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Nosocomial infections caused by antibiotic-resistant Klebsiella pneumoniae are emerging as a major health
problem worldwide, while community-acquired K. pneumoniae infections present with a range of diverse clinical
pictures in different geographic areas. In particular, an invasive form of K. pneumoniae that causes liver
abscesses was first observed in Asia and then was found worldwide. We are interested in how differences in gene
content of the same species result in different diseases. Thus, we sequenced the whole genome of K. pneumoniae
NTUH-K2044, which was isolated from a patient with liver abscess and meningitis, and analyzed differences
compared to strain MGH 78578, which was isolated from a patient with pneumonia. Six major types of
differences were found in gene clusters that included an integrative and conjugative element, clusters involved
in citrate fermentation, lipopolysaccharide synthesis, and capsular polysaccharide synthesis, phage-related
insertions, and a cluster containing fimbria-related genes. We also conducted comparative genomic hybrid-
ization with 15 K. pneumoniae isolates obtained from community-acquired or nosocomial infections using tiling
probes for the NTUH-K2044 genome. Hierarchical clustering revealed three major groups of genomic inser-
tion-deletion patterns that correlate with the strains’ clinical features, antimicrobial susceptibilities, and
virulence phenotypes with mice. Here we report the whole-genome sequence of K. pneumoniae NTUH-K2044
and describe evidence showing significant genomic diversity and sequence acquisition among K. pneumoniae
pathogenic strains. Our findings support the hypothesis that these factors are responsible for the changes that
have occurred in the disease profile over time.

Klebsiella pneumoniae is a gram-negative bacterium that be-
longs to the gamma subdivision of the class Proteobacteria and
exhibits relatively close genetic relatedness to other genera of
the Enterobacteriaceae, including Escherichia, Salmonella, Shi-

gella, and Yersinia (2). The conspicuous difference between K.
pneumoniae and the other enterobacteria is the presence of a
thick polysaccharide capsule, which is thought to be a signifi-
cant virulence factor and to help the bacterium avoid phago-
cytosis (13). Infections caused by K. pneumoniae are seen
throughout the world. This organism is a major cause of uri-
nary tract infection and an important source of nosocomial
infection (39). Moreover, K. pneumoniae is emerging world-
wide as a major cause of bacteremia and drug-resistant infec-
tions (25, 38).

The clinical pattern of K. pneumoniae infection in humans
has changed since this organism was discovered (19, 20) more
than 100 years ago. Until the 1960s, K. pneumoniae was an
important cause of community-acquired pneumonia in the
United States (8) and elsewhere. However, the incidence of
this type of infection has dropped to 1 to 3% in the United
States and Europe, and hospital-acquired K. pneumoniae in-
fection now predominates (22, 39, 48). The global pattern of
community-acquired K. pneumoniae bacteremia varies with
geographical area (25). In the United States, Europe, Austra-
lia, and Argentina, this condition is associated with urinary
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tract infection, vascular catheters, and cholangitis. In Asia and
South Africa, classic K. pneumoniae pneumonia still exists (25)
and has remained important over the past two decades. At the
same time, an invasive form of K. pneumoniae infection, which
presents as primary bacteremic liver abscesses, endophthalmi-
tis, and meningitis, has been reported almost exclusively in
Asia (21), especially in Taiwan (47, 50). Although the reasons
for the preponderance of this severe invasive K. pneumoniae
infection in Asia are unknown, they are likely to involve both
host and microbial factors.

Recent studies by several groups have investigated and de-
bated the major virulence factors of K. pneumoniae, including
the magA (16) and rmpA (53) genes, capsular serotype K1 or
K2 (11, 52), and even hypermucoviscosity (16, 53). In principle,
other determinants may also contribute to pyogenic K. pneu-
moniae infection. To gather sufficient DNA sequence informa-
tion for a systematic analysis of the genetic features that un-
derlie the diverse clinical manifestations of K. pneumoniae
infections, we undertook complete genome sequencing of a
pathogenic strain, NTUH-K2044, which had been isolated
from a Taiwanese liver abscess case (16). NTUH-K2044 is an
appropriate strain because it possesses the magA and rmpA
genes, belongs to capsular serotype K1, and has high virulence
and hypermucoviscosity; these factors make this isolate very
suitable as a model strain for genomic studies. We additionally
used a genomic shotgun array (GSA) protocol developed in
our laboratory (27) to compare the genome contents of
NTUH-K2044 and multiple clinical isolates. The microarray
data allowed us to examine the genome evolution of K. pneu-
moniae and to relate the various genomic signatures to the
clinical patterns seen in K. pneumoniae infections.

MATERIALS AND METHODS

Bacteriological studies. Clinical K. pneumoniae isolates were collected in the
National Taiwan University Hospital (Taipei, Taiwan) and the National Cheng
Kung University Hospital (Tainan, Taiwan). Each isolate was subcultured on 5%
sheep blood agar and MacConkey agar plates (BBL, Becton Dickinson Micro-
biology Systems, Cockeysville, MD) to check its purity. Species identification was
carried out by using a combination of standard conventional biochemical tests
(BBL) (34) and Vitek Plus gram-negative identification cards (bioMérieux Vitek,
Hazelwood, MO). MICs were determined using the broth microdilution method
by following the Clinical and Laboratory Standards Institute guidelines (see the
supplemental material). For virulence testing, groups of three female C57BL/6
mice (Charles River Japan, Inc., Atsugi, Japan) were given intraperitoneal in-
jections consisting of 100 �l of bacteria diluted in saline, and the 100% lethal
dose for mice was determined for each isolate. The animals were observed daily
for 7 days. Mice that survived for more than 7 days were observed for another
month to confirm that they survived after challenge.

Genome sequencing. The complete sequence of NTUH-K2044 was deter-
mined by using a whole-genome shotgun approach (17, 18) and a combination of
genomic libraries with two small inserts (1 to 4 kb and 2 to 3 kb). An additional
30- to 40-kb large-insert library was constructed using a CopyControl fosmid
library production kit (Epicentre Biotechnologies, Madison, WI). The NTUH-
K2044 genome was sequenced with 10-fold coverage using ABI3730xl automated
capillary electrophoresis sequencers (Applied Biosystems, Foster City, CA) and
was assembled using the Phred/Phrap/Consed software package (15, 23). Se-

quence gaps between contigs were closed by primer walking with linking clones
and by sequencing PCR products of genomic DNA or specific fosmid clones.
Low-quality reads or regions were eliminated by resequencing specific clones or
by sequencing specific PCR products. The final sequencing error rates for the
chromosome and plasmid were estimated to be 0.0016 and 0.0059 per 10 kb,
respectively. To validate the finished chromosomal sequence, digestion with the
I-CeuI enzyme, which recognizes the rRNA operons, was performed.

Genome annotation. The protein-encoding genes were predicted by using
Glimmer 2.13 (12), GeneMark 2.4 (3), and GeneMark.hmm 2.1 (30), and the
genes encoding at least 30 amino acids long were included. The name, descrip-
tion, probable function, and COG group of each predicted gene were assigned
based on the results of BLASTP (E-value, �10�5; identity, �30%; matched
length, �30%) using the RefSeq.microbial, nonredundant protein, and COG
databases of NCBI (http://www.ncbi.nlm.nih.gov) and subsequent manual in-
spections. Ribosomal binding sites were located using RBSfinder (http://www
.tigr.org). tRNAs were predicted by using tRNAscan-SE (29). rRNAs were
identified by BLASTN analysis with known K. pneumoniae rRNA sequences.

Microarray analysis. The methods used for preparation and fabrication of
PCR products of the NTUH-K2044 genomic DNA on slides have been described
previously (27), and details are provided in the supplemental material.

Resequencing by the 454 method. Genome sequencing of the NK5 strain was
performed using methods that have been described previously (31). Genomic
DNA (5 �g) was used for the library preparation and titration steps. Following
an emulsion PCR and two sequencing runs with a GS20 instrument (454 Life
Sciences Corporation, Branford, CT), 586,208 reads with average size of 100 bp
were obtained, and the random sequences were assembled using the Newbler
software provided by the manufacturer.

Nucleotide sequence accession numbers. The K. pneumoniae NTUH-K2044
chromosome and plasmid sequences have been deposited in the DDBJ database
(http://www.ddbj.nig.ac.jp/index-e.html) under accession numbers AP006725 and
AP006726, respectively.

RESULTS

General features of the NTUH-K2044 genome. A clinical
isolate, NTUH-K2044 (16), was selected for whole-genome
sequencing. This strain came from the blood of a previously
healthy individual who was diagnosed with a community-ac-
quired primary liver abscess and metastatic meningitis. Using
88,196 reads, we assembled the shotgun sequences into two
circular replicons: a 5,248,520-bp chromosome and a 224,152-bp
plasmid. The two replicons contain about 5,006 and 281 pro-
tein-encoding genes with average lengths of 940 and 695 bp,
respectively. The average G�C content of the chromosome is
about 57.7%, which is the highest G�C content for a species in
the family Enterobacteriaceae, while the average G�C content
of the plasmid is 50.2%. There are eight rRNA operons (one
has an extra 5S rRNA gene with the order 16S-23S-5S-5S,
while the others consist of a single 16S-, 23S- 5S rRNA cluster)
and 86 tRNA genes in the chromosome. The sequence of the
NTUH-K2044 plasmid, pK2044, is highly similar to that of
the large virulence plasmid pLVPK of K. pneumoniae CG43
(9). pK2044 is 4,767 bp longer than pLVPK, and the differ-
ences involve four major insertion-deletion events (see Fig.
S1 in the supplemental material). The general features of
the K. pneumoniae NTUH-K2044 genome are summarized
in Table 1 and are shown in Fig. 1.

TABLE 1. Global features of the K. pneumoniae NTUH-K2044 genome

Genetic
element Size (bp) G�C content

(%)
No. of predicted

coding genes
Avg gene

length (bp) Coding % No. of rRNAs
(16S-23S-5S)

No. of
tRNAs

Chromosome 5,248,520 57.68 5,006 939 89.52 8-8-9 86
Plasmid 224,152 50.17 281 695 87.10 0 0
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Comparison with the strain MGH 78578 genome. While this
work was in progress, we became aware that the genome se-
quence of another K. pneumoniae strain, MGH 78578, which was
isolated from a nosocomial pneumonia case, was available at the
Genome Sequencing Center of Washington University (http://
genome.wustl.edu/sub_genome_group.cgi?GROUP�3&SUB
_GROUP�3). We compared the salient features of the coding
sequences and identified gene clusters that are unique to each of
the two genomes. As shown in Table 2, homolog sequences pre-
dicted for yersiniabactin synthesis (7), the virulence-associated
vagCD operon (9), the siderophore transport iroNBCD cluster

(42), the mucoid phenotype regulator rmpA gene (26), the type
IV secretory pilX system (35), and the plasmid mobilization
operon (36) are present only in NTUH-K2044. These genes be-
long to an integrative and conjugative element (designated
ICEKp1) flanked by 17-bp direct repeat ends. The gene organi-
zation of ICEKp1 (see Fig. S2 in the supplemental material) is
similar to that reported for the Yersinia high-pathogenicity island
(7) and Escherichia coli ICEEc1 (41). The excision and integra-
tion abilities of ICEKp1 have been shown to be functional (28). In
contrast, the genes that are unique to MGH 78578 include a
citrate fermentation cluster (32), a fimbrial operon (stbABCDE)

FIG. 1. Genomic maps of the K. pneumoniae NTUH-K2044 chromosome and plasmid. From the outside in, the first and second circles show
the predicted protein-encoding regions on the plus and minus strands, by role, using the colors for the COG functional categories (http://www
.ncbi.nlm.nih.gov/COG/grace/fiew.cgi). The third circle shows the GC skew. The fourth circle shows the transposases/transposons (blue), inte-
grases/recombinases (green), and insertion sequences (red). The fifth and sixth circles show tRNAs and rRNAs, respectively.
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(46), and a group of associated genes encoding membrane pro-
teins, which are similar to genes in Salmonella enterica. Addition-
ally, there is an NTUH-K2044-specific sequence that is attribut-
able to a phage insertion event (23,870 bp, comprising 27 genes),
as well as at least two other chromosomal segments (58,275
bp and 31,336 bp, comprising 70 genes and 38 genes, re-
spectively) that are present only in MGH 78578. Specifically,
these two segments were confirmed to have phage origins
by Prophage Finder (http://bioinformatics.uwp.edu/�phage
/ProphageFinder.php) (see Table S1 in the supplemental
material). Notably, the lipopolysaccharide (LPS) and cap-
sular polysaccharide (CPS) gene clusters of strains NTUH-
K2044 and MGH 78578 are very different. The LPS gene
cluster of NTUH-K2044 belongs to the KLEPN LPS O-Ag 1
type (GenBank accession no. L31775 and L31762), whereas
that of MGH 78578 is more similar, but not identical, to the
Serratia marcescens O4-antigen gene cluster (GenBank ac-
cession no. AF038816). The CPS gene clusters of NTUH-
K2044 and MGH 78578 are responsible for the two distinct
strain serotypes (serotypes K1 and K52, respectively). Thus,
the genomes of these two K. pneumoniae clinical isolates are
distinguished by the presence of unique sequences at mul-
tiple loci, some of which may represent key steps in the
evolution of strain-specific features at the levels of metab-
olism, cell adhesion, and virulence.

Comparative analysis of various K. pneumoniae clinical
strains. To examine the genomic contents of various bacterial
isolates that have different infection patterns, more than 50
strains of K. pneumoniae covering the years from 1990 to 2002
were collected. Clinical information was obtained about the
place where the infection was acquired (community or hospi-
tal), the site of infection, and the presence of any underlying
medical conditions. A detailed bacteriological analysis of all
isolates will be reported elsewhere; here only the relevant
information for the 15 isolates analyzed by using the GSA is
summarized (Table 3). Six of these isolates were collected from
patients who had nosocomial infections, and nine were com-
munity acquired. Liver abscesses were seen in five patients,
while the urinary tract was the site of infection in another four
patients. All liver abscess cases were community acquired. No-
tably, three strains (NK25, NK27, and NK29) were retrospec-
tively identified as strains that were collected consecutively
within a 2-week period in 1999 from one hospital.

All of the isolates were analyzed for susceptibility to various
classes of antimicrobials by determining the MICs. As ex-
pected, they were all resistant to ampicillin due to intrinsic
resistance. For four isolates (NK25, NK27, NK29, and NK 245)

either the MIC of one or more of the third-generation ceph-
alosporins was higher (�2 �g/ml) or the isolates were resistant
to one or more of these cephalosporins. One of these four
isolates, NK245, tested positive for the presence of an extended-
spectrum �-lactamase (ESBL) when ESBL confirmatory test-
ing was used (10). The other isolates did not show a �3 twofold
decrease in the MIC for ceftazidime and cefotaxime in the
presence of clavulanic acid and thus did not meet the ESBL
producer criterion.

The clinical presentation of K. pneumoniae infection is com-
plicated by host factors, such as age, gender, and underlying
disease. To investigate the virulence behavior of the isolates
under controlled host conditions, we conducted in vivo viru-
lence testing with mice, and the viability of the animals was
observed for up to 1 month. Bacterial strains that did not
induce mortality within 1 week were scored as nonvirulent
strains. Two distinct groups of bacteria were identified. As
shown in Table 3, six isolates (NK1, NK6, NK7, NK9, NK252,
and NK5) were lethal to the mice at doses of 50 to 20,000
CFU/mouse. In contrast, infection with the other nine isolates
did not result in mortality within 7 days. All of the virulent
strains were obtained from patients who had community-ac-
quired infections.

To analyze further the genomic contents of the various dif-
ferent K. pneumoniae isolates relative to the genomic content
of NTUH-K2044 and to determine the genetic variations that
are characteristic of two infection patterns, we conducted a
comparative genomic hybridization analysis (24) using the
GSA procedure (27). Briefly, DNA fragments for whole-ge-
nome shotgun sequencing were used to generate the probes for
the microarray, and a total of 2,847 clones forming a tiling path
covered the entire genome. When labeled DNA from 15 clin-
ical isolates were hybridized with the NTUH-K2044 reference
sequences, a total of 813 probes showed significantly reduced
hybridization signals for at least one clinical isolate compared
to NTUH-K2044. Hierarchical clustering analysis of the exper-
imental data set based on these 813 probes revealed three
major groups (Fig. 2).

Correlation of the microarray clustering patterns with the
clinical data showed that group 1 isolates, which were the
isolates that were most similar to NTUH-K2044 and had
the fewest differences in genetic content, were invasive and
caused mortality in the mouse model just like the reference
strain, NTUH-K2044. In contrast, group 2 isolates, which were
significantly different from NTUH-K2044 genetically in both
chromosomal DNA and plasmid DNA, were not virulent when
the same criteria were used. Within group 2, there is hetero-

TABLE 2. Differences in gene clusters between K. pneumoniae NTUH-K2044 and K. pneumoniae MGH 78578

Strain

No. of genomic regions (no. of genes involved)

Integrative and conjugative element ICEKp1a

Citrate
fermentation

Fimbrial
and

membrane
proteins

LPS
synthesis

CPS
synthesis

Phage
insertionICEKp1 Yersiniabactin

biosynthesis

Viirulence-
associated

operon

Siderophore
transport

Regulator
of the

mucoid
phenotype

Type IV
secretion

system

Plasmid
mobilization

NTUH-K2044 1 (60) (11) (2) (4) (1) (9) (3) 0 0 1 (6) 1 (15) 1 (27)
MGH 78578 0 0 0 0 0 0 0 1 (8) 1 (15) 1 (8) 1 (18) 2 (70, 38)

a Similar to a combination of Yersinia high-pathogenicity island (7) at the 5	 end and E. coli ICEEc1 (41) at 3	 end.
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geneity in the microarray patterns and antibiotic resistance
profiles (Table 3 and Fig. 2). Five isolates, NK2, NK245, NK25,
NK27, and NK29, were collected from patients with different
episodes of nosocomial infection in the same hospital between
May 1993 and January 2002. Together, NK2 and NK245 form
a branch which is distinct from NK25, NK27, and NK29, and
both NK2 and NK245 were resistant to quinolones, chloram-
phenicol, and trimethoprim-sulfamethoxazole; however, they
differed in susceptibility to cephalosporins and other �-lac-
tams. In contrast, NK25, NK27, and NK29 were resistant to
chloramphenicol and nearly all cephalosporins but were sus-
ceptible to quinolones and trimethoprim-sulfamethoxazole
(Table 3). Unlike the other group 2 strains, which showed
resistance to multiple antimicrobials, NK3 and NK4 are sus-
ceptible to all antimicrobials tested except ampicillin. The
three group 3 strains, NK5, NK8, and NK10, have a clinical
presentation similar to that of the group 1 strains. The infec-
tions were acquired from the community and caused liver
abscesses or bacteremia, and both groups of bacteria were
susceptible to most antibiotics tested; however, group 3 isolates
exhibit GSA patterns distinct from those of the group 1 or
group 2 strains (Fig. 2). These isolates differed from group 1
strains by the absence of signals for specific chromosomal se-
quences and from group 2 strains by the presence of signals for
specific plasmid sequences. Except for NK5, the group 3 strains
did not cause mortality in the mouse virulence test. When the
group 1 and group 3 strains were combined, there were five
strains that caused community-acquired liver abscesses (NK7,
NK9, NK252, NK8, and NK10), and these isolates can be

distinguished from the nosocomial strains by the presence of
common plasmid sequences (Fig. 3).

We examined the chromosomal contents of the different K.
pneumoniae strains in more detail, and it became evident that
at least seven chromosomal regions were very different in the
major groups (Fig. 3). We designated these regions INDEL1 to
INDEL7, which refer to the insertion-deletion nature of the
variations. The molecular features of the chromosomal se-
quences of these regions are summarized in Table 4, and Table
S2 in the supplemental material provides a list of predicted
genes for the INDEL regions. Briefly, a total of 144 predicted
genes were not present in the group 2 and group 3 strains; 36
of these genes code for proteins that show similarity to known
hypothetical proteins in other bacteria, while 22 of them have
no known annotation. Remarkably, five INDEL regions
(INDEL1, INDEL2, INDEL3, INDEL5, and INDEL6) have
G�C contents much lower than the average chromosomal
DNA G�C content. Moreover, pairwise dinucleotide covaria-
tion analysis of the INDELs revealed that the dinucleotide
frequencies of INDEL1, INDEL3, and INDEL5 differ signifi-
cantly from the overall dinucleotide frequencies of the ge-
nome. Together, the results obtained are consistent with the
hypothesis that these genomic features distinguishing the ma-
jor groups were acquired horizontally during evolution. Fi-
nally, we identified sequence elements that are characteristic of
a pathogenicity island, such as tRNA genes, insertion se-
quences, and genes encoding integrases and transposases;
these elements are clustered in INDEL2 and INDEL3. The
presence of fimbria-pilus genes in INDEL2 suggests that this
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FIG. 2. Hierarchical cluster analysis of clinical isolates based on GSA with 813 genomic DNA probes. Three major groups of K. pneumoniae
can be discerned based on the absence of hybridization signals for shotgun subclone probes. Group 1 strains gave signals for almost all the probes,
suggesting that their sequences are nearly identical to that of the reference strain, NTUH-K2044. On the other hand, group 2 strains displayed a
loss of signals for various chromosomal and plasmid probes. Three isolates (NK8, NK10, and NK5) are separated from group 1 and group 2; these
isolates were classified in group 3.
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region could potentially make an important contribution to the
virulence phenotype of the invasive strains.

DISCUSSION

In this study, genome sequencing and subsequent molecular
analysis with GSA provided data for exposing the magnitude of
the genetic diversity in clinical isolates of K. pneumoniae and
allowed identification of the genomic signatures that are asso-

ciated with various K. pneumoniae infection patterns. Based on
the GSA results, 15 clinical isolates were clustered into three
major groups according to their hybridization patterns, using
the completely sequenced strain NTUH-K2044 as a reference
(Fig. 2 and 3). Overall, the genomic signatures correlated well
with the clinical features (community versus hospital infection;
liver abscess versus other types of infection) and the virulence
phenotypes observed in mice (Table 3). Therefore, we have
developed methods that through comparative genomics are

1 500,000 1,000,000 1,500,000 2,000,000 2,500,000 3,000,000 3,500,000 4,000,000 4,500,000 5,000,000 bp

GC%

NK1

NK9

NK252

NK6

NK7

NK2

NK245

NK25

NK29

NK27

NK3

NK4

NK8

NK10

NK5
1 2 3 4 5 6 7

1 50,000 100,000 150,000 200,000 bp

GC%

NK1

NK9

NK252

NK6

NK7

NK2

NK245

NK25

NK29

NK27

NK3

NK4

NK8

NK10

NK5

A

B

G
roup1

G
roup3

G
roup2

G
roup1

G
roup3

G
roup2

FIG. 3. Linear representation of the NTUH-K2044 genome and hybridization patterns of K. pneumoniae isolates. Deviation from the average
G�C content of the sequence is shown for the chromosomal (A) and plasmid (B) sequences. The absence of a signal (deletion) for each probe
is indicated by a colored vertical line. The locations of the seven INDELs in the chromosome, whose sequences are not present in the group 2 and
group 3 strains, are indicated.

TABLE 4. Genomic features that distinguished the major groups of K. pneumoniae strains

INDEL Location in reference strain Length
(bp)

Predicted
no. of
genes

Features

tRNA Insertion
element Integrase Transposase 
G�C (%)a �b

1 410,975–418,760 7,786 6 � � � � �12.00 0.5
2 566,263–644,763 78,501 69 � � � � �6.20 0.8
3 1,096,872–1,103,609 6,738 8 � � � � �13.19 0.4
4 1,308,978–1,331,600 22,623 19 � � � � �3.18 0.9
5 3,529,235–3,543,692 14,458 13 � � � � �20.48 �0.5
6 3,597,896–3,604,737 6,842 6 � � � � �5.03 0.9
7 4,040,733–4,065,069 24,337 23 � � � � 3.95 1.0

a Deviation from the average G�C content of chromosomal DNA.
b Pairwise covariation of 3:1 dinucleotide frequencies of predicted genes in INDEL regions compared to the whole genome as assessed by the Spearman rank

correlation coefficient (�).
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capable of identifying the genetic determinants characterizing
different K. pneumoniae infections. Since we used NTUH-
K2044 genomic fragments as probes for the GSA experiments,
this approach detected only the loss of sequences in the ge-
nomes tested. For this reason, we designed a high-density
oligonucleotide microarray based on all newly available K.
pneumoniae genome sequences from our laboratory and used
this microarray to analyze representative strains with different
infection patterns. The grouping results for the oligonucleotide
microarray experiments (data not shown) are consistent with
the conclusions reported here.

Almost no strain in group 2 and group 3 was lethal for mice
when the strains were injected intraperitoneally; NK5 was the
exception, and it consistently caused mortality at a relatively
low dose (Table 3). We therefore wondered whether the NK5
strain has unique genetic features that give rise to this viru-
lence; hence, we determined this strain’s entire genome se-
quence using 454 technology (31) (data not shown). We found
that the CPS region of the NK5 strain was identical to that of
a serotype K2 strain, Chedid, and that of another virulent
strain, CG43 (H.-Y. Shu, unpublished), which suggests that the
CPS associated with the K2 serotype (33) is the origin of
virulence for mice. Thus, all the strains tested that are lethal to
mice are either serotype K1 strains (NTUH-K2044, NK1, NK6,
NK7, NK9, and NK252) or a serotype K2 strain (NK5) (Table
3). This finding is consistent with previous reports indicating
that, among isolates belonging to 77 K. pneumoniae K sero-
types (37, 39) distributed across different geographical areas,
serotype K1 and K2 isolates are the isolates most virulent for
humans and mice (1, 21, 33). The GSA data also indicate that
the group 1 and group 3 strains contain almost identical ver-
sions of the 224-kb plasmid found in the NTUH-K2044 isolate
(Fig. 3). Notably, the plasmid sequence is highly similar to that
of the large virulence plasmid pLVPK of K. pneumoniae CG43
(9). Since pLVPK is essential for the virulence of CG43 (26)
and since a common rmpA gene is present in CG43 and in all
group 1 and group 3 strains, we suggest that RmpA could
contribute to the unique clinical manifestation of liver ab-
scesses caused by these strains. Consistent with this notion, a
recent epidemiology study by Yu et al. revealed a statistical
correlation between the rmpA gene and virulence for abscess
formation (53). Given that RmpA functions as an activator of
the cps genes (26, 49), its role in mediating the hypermucovis-
cous phenotype of the group 1 and group 3 strains deserves
further investigation. The possibility that this plasmid se-
quence, which has now been implicated in liver abscesses, is
distinct from the virulence factors identified by the mouse
intraperitoneal injection assay is worth considering. Moreover,
the results of this study support the hypothesis that although
the K. pneumoniae strains isolated in different regions of Tai-
wan have distinct genomic backgrounds, the strains that cause
liver abscesses share common genetic determinants and these
determinants seem to be propagated through a plasmid.

The hypermucoid phenotype is a hallmark of K. pneumoniae
pathogens (16). The CPS protects the invading bacteria against
phagocytosis and complement-mediated serum killing. A clus-
ter of genes required for K. pneumonia CPS synthesis is in
INDEL5 on the chromosome (Table 4). The general organi-
zation of the genes is similar to that of the genes encoding E.
coli group I CPS (1, 40). Notably, the central portion of the cps

gene cluster contains genes that seem to be involved in specific
and unique oligosaccharide repeat unit biosynthesis and poly-
merization for each of the sequenced isolates (NTUH-K2044,
MGH 78578, and Chedid [1]), while the flanking sequences are
conserved (H.-Y. Shu, unpublished). As indicated in Table S2
in the supplemental material, magA, which has been shown
recently to be associated with the K1 serotype (11, 43) and to
be significantly more prevalent in invasive strains (16), is
present in all group 1 strains. Thus, it is likely that a genetic
mechanism(s) resulting in variation in the K antigen (1, 14)
may contribute to the association between serotype and infec-
tion pattern.

The comparison of the genome sequences of NTUH-K2044
and MGH 78578 (Table 2) supports the idea that gene acqui-
sition and perhaps gene loss play an important role in strain
evolution in an environment where the pathogen is under
selection pressure from the host. The very distinct LPS and
CPS gene clusters that were found when these two strains were
compared emphasizes the conclusion that the serotype differ-
ences reflect major genetic differences. However, the strain
differences also include an integrative and conjugative element
similar to one found in E. coli, as well as a fimbrial gene cluster
from S. enterica. Furthermore, the fact that the NTUH-K2044
and MGH 78578 strains contain different prophage sequences
reflects the impact of phage lysogeny on prokaryotic diversity
(5, 6), and these sequences can also be treated as evolutionary
markers for separation of the different lineages of clinical K.
pneumoniae. Thus, the genome variation markers, together
with the INDEL results, suggest that gene transfer between the
various closely related enterobacterial species that inhabit the
human body may be one of the more important evolutionary
mechanisms acting on K. pneumoniae. Clearly, further se-
quence information for different Klebsiella species is needed to
help us understand which genes are central to a specific strain
and how a strain fits into a particular pathogenic niche.

The fact that strains NK25, NK27, and NK29 (Fig. 2), which
have highly similar genomic signatures and antimicrobial pro-
files and form a tight cluster, turned out to be from a hospital
outbreak suggests strongly that GSA can be a useful tool for
tracing epidemics as well as reconstructing the phylogeny of K.
pneumoniae isolates. It is noteworthy that a microarray ap-
proach provides more detailed genome-wide information on
strain variation than sequence-based single-gene analysis,
pooled analysis of a number of conserved gene sequences,
PCR-based techniques like randomly amplified polymorphic
DNA (RAPD) analysis (4), or analysis of chromosomal DNA
restriction patterns by pulsed-field gel electrophoresis (44). In
fact, we were able to detect minor sequence variations in the
three isolates by GSA (Fig. 3), and this suggests that these
isolates represent independent clones from the same lineage.
We concluded that this approach should be able to provide a
fast and highly accurate way to identify and trace the origin of
a nosocomial outbreak of K. pneumoniae infections.

Finally, genetic diversity and dynamic genome organization
appear to be general characteristics of Enterobacteriaceae spe-
cies. Touchon et al. (45) examined the evolutionary genome
dynamics of E. coli and suggested an important adaptive role
for metabolic diversification in virulence when E. coli and
Shigella species are compared. It seems likely that a similar
situation exists with Klebsiella species. One possibility is that
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enzymes of the methionine salvage pathway (see Fig. S3 in the
supplemental material), which are not present in E. coli but
whose genes are present in all Klebsiella genomes, including
other genomes sequenced by our group and unpublished ge-
nomes, might have a role in pathogenesis via oxidative stress
(51). In this context, this pathway also seems to be present in
other pathogenic enterobacteria, including Serratia, Erwinia,
Enterobacter, and Citrobacter species and some Yersinia species.
In contrast, this group of genes is not present in Escherichia,
Salmonella, and Shigella (see Table S3 in the supplemental
material). In addition, there is genetic variation in the methi-
onine salvage pathway among sequenced Yersinia species (Y.
enterocolitica, Y. pestis, and Y. pseudotuberculosis). Together,
the data support the idea that this pathway and perhaps other
pathways vary in enterobacteria and provide diversity in viru-
lence mechanisms.

In conclusion, the rapid evolution of enteric bacteria, includ-
ing Klebsiella, is a constant medical problem. Direct control of
such evolution is difficult, but the results presented here pro-
vide insights into how clinically relevant K. pneumoniae strains
are evolving and support the hypothesis that such strains gain
new genetic features from other strains and species by hori-
zontal transfer and perhaps interstrain recombination. The
combined use of genome sequencing and GSA when the clin-
ically relevant evolution of pathogenic bacteria is studied pro-
vides a simple approach that should increase our understand-
ing of the changes that occur when bacteria sidestep modern
medicine.
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