elWaIN ‘ain|le) [eudy nDI - wninds ¥1/£/910T S$9-09 HEIYDSWr

SI-W-XLD
9/ udy ‘Hwy 'gyw ‘abn ‘WAL 'AHS '2-Dd)  Pa1oA0dsYy XA1'dZL Anfur ujeig AgbinsoinaN  wnindg 0€/01/S10C Ov—GE z€uDdswr
SI-WXID

9/ abn 'WIL 'AHS ‘'Z-Dd)  pa4sA0daYy XA Sl|9s0jeD) eluownaud ‘ssadsge uleig AisbinsoinaN  wnindg /7/S5/910C 09-GS L€3yDswr
SI-W-XLD NS “4DS eluownaud ‘ejwala1oeq

9/ udy ‘Huwy 'Guw ‘abn WAL 'AHS 'Z-Dd)  pa19A0dRY "dAI XN XA ‘s1s01ydauoIpAH nDI - wninds 87/£/910C 0/-59 0£3gDswr
SI-W-X1D ejuownaud

9/ udy ‘Huwy 'quw ‘abn WAL 'AHS '2-Dd)  pa19A0dRY dZL'ZWD ‘abeyLowsay |eigaI1) AisbinsonaN - wninds CL/8/9107 Sv—0F 6c3dDswr
uolsnjje
SI-W-X1D |eauoiad ‘ainydni uag|ds

9/ udy ‘Huwy 'Guw ‘2bn ‘WAL 'AHS 'Z-Dd pald dNI 'dZL ‘AInful 21nso[> [euIWopqy ndl poojg SZ/0L/910C 0€-SZ 87IYDSWr
sa19qeIp
SL-W-X1D ‘eluowinaud ‘elwaia10eq

9/ udy ‘Huwy ‘@uw ‘9bn WAL 'AHS 'Z-Dd)  PRI9A0DY DS NN ‘dZL ZIND ‘abeylioway |eigaied AigbinsoineN  poojg £T/1/910T 0/-59 H73gDswr
‘uoisnyje
SI-W-X1D |eauoyiad ‘abeylioway

9/ udy ‘Huwy 'quw ‘abn WAL 'AHS '2-Dd) uN dWI 43S 'dZL [e1ga192 ‘Aunfur ureig Dl poojg 2T/8/910C 09-5S  €cIYDswr
ejuownaud

968 udy ‘Hwy ‘gyw ‘abn WAL ‘AHS ‘t-dWi pald  4XW '4DS 'dZL ‘ZWD 19Ued DlIsen  Juswiedop Adusbiowy  wninds S/¢/L10C 09-GS  czayDswr

(S)aus  (Kep/owi/IA) UoiD3||0d (1K) ‘ou

1SN S9USb SDUBNIIA S9USb SDURISISAY  SWODINO usaueal | 9seasip bulApspun plepn  uone|os| uswipads Jo a1eq  =by 91€|0S|

(PaNUIUOD) S31R|0SI dMYD 7 JO S2USD PIRDOSSL-3oUINIIA PUR SUSB ddURISISaS BNIp ‘sDasHaIdRIRYD [BdIUlD L djqeL



Page 6 of 14

(2020) 20:472

Su et al. BMC Infectious Diseases

"4Dd Aq payiidwe a19m sauab a5us|NIIA pue aduelsisay ‘buidAl aduanbas sndojNW ST ‘PI0I31 OU YN ‘PIledIpawUN'—

!3]0ZRUODLIOA DY/ ‘Weuoaze |y ‘Quidayad ¢34 ‘UPAWO)S0) 404 ‘Wauadosaw WIIN ‘UIX0Rd XOF ‘UI[0ZeJad 74D ‘WeIded|Ns/ull[ID0|ZaW S ‘UIDRM)IWE YA ‘S]0ZeIaWdd ZD ‘UdAwepuld (7D ‘UdAwoduea
NVA ‘UDEXOIXOW X/ ‘UBISI0JDD [ (D ‘PI0ZaUI| GZT ‘SUOXEeLSD Oy ‘Weideqozel/

pesadid gz] ‘UDBXOIOAS| XAT ‘Weldeq|ns/auozeladosd 45 ‘wauadiwl Jpyf ‘Wausdeus 43 ‘Hupn 248D SAISUSIU| D] DION

elwauUe ‘ejwiaulaioidodAy
‘eluownaud ‘uodaul

s/ ‘udy SI-W-X1D ‘WIL upIWng ‘Weieqozel 1081 Aleunn “Japiosip

seee ‘Hwy ‘gyiu ‘abn YHA 'AHS ‘7-Dd)  Pa19A0d3Y /auozeladojed) Uol ‘SISOpIorO1Y $a19qel]  Juswuedap Ausbiowg  wnindg €1/71//10C OvP—SE  7934Dswr
SI-W-X1D uolsuauadAy ‘eluownaud

0€S  udy ‘Huwy '@pw ‘abn WAL 'WAN  P249A039Y unIwng ‘zZWD ‘uonoieyul [elgRuR)  Juswnedap Aousbiew3  wninds 91/1/810C 09-55 653FdDSWr
2Inyoely
qu ‘AInful a1nsop 1sayd
JYA ‘Upiwng ‘ain1oely nNys ‘abeyiouway

9/ udy Huiy ‘guw '9bn WAL ‘AHS ‘7-dWl - Pa19A0d9Y 'XA1'dZL plouypelegns ‘Ainfur urelg NDI - wninds 71/01/£10C Sy—0F 8S3yDsur
elwylAyLe
‘uoisuanadAy ‘euownaud
o1eIsodAy ‘wisAinaue
yduwi ‘ojop SI-W-X1D ‘WL upIung ‘404 |BIgR.3d ‘2beyIOWBY

S/E udy ‘Huwy 'guw ‘abn 'VHA 'AHS 'T-Dd)  Paisn0dsy ‘04D 'sl[95042D prouyseregns nDI - wninds 8/L1/L10C S/~0L /SIYDSWr
SISeIDaIYDU0IG ‘eluownaud

9/ udy ‘Huwy '@uw '9bn  §I-N-X1D ‘WAL AHS  Pa1an0day dz1 ‘abeyLowsay |eiga1) AisbinsoinaN  wninds €/6/L10C S9-09 9SFdDswr
SI-W-X1D ejuownaud

9/ udy ‘Hwy 'gyw ‘bn WAL AHS 'T-Dd) dN WIW ‘dZL ‘sbeyliowsy [eIgaIa) nDI wninds L//£10C 09-G5  SSIYDOSWr
SL-W-XLD eluownaud ‘uondaul 1081

9/ uay 'Huwy ‘Quw ‘abn WAL 'AHS 'C-Dd)  Pa19A033Y IXW 'dZL Areuun ‘uondiejul [eIgaID AizbinsoinaN  wninds 9/%7/910C 0/-59 ¥SFDswr
SLW-XI1D Az 'sl|9s04eD uonssyul

9/ uay 'Huwy ‘Qpuw ‘abn WAL 'T-Dd)  Pa13n0I3Y ‘09D WLV [erueenul ‘Anfur ureig Nl wmndg 9/0L/910C 0S-S¥ TSIIDswr
SL-W-X1D RS uolsuauadAy ‘ejuownaud

9/ uay 'Huwy ‘Quw ‘abn WAL 'TDdY  PaIsA0dRY  'dINI 'XAT 'd34 'dZL ‘uondIgyUl [eIgRIS) AiabinsoinaN - wninds vL/v/L107 08-S/ 0S3YISWr
e|UWaI910eq
SL-W-X1D MAY XAT ‘dWI 404 ‘eluownaud ‘sbeyliowsy

9/ udy ‘Hwy 'gyw ‘abn WAL AHS 'T-Dd)  Pai9A0d9y ‘uniwing ‘43S ‘dZL [e1gas3D ‘Aunfur ureig Aisbuns deipied pooig £/9/£10C 09-SS 6¥FdDSWr
SL-W-X1D ejuownaud ‘sbeyliowsy

(S)2us  (Aep/owi/IA) UoiD3||0d (1K) ‘ou

1SN S9USb SDUBNIIA S2USab SDURISISAY  SWODINO usaueal | 9seasip bulApspun plepn  uone|os| uswipads Jo a1eq  =by 91€|0S|

(PaNUIUOD) S31R|0SI dMYD 7 JO S2USD P1LDOSSL-3oUINIIA PUR SUSB 9dURISISS BNUIP ‘sDasHaIdRIRYD [BdIUl)D L dqeL



Su et al. BMC Infectious Diseases (2020) 20:472

Molecular characteristics of CRKP isolates

Eight STs were identified among 44 CRKP isolates,
which included 37 isolates for ST76 and one isolate each
for ST11, ST323, ST896, ST2964, ST375, ST530 and
ST3335. ST76 (81.8%), the most prevalent ST, belonged
to CC76. One carbapenem-resistant hypervirulent K
pneumoniae isolate belonged to ST375 (CC65), whereas
another isolate, ST3335, was a novel ST. ST323 and
ST896 belonged to CC23 and CC896, respectively. There
was no clonal complex correlation between STs (Fig. 1).
PFGE showed one cluster; it was calculated by the un-
weighted pair group method with arithmetic mean
(UPGMA) using a dice coefficient (Fig. 2). Cluster A had
31 isolates of ST76 (88.57%), which represented the largest
group of STs. Within this group, each isolate had a similar
PFGE pattern that exceeded SAB 0.9, thus indicating that
most of the isolates shared a clonal relationship. ST3335
was similar to cluster A with SAB 0.8. ST530, ST11 and
ST375 showed different PFGE patterns with SAB 0.71,
suggesting that they had a polyclonal origin.

Genetic characterization of CRKP isolates
We previously reported the PCR amplification of resist-
ance genes [11]. Each isolate in this study expressed
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resistance genes (Table 1). The prevalent blagpc, gene
was detected in 41 isolates (93.2%), whereas blayp.4 and
blanpy genes were detected in only two isolates (4.5%
each). The prevalent B-lactamase genes blasyy, blacrx.m
and blatgy were mostly expressed by CRKP isolates at ra-
tios of 95.5% (42/44), 90.9% (40/44) and 90.9% (40/44), re-
spectively. Two isolates expressed blappy (4.5% each).
Each CRKP isolate in this study expressed at least two re-
sistance genes, whereas 68.2% CRKP strains co-expressed
blaypc. 2, blactx .15 blasyy and blatgy genes.

String test, capsular serotyping and virulence-associated
genes among CRKP isolates

Only one (JmsCRE57) out of 44 CRKP isolates (2.3%) ex-
hibited the hypermucoviscous phenotype during the
string test and capsular serotyping. The remaining 43
CRKP isolates were not successfully serotyped. The
virulence-associated genes detected by PCR for each iso-
late are listed in Table 1. The carbapenem-resistant hy-
pervirulent K. pneumoniae K2 serotype expressed
several virulence-associated genes, including uge, mrkD,
fimH, kpn, aerobactin and rmpA. Each CRKP isolate in
this study expressed the uge gene. Most CRKP isolates
expressed fimH (97.7%), mrkD (97.7%) and kpn (97.7%).
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Fig. 1 Population snapshot of K. pneumoniae by eBURST. Note: The STs in this study were compared with the STs in K. pneumoniae. Four clonal
complexes, namely, CC76, CC65, CC23 and CC896 were identified in the MLST database. Each dot represents one ST, and the size of each dot
indicates the number in both databases. The blue dots indicate that the primary founders are positioned centrally; they are connected to the
subgroup founders. Black STs correspond to the K. pneumoniae MLST database. Green STs correspond to our data. Purple STs correspond to
both databases
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JmsCRE5S9
JmsCRE47
JmsCRE57
JmsCRE30
JmsCRE36
JmsCRE34
JmsCRE32
JmsCRE35
JmsCRE29
JmsCRE05S
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JmsCRE11
JmsCRE23
JmsCRE28
JmsCRE16
JmsCRE39
— ! JmsCRE48
JmsCRE44

JmsCRE15
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JmsCREQ7

JmsCRE08

JmsCRE09

| JmsCRE49
JmsCRES0

e JmsCRE52
JmsCRE18
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JmsCRE 14
JmsCRES54
JmsCRES5
JmsCRES6
JmsCRE24
JmsCRE62

Vard STs Serotype
Emergency department 530 N
hematology 1" N
ICU 375 K2
ICU 76 N
ICU 76 N
ICU 76 N
neurosurgery 76 N
neurosurgery 76 N
neurosurgery 76 N
neurosurgery 76 N
ICU 76 N
neurosurgery 76 N
ICU 76 N
ICU 76 N
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neurosurgery 76 N
neurosurgery 76 N
neurosurgery 76 N
orthopedics 76 N
neurosurgery 76 N
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Emergency department 76 N
neurosurgery 76 N
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neurosurgery 76 N
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neurosurgery 76 N
neurosurgery 76 N
Emergency department 3335 N

Fig. 2 Dendrogram of pulse-field gel electrophoresis developed using BioNumerics Software for 35 CRKP isolates. Note: Clusters were defined as

DNA patterns sharing 285% similarity. Most of the isolates had a clonal relationship. No., number of isolates; ST: sequence type

Only JmsCRE62 expressed the alls gene, and the detec-
tion rate was 2.4% for aerobactin, rmpA and alls genes.
None of the isolates expressed magA, kfu, iroNB and
weaG genes.

Biofilm formation

Biofilm formation was observed in 35 CRKP isolates
(Fig. 3). The highest biofilm producer was ST3335 iso-
late JmsCRE62 (0.95), which did not exhibit the capsule
serotype and the hypermucoviscous phenotype. The sec-
ond highest biofilm producer was ST76 isolate
JmsCRE54 (0.73), whereas ST375 isolate JmsCRE57
(0.69) was the third highest. Approximately 14.3% (5/35)
of the isolates were classified as strong-producers, 17.1%
(6/35) as moderate-producers and 68.6% (24/35) as
weak-producers. Compared with the other STs (median

A570 of 0.44), ST76 was the low biofilm producer (me-
dian A570 of 0.35).

Serum complement-mediated killing resistance

The results of the serum complement-mediated killing
assay are shown in Fig. 4. Jms100, which was isolated
from a liver abscess and exhibited a hypermucoviscous
phenotype, was sensitive to all antimicrobials, except
ampicillin. ST375 isolate JmsCRE57, ST3335 isolate
JmsCRE62, STI11 isolate JmsCRE47, ST76 isolate
JmsCRE23 and ATCC 700603 were all sensitive to
serum complement-mediated killing (grade 2, 0, 20.72,
6.68, 25.03 and 2.4%, respectively). JmsCRE57, which
was highly sensitive to serum complement-mediated kill-
ing, died within 3 h. ST530 isolate JmsCRE59 was mod-
erately sensitive to serum complement-mediated killing
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Fig. 3 Biofilm formation in 35 CRKP isolates. Note: The circles indicate ST76; the squares indicate other STs. In the other STs group, biofilm
production was strongest in ST3335 JmsCRE62, followed by ST375 JmsCRE57, ST11 JmsCRE47 and ST530 JmsCRES9. Isolates belonging to the
ST76 lineage formed significantly less biofilm than the other group (median A570 of 0.35 vs. 0.44, respectively)

(grade 3, 0.29%). The growth rate of Jmsl00 was the
highest; however, which expressed serum resistance
(grade 6, 112.2%) and successfully avoided the
complement-mediated serum killing in vivo.

Genome sequencing and analysis

The sequencing of JmsCRE57 revealed a total of 7,457,
750 (1,098,918,433 bp) paired-end reads that were gener-
ated with the Illumina HiSeq 2000 System and 62,801
(417,488,124 bp) raw reads that were produced with the
PacBio System. Our analysis showed that the JmsCRE57
genome consisted of a circular chromosome of 4,649,
643bp and three antimicrobial resistance plasmids of

tig00000041 (121,129 bp), tigd0000017 (83,848 bp) and
tigd0000012 (688,226 bp), and a virulent tigd0000014
plasmid (199,142 bp). The chromosome features of
JmsCRE57 are summarized in Fig. 5. Aminoglycoside re-
sistance genes aph(3”)-Ib and aph(6)-1d, the quinolone
resistance gene gnrB1, fluoroquinolone and aminoglyco-
side resistance genes aac(3)-Ila and aac(6’)-Ib-cr, B-
lactamase resistance genes blapxa ; and blarg, ;p, the
phenicol resistance gene catB4, the sulphonamide resist-
ance gene sul2 and the trimethoprim resistance gene
dfrA14 were also expressed by the tigd0000017 plasmid.
The tigD0000017 plasmid resistance genes are shown in
Fig. 6. The plasmid carrying the carbapenem resistance
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-B- JmsCREG62 ST3335

of triplicates
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3 -¥- JmsCRE23 ST76
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o
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Fig. 4 Serum complement-mediated killing of selected CRKP isolates. Note: In vitro growth/survival of K. pneumoniae isolates JmsCRE62,
JmsCRE47, JmsCRE23, ATCC 700603 and Jms100 in 90% human serum. The JmsCRES57 isolate died. The values are presented as means + SEM
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gene blaxpc, and the extended-spectrum [-lactamase
gene blacrx.ars on the tigdD0000041 plasmid belonged
to the IncFIB (pQil) incompatibility group. The plas-
mid carrying the extended-spectrum p-lactamase gene
blasiy.99 on the tigd0000012 plasmid. BLASTn ana-
lysis revealed that the tig00000041 plasmid, with a
48% query coverage, was 99% similar to the pKPHS2
plasmid (GenBank accession number CP003224.1),
which was isolated from a patient in Shanghai. A
schematic representation of the genetic environment
of the blaxpco and blacrx.a;s genes on  the
tigd0000041 plasmid is shown in Fig. 7.

JmsCRE57-associated virulence genes mainly in-
cluded the capsular polysaccharide gene rmpA;
siderophore-associated genes iucBC, iutA, iroBD and
aerobactin present on the tigd0000014 plasmid; fim-
brial adhesin genes fimA-H and mrkD and
siderophore-associated genes iutA and entAB present
on the chromosome (Fig. 8).

Discussion

This retrospective study was conducted on 44 cases pre-
senting with various diseases caused by CRKP from
January 2015 to December 2017 at the First Affiliated
Hospital of Jiamusi University in Heilongjiang Province,
northeast China. The antimicrobial susceptibility of 44
CRKP isolates was previously reported [11]. All strains
were resistant to carbapenem; the resistance rate to [-
lactamase inhibitor ~combinations, third-generation
cephems and aminoglycosides was 93.18, 100 and
93.18%, respectively. All isolates were sensitive to amika-
cin, and the resistance rate to levofloxacin was 18.2%.
The detection rate of the blagpc.» gene, a key enzyme of
carbapenem resistance, was 93.2%. The detection rates
of the extended-spectrum [-lactamases blaswy, blacrxu
and blarg,; were 9546, 86.36 and 90.9%, respectively.
Taken collectively, these results support the contention
that the resistance of CRKP strains is caused by the ex-
pression of multiple resistance genes. Here, ST76 was
the predominant clone (81.8%), and the PFGE pattern,
which exceeded SAB 0.9, showed that all ST76 isolates
shared a clonal relationship. The CRKP isolates

Page 11 of 14

investigated in this study mainly concentrated in the
neurosurgery unit and ICU, suggesting that there might
have been an outbreak of ST76 CRKP that subsequently
spread to additional units.

HvKP strains are often identified by a positive string
test. However, not all hvKP strains exhibit the hypermu-
coviscous phenotype, which may lead to the undetection
of many hvKPs [14, 18]. Aerobactin, a key virulence
gene, mediates iron transport in bacteria; it has also been
used in the identification of hvKP [19]. Here, only one
CRKP isolate exhibited a positive string test, and this
isolate expressed virulence-associated genes uge, mrkD,
fimH, kpn, aerobactin and rmpA. According to the afore-
mentioned criteria, this isolate was identified as a
carbapenem-resistant hypervirulent K. pneumoniae
strain with a ST375 K2 serotype. Interestingly, a previ-
ous study reported that ST23, the most prevalent hvKP,
strongly correlated with the K1 serotype. However,
MLSTs, such as ST65, ST66, ST86, ST374, ST375 and
ST380, also associated with the K2 serotype [20]. Our
results showed a single locus difference between ST375
and ST65. Likewise, another earlier study reported that
ST375 belonged to the K2 serotype and was sensitive to
most antimicrobials [21], whereas JmsCRE57 was resist-
ant to most antimicrobials, except amikacin, polymyxin
and tigecycline. On the other hand, Guo et al. reported
that K2 serotype isolates caused more invasive infections
than K1 serotype isolates [1], which is consistent with
our findings on the patient with spontaneous subarach-
noid hemorrhage. Thus, an understanding of the genetic
background and virulence of hvKP strains is crucial.

HvKP strains are characterized by the presence of cap-
sular polysaccharides (K antigen), fimbriae, lipopolysac-
charides (O antigen) and siderophores (aerobaction and
yersiniabactin) [14]. Here, we investigated 11 virulence-
associated genes in 44 CRKP isolates. We found that
these isolates expressed fimH, mrkD and kpn genes at a
rate of 97.7%, and almost existed in all CRKP strains.
The fimH gene encodes type 1 fimbrial and the mrkD
gene encodes type 3 fimbrial, which play critical roles in
adhesion to the respiratory tract and urethra, as well as
in bacterial infections and biofilm formation. The mrkD

tig000000041

radA  TnpA ISKpn6-like blagpc: ISKpn27 recU

the corresponding arrow or rod
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N
[l Antimicrobial resistance

[ Mobile element
[ Other protein

O Hypothetical protein

TnpA ISKpnl9 recA orf3 orf06137dnad repA pld




Su et al. BMC Infectious Diseases (2020) 20:472

A iUtA iUtA entA

o N,,«ﬁmr.*wnlwm

fimE
> 150 kbp % ./ fimF
: < - mkD
500kbp e

% fma
tig01

4649643 bp

mpA -
mpA ;\x&

aero 8
aero— ‘S\gtgx

tig14
199142 bp

! E ‘ 1,20 kbp

Aoy IR AN
tw.w%.,,ﬁ,m.\»,,,‘ﬁm«w"' et s/ N c
. iucB Iuc!

Fig. 8 Gene map of virulence plasmid and chromosome harboured
by ST375 K. pneumoniae. Note: a The circular map of virulence gene of
chromosome. b The circular map of virulence plasmid tig00000014

gene, regardless of whether it is hypervirulent or non-
hypervirulent [22], is often detected in cases of
ventilator-associated pneumonia caused by K. pneumo-
niae. Here, 83.8% of the isolates were mainly harvested
from respiratory tract secretions, accounting for 72.7%
of the total number of patients diagnosed with pneumo-
nia. Furthermore, only JmsCRE62 expressed the alls
gene, which mediates allantoin metabolism and facili-
tates the development of liver abscesses caused by K
pneumoniae. Although a previous study reported a
strong correlation between the alls gene and the K1
serotype [23], JmsCRE62 was unsuccessfully serotyped in
this study.

Biofilm formation inhibits the penetration of drugs,
thus increasing antibiotic resistance, which further com-
plicates the clinical treatment of K pmneumoniae
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infections [24]. K. pneumoniae strains can also avoid
phagocytosis by neutrophils, thus causing refractory and
chronic infections. A previous study reported that bio-
film formation required the type 3 fimbrial and adhesion
factor mrkD [25]. Here, the detection rate of mrkD was
97.7%, whereas that of strong biofilm was 14.3%, which
signifies a significant difference. Biofilm formation also
involves different biomolecules, including extracellular
polysaccharides, proteins and DNA.

The complement system, an important component of
the immune system in humans, promotes the membrane
attack and phagocytosis of foreign cells such as bacteria.
K. pneumoniae produce capsular polysaccharides that
make this species of bacteria resistant to serum
complement-mediated killing, thus promoting their sur-
vival. Although JmsCRE57 was the only strain in this study
to produce capsular polysaccharides, it was killed by the
complement system, which is different from many
carbapenem-resistant hypervirulent K. pneumoniae strains
that are resistant to serum complement-mediated killing
[7, 26, 27]. JmsCRE57 was harvested from a 71-year-old
female with hypertension and arrhythmia, who was hospi-
talized 9h after suffering from a spontaneous subarach-
noid hemorrhage. This patient was previously treated with
cefoselis and ceftriaxone, and she was hospitalized in the
neurosurgery unit and ICU for 48 days. In addition to be-
ing sensitive to amikacin and tigecycline, this strain is also
resistant to quinolones, aminoglycosides, macrolides,
cephalosporins, B-lactamase inhibitor combinations and
carbapenems. During hospitalization, the patient was not
treated with antimicrobials, except that she received fosfo-
mycin and etimicin to prevent urinary tract infections due
to catheter use. Subsequently, her health improved, and
the patient was discharged, suggesting that this strain was
sensitive to serum complement-mediated killing. Multi-
drug resistant bacteria are generally considered to have
higher fitness or less virulence [28]. Gottig suggests that
the acquisition of new plasmids and other mobile genetic
elements can reduce fitness [29]. The whole genome se-
quencing results showed that JmsCRE57 mainly contained
three antibiotic resistant plasmids and one virulence plas-
mid, which increased the fitness cost of the strain, render-
ing it easily killed by the immune system. Further studies
are needed on the fitness of carbapenem-resistant hyper-
virulent K. pneumoniae strains.

The tig00000014 virulence plasmid in JmsCRKP57
belonged to the IncHI1B group, similar to the pLVPK
(AY378100) virulence plasmid belonging to the
IncHI1B/IncFIB group that was collected from K. pneu-
moniae CG43, which was mainly composed of mucoid
phenotype genes and siderophore-associated genes.
JmsCRKP57 also had fimA-H, mrkD, iutA and entAB
genes on the chromosome, which might also be typical
of ST375 K. pneumoniae.
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The horizontal transmission of mobile genes, such as
plasmids, phages, integration and conjugated elements
and insertion elements, is a key factor in the prevalence of
K. pneumoniae outbreaks [30]. Here, the tig00000041
plasmid expressing both blagpc., and blacrx.ar ;s genes
was identified; it was located on the TnpA transposon and
found to have insertion elements at both ends. When a
transposon is inserted into different plasmid backbones,
new KPC-2 and CTX-M plasmid can be formed. This
phenomenon might have caused the outbreak at the
hospital. Presently, two mechanisms can explain the devel-
opment of carbapenem-resistant hypervirulent K. pneu-
moniae strains. In the first mechanism, Siu et al. reported
successful transfer of a KPC-producing plasmid into a
hvKP strain, which no longer only resisted ampicillin and
streptomycin but also all B-lactams without losing viru-
lence [31]. In the second mechanism, Gu et al. reported
successful transfer of a 170-kbp pLVPK-like virulent plas-
mid into ST11 CRKP, which formed ST11 CRKP with K1
hypervirulence [10]. A plasmid expressing the blacrx.ar
gene has also been shown to be compatible with various
hvKP strains [32]. If large-scale horizontal transmission is
possible, hvKP strains can become highly resistant to anti-
microbials. Here, 86.36% of CRKP isolates expressed the
blacrx . gene, suggesting that this high carrier rate might
facilitate horizontal transmission and lead to the
formation of a highly resistant hvKP strain. Regardless,
both mechanisms can result in a widespread outbreak of
carbapenem-resistant  hypervirulent K. pneumoniae
strains; therefore, effective control measures are critical.

Conclusions

To our best knowledge, we are the first group to report
the genetic background and virulence characteristics of
the carbapenem-resistant K2 hypervirulent K. pneumoniae
ST375 isolate in northeast China. This isolate expressed
multiple antimicrobial resistance and virulence genes. Fur-
thermore, our study identified an outbreak of KPC-2
CRKP ST76 in a hospital in Heilongjiang Province, north-
east China, which was caused by classic K. pneumoniae
strains; however, both strains expressed adherence viru-
lence genes. The outbreak of CRKP strains and emergence
of hypervirulence forces us to promote awareness and to
strengthen epidemiological surveillance and infection con-
trol measures in our hospital.
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