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The bacterial species Klebsiella pneumoniae is an
increasingly important human pathogen. Dramatic
increases in the levels of multidrug resistance (MDR)
associated with this species [1], particularly resistance
to carbapenems and third-generation cephalosporins,
pose an emerging global problem [2]. The common
drug-resistant strains of Klebsiella pneumoniae are
ST11 or ST258, which were identified by multilocus
sequence typing (MLST) [3,4]. Notably, hypervirulent
variants of K. pneumoniae (hvKP), which cause severe
infections such as liver abscesses, endophthalmitis,
meningitis, osteomyelitis, necrotizing fasciitis in
healthy and ambulatory individuals [5], have been
increasingly reported recently. hvKP often exhibit
hypermucoviscosity and mainly belong to ST23 (by
MLST) for the K1 capsular serotype and to ST86 and
ST375 for the K2 serotype [5,6]. In contrast to classic
K. pneumoniae (cKP), hvKP usually show a high level
of susceptibility to the antimicrobial agents used for
clinical treatment, except for ampicillin [7]. However,
in the last decade, hvKP with high degrees of drug resis-
tance have increasingly emerged, even in the well-docu-
mented K1 and K2 serotype hvKP strains [8–12]. So
far, there are two papers reporting hypervirulent K.
pneumoniae that produced DHA-1 beta-lactamase and
ESBL in France [8] and Korea [12], respectively; how-
ever, the genetics investigationor genome backgrounds
remains to be characterized. Recently the classic ST11

carbapenem-resistant
K. pneumoniae strain has been reported to have
acquired a virulence plasmid, resulting in a carbape-
nem-resistant hypervirulent variant of ST11 (hv-MDR-
KP) [13].

In cKP, the acquired resistance genes are found
mainly embedded on plasmids, for example, the
blaKPC-2 gene that confers carbapenems resistance
[14] and the mcr-1 gene that confers colistin resis-
tance [15]. Similarly, plasmids are also the major car-
riers for emerging drug-resistance genes in multidrug
resistant hvKP (MDR hvKP). The blaCTX-M-3 gene
was found on an IncL/M plasmid, in an ST86 and K2
hvKP isolated in France [8]. A carbapenem-resistant
ST23 hvKP with serotype K1 was reported in China,
and its blaKPC-2 gene was located on a non-transfer-
able plasmid [10]. Plasmids carrying resistance genes
with transferability to hvKP were also observed. The
conjugation between typical carbapenemase-producing
cKP (ST258) and K2 hvKP (ST65) showed that the
plasmid carrying the blaKPC-2 or blaKPC-3 genes could
be transferred to and retained in hvKP [16]. Siu et al.
reported a case of recurrent liver abscess caused by
hvKP and successfully mimicked the blaCMY-2 gene
transferred from E. coli to K2 hvKP in vitro [17].
However, so far, there have been no reports of hvKP-
borne resistance plasmids that are transferable to
other hvKP strains.
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Here, we present hypervirulent K. pneumoniae clinical
strain RJA166 with resistance to all the third-generation
cephalosporins and to the combination of b-lactam and
b-lactamase inhibitors. RJA166 is a typical hvKP with a
K1 capsular serotype and ST23 sequence type. The
blaDHA-1 gene, as well as three other AMR genes, were
identified as being on the natural plasmid pRJA166a and
this resistance plasmid was subsequently determined to
be transferable to the K1 and K2 hvKP strains and to the
ST11 cKP.

First, we investigated the virulence of K. pneumoniae
RJA166 in the G. mellonella larvae and mouse infection
models. K. pneumoniae RJA166 was isolated from spu-
tum specimen from a patient in Ruijin Hospital, Shang-
hai, China. It showed a viscous string longer than
40 mm (Figure S1a) by the string test. It was also deter-
mined to be ST23 and a capsular serotype K1 strain
using PCR in our retrospective experiment. RJA166 was
then determined to be as virulent as K. pneumoniae
NTUH-K2044 in the killing assay on Galleria mellonella
larvae, with the cKP HS11286 (ST11 and KL103 sero-
type [18]) as control (Figure S1b, Table S1). For further
confirmation of RJA166 hypervirulence, a mouse lethal-
ity assay was performed. RJA166 showed an LD50 of
2.3 £ 102 CFU in BALB/c mice, which was comparable
to hypervirulent NTUH-K2044 strain [19,20]. The data
from the killing assays on both mice and G. mellonella
show that RJA166 had the same virulence level as
NTUH-K2044, which has been shown to be highly
pathogenic in a previous study [21], more so than the
classic ST11 K. pneumoniae [14]. In addition, the liver,
spleen, and kidney of the mouse which was challenged
by 103 CFU K. pneumoniae RJA166 and sacrificed
3 days after infection, were taken for the further histo-
pathological examination. Compare to the control, the
infected liver showed multiple microabscesses, with
infiltration of inflammatory cells, including neutrophils
and monocytes mainly in the part of the portal center
infiltration mode, accompanied with vacuolization,
focal hyperemia, and hemorrhage. Eosinophilic liver
abscess exhibited pale stained nucleus, irregular shape,
with the parenchyma becoming looser due to infiltra-
tion of inflammatory cells, whilst the normal liver cells
have more obvious boundaries (Figure S2a and S2d). In
comparison with the control kidney, there was local
renal capsule inflammatory cell infiltration, glomerular
lesions in varying degrees of atrophy, mild swelling of
renal tubular epithelial cells, mild expansion of the
lumen observed in the infected group (Figure S2b and
S2e). The infected spleen showed white pulp atrophy,
irregular structure, reduced number of lymphoid fol-
licles. The remaining follicular morphology was also
less regular, with large peripheral macrophage

accumulation. Mild red pulp hyperemia, with slightly
scattered thrombosis, were also observed (Figure S2c
and S2f).

Secondly, we wanted to address the resistance of
hvKP RJA166 to third-generation cephalosporins. The
MIC data generated by the VITEK 2 Compact system
showed that RJA166 was resistant to first-, second-
and third-generation cephalosporins; aztreonam; and
a combination of b-lactam and b-lactamase inhibitors
(Table 1), suggesting that RJA166 is a ST23 MDR-
hvKP. RJA166 also displayed low-level resistance to
ertapenem but was susceptible to imipenem (Table 1).
Additionally, this strain was determined to be suscep-
tible to aminoglycosides and fluoroquinolones, such
as amikacin, gentamycin, tobramycin and ciprofloxa-
cin (Table 1). The resistance profile of RJA166 sug-
gested the potential existence of a gene encoding the
AmpC b-lactamase in its genome.

The resistance of hvKP RJA166 in a murine
model was also determined by an antibiotic treat-
ment assay. Ceftazidime (40 mg/kg) and imipenem
(20 mg/kg) were administered to BALB/c mice intra-
peritoneally challenged by K. pneumoniae RJA166.
The infected mice treated with ceftazidime displayed
higher mortality (70%) than the mice in the imipe-
nem group (30%). No survival was observed in the
group treated with 0.9% saline (Fig. 1a) as a control.
The bacterial loads analysis in murine tissues was
determined to be consistent with the survival analy-
sis, by quantitative real-time PCR with primers of
bacterial gyrB gene and the murine b-actin gene
(Table S2). The mice treated with ceftazidime
showed higher bacterial loads in kidneys (p =
0.0383, by Student’s t test), spleen (p < 0.0001) and
liver (p<0.0001) (Fig. 1b) than the mice in the imi-
penem group. This demonstrates that the drug resis-
tance of the ST23 MDR-hvKP RJA166 contributes to
bacterial survival in the murine model under the
treatment of third generation cephalosporins.

Thirdly, our genome analysis showed that the
hvKP RJA166 carries a conjugative resistance plasmid
pRJA166a. The whole genome sequencing showed
that the ST23 MDR-hvKP RJA166 genome consists of
a circular chromosome and three circular plasmids
(Table S3; supplementary Materials and Methods),
including the antibiotic resistance plasmid pRJA166a
(230 Kb in size; Fig. 2), the virulence plasmid
pRJA166b (229 Kb; Figure S3a) and the plasmid
pRJA166c with unknown function (111 Kb;
Figure S3b and S3c). The RJA166 chromosome exhib-
its similar genetic background to the other sequenced
K1 hvKP strains, as determined by the core chromo-
somal SNP-based phylogenetic analysis of 107
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completely sequenced K. pneumoniae strains
(Figure S4). The resistance plasmid pRJA166a exhib-
ited a genetic background distinct from to the viru-
lence plasmids frequently found in the sequenced K2
or K1 serotype hvKP strains. We thus presumed that

the acquisition of a blaDHA-1-carrying plasmid by K1
hvKP resulted in a multidrug-resistant hypervirulent
variant.

We then typed the incompatible group of pRJA166a as
IncHI5 and found that its backbone was highly

Figure 1. Effect of ceftazidime and imipenem on K. pneumoniae RJA166 infection in murine model. (a) The survival curve of the BALB/c
mice infected with 1.8 £ 103 CFU of Klebsiella pneumoniae RJA166 with different treatments. In the 14 days after bacteria challenge,
mice treated by imipenem (20 mg/kg), ceftazidime (40 mg/kg) and saline (0.9%) showed mortalities of 30%, 70% and 100%, respec-
tively. (b) The bacterial load of murine tissues in the mice treated with different antibiotic. The results were calculated by dividing
the quantity of bacterial gyrase gene by the quantity of murine b-actin gene. The bacterial loads in the kidneys, spleens and livers
from the mice treated with ceftazidime were significantly higher than those in the mice treated with imipenem, with the
p value 0.0383, <0.0001 and <0.0001, respectively, as generated by Student’s t test.

Table 1. Antimicrobial susceptibility test of the hypervirulent K. pneumoniae RJA166, RJF293 and pRJA166a/RJF293H transconjugants.*

MIC (mg/ml) / Antimicrobial Susceptibility†

Antimicrobial Agents RJA166 RJF293 RJF293H Tc1‡ Tc2‡ Tc3‡

Penicillin
Ampicillin �32 / R �32 / R 16 / R �32 / R �32 / R �32 / R

b-lactam/b-lactamase inhibitor combinations
Ampicillin/Sulbactam �32 / R 8 / S 4 / S �32 / R �32 / R �32 / R
Piperacillin/Tazobactam 8 / R �4 / S �4 / S �4 / S �4 / S �4 / S

Cephems
Cefazolin �64 / R �4 / S �4 / S �64 / R �64 / R �64 / R
Cefotetan �64 / R �4 / S �4 / S 8 / S 16 / S 16 / S
Ceftazidime �64 / R �1 / S �1 / S �64 / R �64 / R �64 / R
Ceftriaxone �64 / R �1 / S �1 / S 8 / R 8 / R 8 / R
Cefepime 2 / S �1 / S �1 / S �1 / S �1 / S �1 / S

Monobactams
Aztreonam �64 / R �1 / S �1 / S �64 / R �64 / R �64 / R

Carbapenems
Ertapenem 2 / R �0.5 / S �0.5 / S �0.5 / S �0.5 / S �0.5 / S
Imipenem �1 / S �1 / S �1 / S �1 / S �1 / S �1 / S

Aminoglycosides
Amikacin �2 / S �2 / S �2 / S �2 / S �2 / S �2 / S
Gentamycin �1 / S �1 / S �1 / S �1 / S �1 / S �1 / S
Tobramycin �1 / S �1 / S �1 / S �1 / S �1 / S �1 / S

Fluoroquinolones
Ciprofloxacin 0.5 / S �0.25 / S �0.25 / S 0.5 / S 0.5 / S 0.5 / S
Levofloxacin 1 / S �0.25 / S �0.25 / S 1 / S 1 / S 1 / S

Nitrofurans
Nitrofurantoin 128 / R 128 / R 128 / R 256 / R 256 / R 256 / R

Folate pathway inhibitors
Trimethoprim/Sulfamethoxazole �20 / S �20 / S �20 / S �20 / S �20 / S �20 / S

�K. pneumoniae pRJA166a/RJF293H transconjugants (Tc1-3) harbored a natural 231-kb plasmid carrying blaDHA-1 (pRJA166a). The minimal inhibitory concen-
tration was determined by the VITEK2 compact system.

yBacterial antimicrobial susceptibility was interpreted as per the CLSI guidelines 2016 (M100-S26). R: resistant; S: susceptible.
zTc1-3 denote the three pRJA166a/RJF293H transconjugants randomly selected from conjugation assay between K. pneumoniae RJA166 and RJF293H.
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homologous to the previously reported IncHI5-group plas-
mids, namely, pYNKP001-dfrA of Raoultella ornithinoly-
tica YNKP001 [ref. 22] and pKOX_R1 of K. michiganensis
E718 [ref. 23]. Notably, in addition to the region homolo-
gous to pKOX_R1 and pYNKP001-dfrA (Figure S5),
pRJA166a has a 26-kb accessory region (RJA_27650..
RJA_27825) associated with antibiotic resistance genes,
integrons, transposons and insertion sequence-based
mobile elements (Fig. 3). Across this mosaic-like, three-
module region, the blaDHA-1 gene is present on Module II
of the accessory resistance region, a relatively large portion
of this 26-kb region. The AmpC-type b-lactamase gene
blaDHA-1, first reported in 1997 [ref. 24], confers resistance
to third-generation cephalosporins on the host. This gene
is frequently carried by plasmids belonging to the IncH
and IncR incompatibility groups. The genetic context of
blaDHA-1 is organized as a conserved structure: sul1-
qacED1-ampR-blaDHA-1-pspABCDF-qnrB4. This structure
is often associated with the class I integron and ISCR1;
however, a complete integron was not found; there was no
5 0-CS or int gene present in pRJA166a. This gene is highly
conserved in the blaDHA-1-carrying plasmids of Klebsiella
strains [25,26]. Module II is located upstream of ISCR1 in
pRJA166a and in the IncF plasmid pKP048 [ref. 27], but

downstream of ISCR1 in pYNKP001-dfrA. Additionally,
the IS26 elements bracketed Module II-III are in opposite
orientation, but no target site duplication was observed.
Due to their opposite orientations, we propose that these
IS26 elements and the Module II-III sandwiched between
them might constitute a new composite transposon capa-
ble of being disseminated to other replicons [28]. Thus,
given the highly mosaic-like structure of the pRJA166a
accessory region, we suggest that the present entity repre-
sents a relic of multiple past insertions, deletions and
recombination events that may have since acquired multi-
drug resistance genes.

To date, third-generation cephalosporins have been
the main antibiotics for the treatment for of infections
caused by hypervirulent K. pneumoniae [29]. Recently,
the emergence of multidrug-resistant hypervirulent K.
pneumoniae strains has been reported in different coun-
tries, which include a broad range of sequence types
[8,11,30]. The ST23 MDR-hvKP strain RJA166 presented
here is the first hvKP strain with resistances to the third-
generation cephalosporins collected in the ICU of our
hospital. This type of K. pneumoniae strain has been
reported in Korea [12], but neither conjugation assay
nor genetic background parsing was included in the

Figure 2. The genetic context of the blaDHA-1 gene in the resistance plasmid pRJA166a of K. pneumoniae RJA166. The plasmid shares the
backbone of two previously reported plasmids pYNKP001-dfrA of Raoultella ornithinolytica YNKP001[ref. 22] and pKOX_R1 of Klebsiella
michiganensis E718 [ref. 23]. The predicted antibiotic resistance gene is shown in red, the tra gene cluster is in dark green, and the IS ele-
ment is shown in light green.
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previous publication. Thus, the approach of the emer-
gence of multidrug resistant hypervirulent K. pneumo-
niae strains is still unclear. Our WGS data suggested that
RJA166 carries three natural plasmids, including a resis-
tance plasmid pRJA166a and a virulence plasmid
pRJA166b. K. pneumoniae variants with both multidrug
resistance and hypervirulence phenotypes potentially
developed via two distinct approaches: (I) the multidrug-
resistant hvKP (MDR-hvKP), origin from the hvKP; and
(II) the hypervirulent multidrug-resistant K. pneumoniae
(hv-MDR-KP), derived from the multidrug-resistant
cKP. The development of the virulence and resistance
traits of the ST23 MDR-hvKP presented here (approach
I above) is distinct from that of the newly reported ST11
hv-MDR-KP [13] (approach II above).

Finally, we investigated the conjugative transfer of
the blaDHA-1-containing plasmid pRJA166a between
diverse K. pneumoniae strains. By filter mating, the cef-
tazidime resistance was found to be successfully trans-
ferred from the ST23 MDR-hvKP RJA166 to RJF293H,
which is a hygromycin-resistant mutant from the
ST374 and K2 serotype hvKP clinical strain RJF293
[ref. 7]. The MIC tests of three randomly selected K.
pneumoniae pRJA166a/RJF293H transconjugants (Tc1-

3) revealed that the resistance to cephalosporin antibiot-
ics was elevated (Table 1). PCR amplifications of frag-
ments from the blaDHA-1, repA and traD genes of
pRJA166a confirmed that the antibiotic resistance dis-
semination transfer was mediated by pRJA166a
(Figure S6c). Then, the XbaI-PFGE and S1-nuclease
PFGE suggested that the increase in antimicrobial resis-
tance of these transconjugants was due to the acquisi-
tion of the plasmid pRJA166a (Figure S6a-b). Finally,
the transconjugation frequency of pRJA166a from
RJA166 to RJF293H was determined to be approxi-
mately 2.6 £ 10¡6 transconjugants per donor cell. We
subsequently assessed the stability of pRJA166a in K.
pneumoniae RJA166 and RJF293H transconjugants by a
continuous passage. After 375 generations (15 days) on
the LB agar without antibiotic selection, no loss of the
plasmids in either host was observed. We further per-
formed a conjugation assay to explore whether
pRJA166a was able to disseminate across an expanded
collection of K. pneumoniae. Similarly, the expected
transfer of pRJA166a from RJA166 (ST23 and K1) to its
closely related recipient NTUH-K2044IT (a hygromy-
cin-resistant derivative of ST23 and serotype K1 K.
pneumoniae NTUH-K2044; Table S1) was observed

Figure 3. Organizational map of the 26-kb accessory resistance region (RJA_27650…RJA_27825) on pRJA166a. Two other blaDHA-1-carry-
ing plasmids with the same incompatibility group (IncHI5), pKP048 and pYNKP001-dfrA, were compared. The three modules (I–III)
referred to in the text are shown as red boxes while the module that contains the conserved blaDHA-1 context is highlighted in the black
boxes with dashed borders. The protein-coding regions are shown as arrows with different colours, where green indicates an IS element,
black indicates integrase gene, red indicates antibiotic resistance gene and grey indicates flanking gene. Genes identical to the 3 0-CS of
class 1 integron are shown with an orange background. Inverted repeats of IS elements are represented as small black triangle above
the arrow. VR1 and VR2 are the variable regions of In469, as defined by Liang et al [22].
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with a frequency of approximately 5.5 £ 10¡6 transcon-
jugants per donor. Remarkably, pRJA166a can also be
transferred into the carbapenem-resistant cKP strain
HS11286 (ST11 and KL103), by using its hygromycin
resistant derivative HS11286YZ6 (Table S1). The trans-
fer frequencies to HS11286YZ6 were determined to be
approximately 2.7 £ 10¡6 transconjugants per donor.
However, the conjugative transfer of pRJA166a from
RJA166 to the frequently used E. coli recipients either
HB101 or J53 was not detectable using the same condi-
tions described above.

The transfer of resistance plasmids has been previously
reported to occur either from hvKP to E. coli [10] or vice
versa [16,17]. Our study showed the conjugative transfer of
a resistance plasmid pRJA166a, which coded for the entire
conjugation machinery, between hvKP. The entire plasmid
pRJA166a transferred to both the K1 hvKP strain and the
K2 hvKP strain, resulting inMDR-hvKP. Notably, the resis-
tance plasmid pRJA166a kept its stability across the trans-
conjugants. Although the pRJA166a acquisition comes at a
fitness cost to the recipient (Figure S7a), the G. mellonella
larvae infection assay confirmed that these obtained trans-
conjugants are hypervirulent like the recipient (Figure S7b
and S7c). Remarkably, pRJA166a was also transferable to
the carbapenem-resistant ST11 cKP strain HS11286, which
had already carried three resistance plasmids. These results
indicated that the resistance plasmid pRJA166a carrying the
blaDHA-1 gene could be disseminated amongK. pneumoniae.

In conclusion, we investigated the genetic background
and microbiological features of a hypervirulent clinical
strain (RJA166) of K. pneumoniae with resistances to the
third-generation cephalosporins (ST23 MDR-hvKP).
The blaDHA-1-carrying natural plasmid from this K1 and
ST23 hvKP that is transferable to hvKP and cKP might
contribute to the rapid spread of drug resistance among
K. pneumoniae and other bacterial pathogens.

Nucleotide sequence accession numbers

The sequences of K. pneumoniae RJA166 chromosome
(accession number CP019047) and the three plasmids
pRJA166a (CP019048), pRJA166b (CP019049) and
pRJA166c (CP019050) were deposited in GenBank.
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