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The pathogenicity of rmpA or
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Abstract

Objectives: To investigate the pathogenicity of Klebsiella pneumoniae (KPN) possessing rmpA or

the aerobactin gene in infected mice.

Methods: BALB/c mice were divided into four groups (n¼ 10 per group) and infected with: string

test-positive and rmpA-positive or aerobactin-positive KPN (group 1), string test-negative but rmpA-

positive KPN (group 2), string test-negative but aerobactin-positive KPN (group 3), or string test- and

rmpA/aerobactin-negative KPN (group 4). Mouse survival time was compared among groups, and the

infection of livers, spleens, lungs, and kidneys and KPN growth were assessed in infected mice.

Results: Compared with the negative group (group 4), the survival rates of mice infected with

rmpA- or aerobactin-positive KPN (groups 1–3) were significantly lower, their multi-organ injuries

were significantly more severe, and bacterial enumeration was significantly higher.

Conclusions: Despite being string test-negative, aerobactin- or rmpA-positive KPN still exhibit

high virulence and anti-immune effect activity. Therefore, the combination of the string test and

gene detection of aerobactin and rmpA will be helpful in screening hypervirulent KPN.
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Introduction

Klebsiella pneumoniae (KPN) is the main

pathogen of community-acquired and nos-

ocomial infections, and leads to pneumo-

nia, genitourinary infection, and sepsis.1,2

KPN is classified into two types: classical

K. pneumoniae (cKP) primarily occurs in

hospitals and long-term care facilities,3
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while hypervirulent K. pneumoniae (hvKP)

causes serious life threatening disease and

organ failure in young, healthy individuals

from the community.4–6 The strong viru-

lence factors of hvKP are induced by iron

carrier-related genes, including aerobactin,

enterobacterin, samochelin, and yersinia-

bactin; the presence of aerobactin appears

to be a defining hvKP trait.7 Virulence

factor rmpA (regular mucoid phenotype)

mediates capsule production and hypermu-

coviscosity, which is a critical virulence

factor.8 Compared with cKP, a defining char-

acteristic of hvKP is its capacity for metastat-

ic spread from infection sites, with resulting

devastating sequelae in the immune compe-

tent host. Although the string test is widely

considered to be reliable for distinguishing

hvKP, its sensitivity is not optimal. Indeed,

some string test-positive KPN samples were

previously shown to be cKP, while string test-

negative K. pneumoniae strains were hvKP.8,9

However, the identification of hvKP still

depends on string testing because no alterna-

tive rapid and reliable detection method

exists. Therefore, this study aimed to assess

whether rmpA and aerobactin contribute to

the virulence of hvKP in infected mice and if

they could be used to help screen hvKP in the

clinical laboratory.

Methods

Bacterial strains

Sixty-nine consecutive K. pneumoniae

culture-positive samples were isolated from

the blood, urine, sputum, ascites, bile, and

abscess fluid of patients with liver abscesses

hospitalized at Linyi People’s Hospital from

July 2015 to July 2016, identified as K. pneu-

moniae using an automated bacterial identi-

fication system (VITEKVR 2; bioMerieux,

Hazelwood, MI, USA), and stored at

–80�C. Clinical and laboratory data includ-

ing age, sex, temperature, clinical features,

and treatment received were collected from

all patients and analyzed.

Ethics and consent

All experiments were performed in accor-

dance with relevant guidelines and regula-

tions. Written informed consent was

obtained from the patients. The study design

was reviewed and approved by the Ethics

Committees of Shandong Medical College.

String test

A bacteriology inoculation loop was used

to ‘stretch’ a colony away from the agar

plate on which it was grown at 37�C over-

night. The formation of a mucoid string

>5 mm was defined as string test-positive.10

PCR detection of aerobactin, rmpA, and

capsular serotype-specific genes

Genomic DNA was extracted from all

K. pneumoniae strains using the thermal

cracking method.1 Aerobactin, rmpA, and

serotype-specific genes for K1, K2, K5,

K20, K16, K57, and K54 capsular serotypes

were amplified by PCR (ABI VeritiVR

Thermal Cycler; Applied Biosystems Asia

Pte Ltd., Singapore) using primers that

have been previously described.11,12

Amplification primers to detect capsular-

type genes and virulence genes1,11,12 were syn-

thesized by Shanghai Shenggong,1 Appendix.

The pathogenicity of KPN in infected mice

BALB/C female mice (18–22 g) were intra-

peritoneally injected with various titers of

the bacterial strains. Four strains (forming

four groups, n¼ 10 per group) were evalu-

ated: string test-positive KPN with rmpA

or aerobactin (STþ group), string test-

negative but rmpA-positive (rmpAþ group),

string test-negative but aerobactin-positive

(aerobactinþ group), and string test-negative

plus rmpA/aerobactin negative (cKP group).

Li et al. 4345



Animals were followed for 7 days, with an in

extremis state or death being used as the study

end point. The LD50 of KPN was calculated

using SPSS 17.0 software (SPSS Inc.,

Chicago, IL, USA) according to the number

of mice that died. Average data of different

titers of a given strain were presented as log

titers. Hematoxylin and eosin (HE) staining of

liver, spleen, lung, and kidney samples of

infected mice was performed to evaluate mor-

phological damage. Animal studies were

approved by the Animal Care Committee of

Shandong Medical College.

KPN colony counting

Mice (n¼ 5 per group) were intraperitone-

ally injected with 0.5 mL 2.3� 108 colony

forming units (CFU)/mL KPN. Bacterial

counts in blood were measured 4 hours

after the challenge. Briefly, blood samples

were diluted continuously with physiologi-

cal saline and applied to LB solid medium.

The number of KPN colonies was calculat-

ed 4 hours later by the colony count-

ing method.3

Statistical analyses

Data are presented as means� standard

errors. P< 0.05 was considered statistically

significant based on the Bliss method.3

Findings of the rmpA- and aerobactin-

positive group were compared with those

of the negative group and string test-

positive group. Paired t tests were used to

compare quantitative data. All results were

converted into log10 values, and log10-trans-

formed values were used.

Results

Distribution of virulence factors and

capsule types of KPN

String test-positive KPN was defined as

high-mucous KPN, and 53.6% (37/69)

KPN strains were string test-positive.

Of these, 72.9% (34/37) were rmpA-positive

and 100% (37/37) were aerobactin-positive.

Among the other 32 strains, 9.4% (3/32)

were rmpA-positive and 6.3% (2/32) were

aerobactin-positive (Table 1). Among the

37 string test-positive strains, 54.1%

(20/37) were K1 type, 29.7% (11/37) were

K2 type, 8.1% (3/37) were K54 type, 5.4%

(2/37) were K57 type, and 2.7% (1/37) were

an unknown type. Among the 32 strains of

non-mucous KPN, 3.1% (1/32) were

K1 type and 12.5% (4/32) were K2 type

(Table 1).

LD50 of KPN

The LD50 of the high-mucous group was

3.12� 105CFU/mL, that of the rmpA-

positive group was 1.13� 105CFU/mL,

the aerobactin-positive group was 2.25�
105CFU/mL, and the cKP group was

1.36� 109CFU/mL. The LD50 between

aerobactin- or rmpA-positive and string-

positive KPN groups was comparable

(Figure 1). The difference between aerobac-

tin- or rmpA-positive KPN and cKP groups

was statistically significant (P < 0.05).

The number of KPN in mice

Medial numbers of string-positive, rmpA-

positive, and aerobactin-positive KPN

Table 1. The 69 strains showing different KPN virulence genes and capsule type distribution.

KPN type (n) rmpA, n (%) aerobactin, n (%) K1, n (%) K2, n (%) K57, n (%) K54, n (%)

High-mucous (37) 34/37 (72.9%) 37/37 (100%) 20/37 (54.1%) 11/37 (29.7%) 2/37 (5.4%) 3/37 (8.1%)

Non-mucous (32) 3/32 (9.4%) 2/32 (6.3%) 1/32 (3.1%) 4/32 (12.5%) 0 (0) 1/32 (3.1%)
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were 8.88 CFU/mL (log10), 8.74CFU/mL

(log10), and 8.77 CFU/mL (log10), respec-

tively. These numbers were significantly

higher than the cKP group (7.23CFU/mL,

P < 0.05; Figure 2).

HE staining

Compared with the cKP-injection group,

more severe infiltration of inflammatory

cells was observed in the liver, spleen, lung,

and kidney of string-positive, rmpA-positive,

and aerobactin-positive groups (Figures 3–6).

Among the four tissues, inflammatory infil-

tration was most common and serious in

the liver.

Discussion

Minimizing the incidence of metastasis and

sequelae consequences associated with

KPN infection and providing optimal

Figure 1. The LD50 of KPN.
KPN, Klebsiella pneumoniae; STþ, string test-positive; rmpAþ, rmpA-positive; aerobactinþ, aerobactin-posi-
tive. *P< 0.05.

Figure 2. The anti-immune effect of KPN.
KPN, Klebsiella pneumoniae; STþ, string test-positive; rmpAþ, rmpA-positive; aerobactinþ, aerobactin-posi-
tive. *P< 0.05.
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therapy requires the prompt recognition of
hvKP. These needs are becoming even more
urgent with recent reports about the acqui-
sition of hvKP multidrug resistance.10

Although progress has been made in under-
standing various virulence factors leading
to the clinical syndrome, rapid diagnostic
tests have not yet been developed and an
increased understanding of the epidemiolo-
gy of hvKP has not been addressed.

Capsule K1 is the most common type of
hvKP,13 and 21 of the 69 KPN strains were
K1 type in this study. We also found that
95.2% (20/21) of K1 type strains were string

test-positive and rmpA- or aerobactin-positive,
while 4.8% (1/21) were string test-negative but
aerobactin-positive. The K1 type has been
shown to be highly associated with virulence,
but the detection of non-K1 hvKP strains
cannot be ignored. Therefore, the pathogenic-
ity of string test-negative K1 type carrying vir-
ulence genes should be further validated.

rmpA is a plasmid-located virulence
factor that regulates the hvKP high-mucus
phenotype. Strains carrying rmpA have
been significantly associated with the hyper-
mucoviscosity phenotype, and a significant
correlation was detected with purulent

Figure 3. Representative HE staining of liver tissues from mice injected with string test-positive KPN (a),
rmpA-positive KPN (b), aerobactin-positive KPN (c), or string test-negative rmpA- and aerobactin-positive
KPN (d).
(a) Liver abscess is indicated by arrows. (b) Severe steatosis inflammation and necrosis is indicated by
arrows. (c) Inflammation effects are indicated by arrows. (d) No obvious lesions are seen.
HE, hematoxylin and eosin; KPN, Klebsiella pneumoniae.
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tissue infections such as abscesses of the
liver, lung, neck, psoas muscle, and other
foci.14 Among 37 string test-positive KPN
strains in the present study, 72.9% were
rmpA-positive, while 9.4% of 32 string test-
negative KPN strains were also rmpA-positive.

Iron plays an important role in the
growth and reproduction of bacteria, and
aerobactin functions in bacterial iron acqui-
sition, growth, and/or virulence, so is a crit-
ical virulence factor for hvKP. The
contribution of aerobactin to virulence is

dependent on both its innate biologic activ-
ity and the level of protein expression,
which is a defining trait of hvKP strains.
Previously, aerobactin was shown to be
expressed at much higher levels in hvKP
than in cKP.14,15 The high-pathogenic
strain NTUH-K2044 carries a full-length
aerobactin gene that is not found in tradi-
tional KPN.7,16 In the present study, 100%
of high-mucous strains were found to carry
aerobactin, as well as 6.3% of non-mucus
strains, while 72.9% of high-mucous KPN

Figure 4. Representative HE staining of spleen tissues from mice injected with string test-positive KPN (a),
rmpA-positive KPN (b), aerobactin-positive KPN (c), or string test-negative rmpA- and aerobactin-positive
KPN (d).
(a) Spleen abscess is indicated by arrows. (b) Severe congestion is seen in the spleen. (c) Severe congestion
in the spleen is indicated by arrows. (d) No obvious lesions are seen.
HE, hematoxylin and eosin; KPN, Klebsiella pneumoniae.
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carried rmpA compared with 9.4% of non-

mucus strains. Aerobactin has been shown

to have high sensitivity to a diagnosis of

hvKP, while rmpA has high specificity.

Our detection of KPN is consistent with

these findings.
Although string test-positive KPN is usu-

ally considered to be hvKP, a small portion

of string test-positive KPN in the present

study did not show severe pathogenicity as

hvKP, yet some string test-negative KPN

showed severe pathogenicity. Thus our

results indicate that combining rmpA/aero-

bactin detection with string testing will be

more efficient to select true-positive hvKP

than string testing alone.

In the infected host, serum KPN is resis-

tant to the bactericidal effect of the immune

system, while hvKP has a stronger anti-

immune effect than cKP.17 Compared

with cKP strains, the LD50 of KPN carry-

ing rmpA or the aerobactin gene but string

test-negative was similar to that of string

test-positive KPN, reflecting greater anti-

immune effects.
In summary, combining the string test

with genetic detection of rmpA and the

aerobactin gene appears to be more benefi-

cial in improving the detection rate of hvKP

than the string test alone. Further study

should evaluate the feasibility and efficiency

of this combination method.

Figure 5. Representative HE staining of lung tissues from mice injected with string test-positive KPN (a),
rmpA-positive KPN (b), aerobactin-positive KPN (c), or string test-negative rmpA- and aerobactin-positive
KPN (d).
(a) Pulmonary hemorrhage in the lung is indicated by arrows. (b) Congestion in the lung is indicated by
arrows. (c) Congestion in the lung is seen. (d) No obvious lesions are seen.
HE, hematoxylin and eosin; KPN, Klebsiella pneumoniae.
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Appendix

Figure. Multiplex PCR gel image of KPN

isolates. KPN, Klebsiella pneumoniae; M,

DNA marker; bp, base pair.
Khe: 428 bp; K1: 1283 bp; K2: 641 bp;

K5: 280 bp; K57: 1037 bp; rmpA: 536 bp;

aerobactin: 556 bp.
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