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Klebsiella pneumoniae liver abscess with metastatic complications is an emerging infectious disease in
Taiwan. To identify genes associated with liver infection, we used a DNA microarray to compare the tran-
scriptional profiles of three strains causing liver abscess and three strains not associated with liver infection.
There were 13 clones that showed higher RNA expression levels in the three liver infection strains, and 3 of
these 13 clones contained a region that was absent in MGH 78578. Sequencing of the clones revealed the
replacement of 149 bp of MGH 78578 with a 21,745-bp fragment in a liver infection strain, NTUH-K2044. This
21,745-bp fragment contained 19 open reading frames, 14 of which were proven to be associated with allantoin
metabolism. The K2044 (AallS) mutant showed a significant decrease of virulence in intragastric inoculation
of BALB/c mice, and the prevalence of this chromosomal region was significantly higher in strains associated
with liver abscess than in those that were not (19 or 32 versus 2 of 94; P = 0.0001 [x? test]). Therefore, the
22-kb region may play a role in K. pneumoniae liver infection and serve as a marker for rapid identification.

Klebsiella pneumoniae is a common hospital-acquired patho-
gen which is often involved in nosocomial pneumonia, urinary
tract infections, and bacteremia in immunocompromised hu-
mans. However, liver abscesses caused by this single pathogen
have exhibited an upward trend over the last two decades in
Taiwan (5, 7, 9, 15, 23, 26, 40). K. pneumoniae liver abscess
typically presents as community-acquired primary liver abscess
without biliary tract disease (23, 40), and about 10 to 12% of
patients develop serious extrahepatic complications such as
metastatic meningitis or endophthalmitis (7, 9, 15, 26). Diabe-
tes mellitus is thought to be an important risk factor in patients
with K. pneumoniae liver abscess, with a prevalence of approx-
imately 50% (5, 7, 9, 15, 23, 26, 40), and a similar situation has
been reported in other countries, such as the United States,
Japan, and Singapore (11, 38, 39, 41, 43). Even when standard-
ized treatment, including pigtail catheter drainage plus antimi-
crobial therapy, is performed, there is still significant morbidity
and an at least 10% mortality, especially in patients with met-
astatic complications (7, 9, 15, 23, 26, 40). The timing of ap-
propriate antimicrobial therapy is an important factor related
to the survival rate (8, 13, 15). Therefore, rapid diagnosis is
helpful to prevent exacerbation of disease. However, the
pathogenesis of the newly emerging infectious disease remains
unclear. The aim of this study was to identify genetic loci
specifically associated with liver infection strains of K. pneu-
moniae by comparing strains causing primary liver abscess with
strains from patients without liver abscess or other tissue in-
vasions. We constructed a DNA microarray from a genomic
library of a clinical K. pneumoniae isolate to investigate the
genes with increased RNA expression levels in liver infection
strains of K. pneumoniae.
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MATERIALS AND METHODS

Bacterial strains. K. pneumoniae isolates from patients with liver abscess,
meningitis, or endophthalmitis were defined as liver infection strains, and bac-
terial isolates from patients without any tissue invasions other than bacteremia
were defined as non-liver infection strains. A total of 126 K. pneumoniae strains
were used in this study (Table 1). Sixty strains were collected from National
Taiwan University Hospital (NTUH) during 1996 to 2001. Of these strains, 31
liver infection strains were isolated from patients with primary liver abscess,
including three isolates (NTUH-K2044, A5011, and A3021) from patients who
had metastatic meningitis or endophthalmitis in addition to liver abscess. These
three isolates from patients with metastatic complication were chosen for mi-
croarray analysis. The other 29, non-liver infection strains were isolated from
patients without clinical symptoms of liver abscess, meningitis, or endophthalmi-
tis. Three of the 29 strains (N3423, N3529, and N5322) were randomly chosen for
microarray experiments. All of the patients with primary liver abscess were con-
firmed by sonography-guided aspiration or surgical drainage, and patients without
liver abscess were confirmed by abdominal sonography or computed tomography.
Most of the isolates, including the three liver infection strains and three non-liver
infection strains selected for microarray experiments, were not genetically related,
which was confirmed by pulsed-field gel electrophoresis (5, 42) (Fig. 1).

For purposes of comparison, 66 strains were obtained from other areas. Thir-
ty-two non-liver infection strains (FEM strains) were provided by Far Eastern
Memorial Hospital, Banciao, Taiwan. Eleven non-liver infection strain isolates
and one liver infection strain (ECK strains) were provided by En Chu Kong
Hospital, Sansia, Taiwan. All clinical isolates were identified as K. pneumoniae
according to standard clinical microbiologic methods (1). Twenty-two American
strains, including MGH 78578, which was chosen for full genome sequencing by
the Genomic Sequencing Center at Washington University (St. Louis, Mo.), were
purchased from the American Type Culture Collection (ATCC).

Growth conditions. Bacteria were grown in Luria-Bertani medium at 37°C,
except those for the allantoin utilization assay. For allantoin analysis, bacteria
were grown in allantoin minimal medium (4), consisting of 34 mM NaH,PO,,
64 mM K,HPO,, 1 uM FeSO,, 0.1 mM MgSO,, and 10 pM CaCl, and supple-
mented with 60 mM allantoin. Aerobic growth was carried out in a 37°C incu-
bator with shaking. Anaerobic growth was carried out at 37°C in a microaero-
philic chamber (Don Whitley, West Yorkshire, England) containing 10% CO,,
5% O, and 85% N,.

DNA extraction and library construction. Genomic DNA of a liver infection
K. pneumoniae strain, NTUH-K2044, was extracted from 3 ml of overnight
culture by using a DNA isolation kit (Puregene, Minneapolis, Minn.) according
to the manufacturer’s instructions. Aliquots of 20 pg of genomic DNA were
partially digested with Sau3Al, and DNA fragments of 3 to 5 kb that had been
harvested from an agarose gel were ligated to the BamHI site of a N-ZAP-II
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TABLE 1. K. pneumoniae strains used in this study and prevalence of the 22-kb region

PCR (slot blot) results”

Strain or isolate (no. of isolates) Origin Patient symptom(s) No. positive No. negative
for 22-kb region for 22-kb region
Liver infection strains (32) Taiwan
NTUH strains (28) Liver abscess 16 (16) 12 (12)
K2044 and A5011 Liver abscess and meningitis 2(2) 0 (0)
A3021 Liver abscess and endophthalmitis 1(1) 0 (0)
ECK strain (1) Meningitis 0(0) 1(1)
Non-liver infection strains (94) Other than liver abscess
NTUH strains (29) Taiwan 1(1) 28 (28)
FEM strains (32) Taiwan 0(0) 30 (32)
ECK strains (11) Taiwan 1(1) 10 (10)
ATCC strains (22) United States 0(0) 20 (22)

“ A total of 122 strains were consistent by PCR. Positive, positive with inside primers and negative with outside primers, negative, negative with inside primers and
positive with outside region primers (see text). Four strains (two FEM strains and two ATCC strains) were PCR negative with both inside and outside primer pairs

and were proven to be negative by slot blot hybridization.

vector (Stratagene, La Jolla, Calif.). The phagemid library was obtained by using
a Gigapack IIT Gold packaging kit (Stratagene) as previously described (12). A
total of 5,760 clones were amplified by PCR with primers in vector (Table 2), and
3,146 of these clones were randomly selected for the microarray. To test the
redundancy of library, 798 of the 3,146 clones were randomly selected for se-
quencing. The 798 clones revealed 678 distinct sequences (i.e., 15% redundancy).

RNA isolation and probe preparation. Total RNA was purified from log-phase
cultures of K. pneumoniae by CsCl gradient centrifugation (33). Aliquots of 40 g
of total RNAs were labeled as previously described (2). Briefly, total RNA was
mixed with 12 wM random primers; 1 mM (each) dCTP, dATP, and dGTP; 80
pM dTTP; 80 pM biotin-16-dUTP; RNase inhibitor (0.5 U/ul) (Roche, Mann-
heim, Germany); 10 mM dithiothreitol; and 600 U of Superscript II reverse
transcriptase (Invitrogen/Gibco BRL, Carlsbad, Calif.) in 62.5 ul of solution at
42°C for 4 h. The reaction was stopped by heating to 95°C for 5 min, and RNA
was degraded in the presence of NaOH and neutralized by addition of acetic
acid. The labeled cDNA was precipitated with isopropanol and washed with 75%

kb
- 674
- 361
- 324
- 262
- 208
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- 135
- 117

FIG. 1. Pulsed-field gel electrophoresis of K. pneumoniae isolates
digested with Xbal. Lanes 1 to 4, four liver infection strains (NTUH-
K2044, A1208, A3021, and A5011, respectively). Three of these four
liver infection strains (excluding A1208) were chosen for microarray
hybridization. Lanes 5 to 7, three non-liver infection strains (N3423,
N3529, and N5322, respectively), which were chosen for microarray
hybridization. Lane M, molecular size marker.

ethanol. Immediately before use, the probes were resuspended in hybridization
buffer containing 5X SSC (1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate),
0.1% N-lauroylsarcosine, 0.1% sodium dodecyl sulfate (SDS), 1% blocking re-
agent (Roche), and 40 pg of herring sperm DNA per pl.

Microarray construction. Colonies picked from the phagemid library were
inoculated into 96-well microtiter plates. After overnight culture at 37°C, 1 ul of
bacteria containing DNA fragments of K. pneumoniae was amplified by PCR with
primers in vector. The PCR conditions were, for the first step, 96°C for 5 min,
followed by 30 cycles of 96°C for 30 s, 56°C for 30 s, and 74°C for 2 min, carried
out in a volume of 50 wl for each well in a V-bottom 96-well polycarbonate
microtiter plate. The PCR products were concentrated by evaporation at 95°C to
2 pg/pl. A total of 3,146 clones were amplified by PCR and spotted onto a
positive-charge nylon membrane (Roche). An arraying machine with a personal
computer-controlled XYZ translation system (PM500; Newport Inc., Fountain
Valley, Calif.) was outfitted with Teflon-coated tool steel pins (Teflon-AF; Du-
Pont, Wilmington, Del.) for sample delivery (6). Samples were held at the tips of
the six pins for delivery by the action of surface tension.

Hybridization of microarray. The microarray-carrying membrane was prehy-
bridized in 2 ml of hybridization buffer at 65°C for 2 h and hybridized at 63°C for
16 h. The membrane was washed twice with 2X SSC containing 0.1% SDS at
room temperature for 5 min and then washed three times with 0.1X SSC con-
taining 0.1% SDS at 65°C for 15 min each time.

Colorimetry detection and image analysis. After hybridization and washing,
the membrane was blocked with 2 ml of blocking buffer consisting of 7% casein
(Sigma, St. Louis, Mo.) in 1X PBST buffer (1 X phosphate-buffered saline, 0.05%
Tween 20) at room temperature for 1 h and then incubated with 2 ml of a mixture
containing 2,500 diluted alkaline phosphatase-conjugated streptavidin (Gibco
BRL), 4% polyethylene glycol 8000 (Sigma), and 1% bovine serum albumin in
PBST buffer for 1 h. The membrane was then washed with 1X PBST buffer four
times for 5 min each and incubated with 2.5 ml nitroblue tetrazolium-5-bromo-
4-chloro-3-indolylphosphate substrate buffer (Pierce, Rockford, IIl.) at room
temperature for 40 min. Color development was stopped with 1X phosphate-
buffered saline containing 20 mM EDTA. Image analysis was as described pre-
viously (2). Briefly, the signals in the membrane were scanned and converted to
gray levels. Densitometry was performed, and 23S rRNA signals were used as an
internal standard.

Construction of K. pneumoniae mutants. For gene replacement of a/lS, a PCR
fragment generated by primers R1-14F and 616R (Table 2 and Fig. 2A) was
cloned into a PCRII vector (Invitrogen, San Diego, Calif.), and the 677-bp region
from the HinclI to the EcoRYV site located at allS was replaced with a kanamycin
cassette. The deletion construct was then cloned into the suicide vector pUT
(21). A second marker, for spectinomycin, was cloned into a pUT-(AallS) vector
as a negative selective marker to distinguish between single and double cross-
overs for chromosomal integration. pUT-(AallS) was transferred to NTUH-
K2044 by conjugation. The same procedures were used for the cap and z0673-
20674 deletion constructs. To construct the pUT-(Az0673-z0674) mutant (Fig.
2A), a PCR fragment containing the allD-z0675 region was first generated with
primers E2F and G2 (Table 2 and Fig. 2A), and then an 1,874-bp fragment
located from open reading frame (ORF) z0673 nucleotide (nt) 90 to ORF z0674
nt 286 was replaced with a kanamycin cassette. To construct the pUT-(Acap)
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TABLE 2. DNA primers used in this study

nt
Primer Sequence = py Localization region Use

336F TCTGATTTATCCCACATT 1131 1114 22-kb region Prevalence of 22-kb region

1416R CCGTTAGGCAATCCAGAC 42 59 22-kb region Prevalence of 22-kb region

2801769F  GTACACCAGCGGCCTGTTCTGGGCGCAATC 2362637 2362666 ~ MGH® contig 3591  Prevalence of 22-kb region

2803831R  CAGAACAGCATTTACTATGATGTGGTG 2364699 2364673  MGH contig 3591 Prevalence of 22-kb region

252R GACGTTGGGAAGGGGAAC 1208 1225 22-kb region Inverse PCR

1729F TCGCATATCGTCCAGCAG —271 —288 Upstream of 22-kb ~ Inverse PCR

region

92F GTGAAAACGCTGTACTTTGC 1368 1349 22-kb region Pooled PCR

422R GAGCATCGCCATATTCCTCG 1038 1057 22-kb region Pooled PCR

R1-14F CCTCTCTCCAGCGCCTGTGCGCC 1905 1883 22-kb region Pooled PCR, allS and cap
deletion construct

R1-466R GTCACCGAACTGGAGCGCCATCC 1453 1475 22-kb region Pooled PCR

R2-5F AGTCGGCCTGGGGTTTAAGG 2642 2623 22-kb region Pooled PCR and slot blot
hybridization for
prevalence of 22-kb
region

R2-475R CAGTCAACGTGGCGATTCGC 2072 2191 22-kb region Pooled PCR and slot blot
hybridization for
prevalence of 22-kb
region

Al GACCTCCGGTCCGGCGGGTA 2953 2972 22-kb region Pooled PCR

A2 CAAACGCCAGCTGAACGCAG 4220 4201 22-kb region Pooled PCR

BI1F CATGGTTTAATCGCTACCGC 5281 5300 22-kb region Pooled PCR

B1R CACGTTGGCCGAGGAGAGCG 6751 6732 22-kb region Pooled PCR

B2F CTGAGTATCGCTAATGCCGG 6638 6657 22-kb region Pooled PCR

B2R TCAGAAATGCCAGCGATCCG 8086 8067 22-kb region Pooled PCR

C1 GTTTGGCTTGCAATGCTACG 8046 8065 22-kb region Pooled PCR

C2 CGCCAGGGTGTTACGTTTAT 10861 10842 22-kb region Pooled PCR

D1 CATGGTGGTATTGCCGCTAA 10822 10841 22-kb region Pooled PCR

D2 CTTTATGGGCGCTTATTCTC 13612 13593 22-kb region Pooled PCR

EIF GCCTGTAGGGAATAAGCGCC 13586 13605 22-kb region Pooled PCR

E1R GGGGCAGCAAAAATATCTTC 15135 15116 22-kb region Pooled PCR

E2F GCTGCCCCAGAAGACGTAAG 15128 15147 22-kb region Pooled PCR and z0673-
z0674 deletion construct

E2R CCTGCGCCAGGGCGGATAAG 17209 17190 22-kb region Pooled PCR

F1 GAAGCGGACAAAGTCAGAGT 17210 17229 22-kb region Pooled PCR

F2 TGTAAACATAGGGACCTCTTATTG 18612 18589 22-kb region Pooled PCR

Gl GGTTGAAAACTGGCATTACAC 19713 19732 22-kb region Pooled PCR

G2 TCTACCGTCAGCGCTTCTCC 20751 20732 22-kb region Pooled PCR and z0673-
z0674 deletion construct

616R ATACTCGCCGTATGCCTG —798 —781 Upstream of 22-kb allS deletion construct

region

2803749R  GTATTAATGGCGATTACG 2364617 2364600  MGH contig 3591 cap deletion construct

T3 ATTAACCCTCACTAAAG Plasmid pBKCMV Microarray PCR

T7 TAATACGACTCACTATAGGG Plasmid pPBKCMV Microarray PCR

“MGH, MGH 78578.

mutant (Fig. 2A), a PCR fragment was generated with primers 2803749R and
R1-14F (Table 2), and then a 634-bp fragment located at putative cap nt 146 to
nt 779 was replaced with a kanamycin cassette. Chromosomal deletion of mu-
tants was confirmed by PCR with multiple primer pairs.

Slot blot hybridization. For cap and allD region detection, the PCR products
of each locus were transferred onto a nylon membrane by passive vacuum
pressure, and a PCR product of 23S rRNA was used as internal control for each
membrane. Twenty micrograms of total RNA was reverse transcribed and la-
beled with biotin. For determination of the 22-kb prevalence, 5 pg of K. pneu-
moniae genomic DNA was transferred onto a nylon membrane; the probe was a
biotin-labeled PCR fragment (Table 2) located in the 22-kb region. The mem-
brane was prehybridized with hybridization buffer at 65°C for 2 h and hybridized
with biotin-labeled cDNA probe at 65°C for 16 h. Detection was performed with
the Southern-Light chemiluminescent detection system (Tropix, Bedford, Mass.)
according to the manufacturer’s instructions.

DNA sequencing of flanking chromosomal regions. The primers used in this
study are listed in Table 2. Inverse PCR and pooled PCR were used to extend the
flanking region of clone 1. For inverse PCR, the genomic DNA was digested with
Kpnl and then self-ligated. Inverse PCR was carried out with primers 1729F and

252R (Table 2). The PCR fragments were cloned into a pGEM-Teasy vector
(Promega, Madison, Wis.), and the sequence was determined by BigDye termi-
nation methods. For pooled PCR, 20 bacterial colonies were randomly selected
from the genomic library of NTUH-K2044 and pooled in each well of a 96-well
plate. After an overnight culture, 1 pl of bacterial culture from each well was
transferred to a V-bottom 96-well plate and amplified by PCR with primers derived
from sequences of the 5’ end (Table 2). Positive wells were broken down, and clones
indicated to be positive by PCR were picked up for sequencing. The procedures were
repeated until the 5’ end sequences matched sequences in MGH 78578.

Animal inoculation. Six-week-old female BALB/c mice were used in this
experiment. Groups of four mice were each infected intraperitoneally and intra-
gastrically (18) with the indicated doses of K. pneumoniae in 0.5 and 0.2 ml of
saline solution, respectively. Mice were given 102, 103, and 10* CFU of wild-type
NTUH-K2044 or mutants or were given 10° and 107 CFU of MGH 78578
intraperitoneally. Mice were given 10* to 10° CFU of wild-type NTUH-K2044 or
mutants intragastrically. The 50% lethal dose (LDs) was calculated as described
by Reed and Muench (34). The exact inoculation dose was confirmed by exam-
ining CFU on Luria-Bertani agar plates.
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FIG. 2. Organization of genes in the 22-kb chromosomal region. (A) Schematic diagram of deletion constructs. The primers (also shown in
Table 2) are indicated by arrows: 1, 616R; 2, R1-14F; 3, E2F; 4, G2; 5, 2803749R. The deletion region was replaced with a kanamycin cassette.
(B) The 149-bp chromosome in MGH 78578 was replaced by a 21,745-bp fragment in NTUH-K2044. The boldface line at the top represents a
genomic fragment of MGH 78578. Alignment of the gene cluster between the 22-kb region of NTUH-K2044 and E. coli is shown, and the amino
acid identity is shown below the gene. The extents and directions of the genes are indicated by open arrows, and designations are according to those
proposed for E. coli (10, 35). Arrows on the top represent primer locations outside the 22-kb region for PCR confirmation of strains without a 22-kb
region. The lines at the bottom show the transcriptional units in E. coli.

RESULTS K2044) and three non-liver infection (N3423, N3529, and
Comparison of expression levels by microarray analysis. N5322) K. pneumoniae strains from NTUH. Parts of the mi-
Microarray analysis was performed to compare the RNA pro- croarray with different expression levels were magnified and

files of three liver infection (A3021, A5011, and NTUH- are shown in Fig. 3. There were 27 clones that had at least
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FIG. 3. Colorimetric detection of total K. pneumoniae RNA ex-
pression on a microarray. The dots showing increased RNA expression
levels in the liver infection strain are circled.

twofold-decreased RNA expression levels in liver infection
strains. In contrast, there were 13 clones (Table 3) that re-
vealed an increase of RNA expression levels of greater than or
equal to twofold in liver infection strains. Slot blot analysis
confirmed the results of the microarray experiments (Fig. 4).
Because sequences of all of the 27 clones were present in
MGH 78578, we chose to study genes exhibiting increased
RNA expression levels in liver infection strains. The nucleotide
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sequences of these 13 clones were analyzed. There were three
clones (clone 1, 2, and 6) that showed no sequence similarity in
the 5’ end with the 10X shotgun sequence of K. pneumoniae
MGH 78578. The three clones contained the same loci, only
with different lengths in the 3’ end (Table 3). Although the
other 10 clones had sequences corresponding to those of MGH
78578, several ORFs were similar to some virulence genes in
other pathogens. Clone 5 includes two ORFs homologous to
etfB and etfC in Edwardsiella tarda (Table 3). Both etfB and etfC
are responsible for the synthesis of fimbrial protein (37). Clone
7 encodes a protein that is homologous to glutathione perox-
idase, an enzyme which has been proven to be important in the
cellular metabolism or defense processes in Neisseria meningi-
tidis (29). One of the ORFs in clone 9 showed amino acid
similarity to ferredoxin-NADP-reductase (encoded by fpr).
Disruption of fpr has been shown to render Salmonella enterica
serovar Typhimurium hypersensitive to paraquat (32). The two
OREFs included in clone 11 showed amino acid sequence iden-
tity to a component of Clp protease and an ABC-type efflux
carrier, respectively. The Clp proteolytic complexes have been
demonstrated to be important for survival during stress and
play a role in virulence in many pathogens (14, 16, 25, 31),
whereas the ABC-type efflux carrier is an antibiotic transporter
that confers erythromycin resistance in Escherichia coli (24).
The actual roles of these ORFs in K. pneumoniae-related liver

TABLE 3. Predicted ORFs of the 13 clones

Length of comparable amino acid

Clone no. Predicted protein (accession no.) sequence (% identity) RNA level increase (fold)

1 LysR-type transcriptional regulator (P77702) 269 (73) 15.5
Capsule-anchoring protein (NP_459508) 349 (73)

2 Same as clone 1 except 600 bp less at 3’ end 11.1

3 Amino acid ABC transporter (NP_470183) 194 (64) 12.3
Hypothetical protein (NP_458927) 200 (60)

4 Putative 2-ketogluconate transporter (NP_745517) 246 (69) 8.8
2-Ketoaldonate reductase (P37666) 322 (81)

5 Fimbrial chaperone protein (BAC55513) 222 (45) 4.9
Fimbrial usher protein (BAD00163) 762 (45)

6 Same as clone 1 13.4

7 Hypothetical protein (NP_456227) 316 (90) 3.7
Glutathione peroxidase (ZP_00066077) 158 (58)

8 Hypothetical protein (NP_804847) 217 (89) 2.9
Putative nucleolar protein (NP_416349) 462 (79)

9 Ferredoxin-NADP reductase (NP_290553) 248 (87) 4.7
Hypothetical protein (CAD98874) 200 (83)
Triosephosphate isomerase (CAD98875) 237 (99)

10 Regulator of gluconate operon (NP_312314) 331(92) 3.8

11 ATP-binding component of serine protease (NP_752948) 277 (97) 4.0
Macrolide-specific ABC-type efflux carrier (P75831) 468 (76)

12 Same as clone 9 3.8

13 Possible drug efflux protein (NP_457613) 318(83) 2.8
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FIG. 4. RNA expression levels of the 13 clones (Table 3) by slot blot hybridization. Blots 1 to 13, hybridization with PCR products from clones
1 to 13, respectively. Biotin-labeled cDNA probes were from either a liver infection strain or a non-liver infection strain. The 23S rRNA was used

as an internal control.

infections await further investigation; however, our data pro-
vide an important basis for future studies.

Clone 1 and flanking regions. Clone 1 was selected for
further study because of the absence of a 5" sequence in MGH
78578. It also showed the highest difference in expression level
and contained a 2,752-bp fragment and two ORFs, one of
which (putative allS) showed 73% amino acid sequence iden-
tity to the AlIS activator for allantoin regulon and the other of
which (putative cap) showed 73% amino acid sequence identity
to a capsule-anchoring protein (Table 3). Slot blot hybridiza-
tion showed that the putative cap could be detected in only
NTUH-K2044 and not in a non-liver infection strain (Fig. 5A).
Therefore, four non-liver infection strains were randomly se-
lected, and the cap sequence compared with four liver infec-
tion strains. The results demonstrated that the four liver infec-
tion strains shared the same putative promoter region and had
identical deduced amino acid sequences; however, the putative
promoter region and part of the N-terminal residues in these
liver infection strains were totally different from those of the
non-liver infection strains (Fig. 5B). In addition, a frameshift
was observed in MGH 78578 (http://genome.wustl.edu/gsc),
resulting in a early stop codon (Fig. 5B). The sequence of the
clone 1 flanking regions and the comparison with MGH 78578
revealed that 149 bp in MGH 78578 (contig 3591, nt 2362672
to 2362820) was replaced by a 21,745-bp fragment in NTUH-
K2044 (Fig. 2B) (GenBank accession no. AB115590). The
21,745-bp region contained 19 ORFs, including a partial frag-
ment of the putative cap gene. Analysis done by using the
National Center for Biotechnology Information BLAST server
revealed that the alignment of the 19 ORFs was similar to the
chromosomal region z0657 to z0676 in E. coli. Thirteen genes
(corresponding to allS to allD) located in the region z0658 to
z0672 have been proven to be responsible for the anaerobic
assimilation of nitrogen from allantoin and the glyoxylate path-
way in E. coli (10, 35) (Fig. 2B). In NTUH-K2044, the region
containing 14 ORFs was similar to the region responding to the
use of allantoin in E. coli (Fig. 2B), and a protein encoded
between glxR and 0484 showed 73% amino acids identity to a
permease of S. enterica serovar Typhimurium that was absent
in E. coli. Of the remaining five ORFs, one was the putative
cap and the other four were similar to chromosome region
20673 to z0676 in E. coli (Fig. 2B).

Characterization of the 22-kb chromosomal region. The
growth of K2044(AallS) was compared with that of the wild-
type NTUH-K2044 under the condition that allantoin was used
as the sole carbon and nitrogen source. The results showed
that K2044(AallS) could not grow in allantoin minimal me-
dium. The same result occurred with MGH 78578 and a non-
liver infection strain, which do not contain the allantoin regu-
lon region, whereas the wild-type strain NTUH-K2044 grew in
such a medium (Fig. 6). Interestingly, K. pneumoniae NTUH-
K2044 was able to utilize allantoin as the sole carbon and
nitrogen source even under aerobic conditions (Fig. 6B). Be-
cause AlIS is essential for the expression of the allD operon in
E. coli (35), slot blotting was performed to detect RNA expres-
sion of the putative allD operon. RNA expression of the allD
operon could be detected in NTUH-K2044 but not in MGH
78578 or K2044(AallS) (Fig. 7). To examine whether the re-
maining five ORFs are related to allantoin utilization, two
deletion clones, K2044(Acap) and K2044(Az0673-z0674), were
grown in allantoin minimal medium, and the growth curves of
the mutants were investigated. The K2044(Acap) mutant ex-
hibited the same growth rate as the wild-type strain under
either aerobic or anaerobic conditions (Fig. 6). However,
K2044(Az0673-z0674) grew faster than the parent strain,
NTUH-K2044, after 60 h under aerobic conditions (Fig. 6B).
Although K2044(Az0673-z0674) grew more slowly than the
NTUH-K2044 strain during 12 to 72 h under anaerobic con-
ditions, the difference was not statistically significant (Fig. 6A).

Animal study. Inoculation of the NTUH-K2044,
K2044(AallS), K2044(Acap), and K2044(Az0673-20674) strains
in mice showed the same LDy, (10? CFU) as for the wild-type
strain, whereas the mice remained healthy 6 weeks after inoc-
ulation of 107 CFU of MGH 78578 (LDs, of >107). However,
intragastric inoculations of mice showed a significant differ-
ence in LDs, between the wild-type strain and K2044(AallS)
mutant (10* for the wild-type strain and 10° to 10° for the
mutant).

Prevalence of 22-kb region. To detect the prevalences of the
22-kb region in different K. pneumoniae strains, PCR with a
primer pair (336F and 1416R [Table 2]) inside the 22-kb region
(inside primers) was performed with 126 K. pneumoniae iso-
lates. A second primer pair (2801769F and 2803831R [Table 2
and Fig. 2B]) outside the 22-kb region (outside primers) was
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FIG. 5. (A) RNA expression levels of cap determined by slot blot hybridization. The 23S rRNA served as an internal control. Probes were
derived from NTUH-K2044 and from a non-liver infection strain. (B) Comparison of the putative promoter regions of cap in liver infection and
non-liver infection strains. Dashes represent 100% sequence identity with NTUH-K2044, and asterisks represent 100% sequence identity with
MGH 78578. The first nucleotide (marked by a dot) corresponds to contig 3591 nt 2362637 in MGH 78578 and nt 184 in the 22-kb fragment of
NTUH-K2044. The putative start codon is underlined. Translated amino acids are shown above the DNA sequence. nt 201 to 407 are omitted
because the sequences were same in all investigated strains. The arrow represents a deoxycytidine deletion in MGH 78578, and thus a stop codon
(asterisk) occurred in MGH 78578. MGH, MGH 78578; N1 to N4, four non-liver infection strains; 2044, NTUH-K2044; A1l to A4, four liver
infection strains.
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FIG. 6. Growth study of wild-type K. pneumoniae and mutant
strains in allantoin minimal medium. (A) Bacteria were grown under
anaerobic conditions. (B) Bacteria were grown under aerobic condi-
tions. The experiments were repeated three times and error bars in-
dicate standard deviations.

then used to perform PCR. The PCR with the second primer
pair could generate a 2-kb fragment only in the absence of the
22-kb region, because the primer pair was too far apart in the
genome (Fig. 8A and B). Consistent results with the two
primer pairs were found for 122 strains, while for four non-

allD 23S rRNA allD 23S rRNA allD

23S rRNA

NTUH-K2044 MGH 78578 K2044(AallS)

FIG. 7. RNA expression levels of allD determined by slot blot hy-
bridization. The 23S rRNA served as an internal control for each
membrane. Probes were derived from NTUH-K2044, MHG 78578,
and K2044(Aalls).

22-kb region (B). All of the PCR results that are negative in panel A
are positive in panel B. Lanes M, molecular size markers. (C) Slot blot
hybridization with a probe located in the 22-kb region. The 23S rRNA
gene served as a control. Lanes 1 to 5, five liver infection strains; lanes
6 to 10, five non-liver infection strains.

liver infection strains PCR products could not be obtained with
both sets of primers (Table 1). The PCR results for the 126
strains were reconfirmed by slot blot hybridization (Table 1
and Fig. 8C). The four PCR-negative strains were proven to be
negative for the 22-kb region by slot blot hybridization. The
prevalence of the 22-kb region was significantly higher in liver
infection strains than in non-liver infection strains (19 of 32
versus 2 of 94; P = 0.0001 by x> test) (Table 1).

DISCUSSION

Clone 1 includes allS and cap. Although cap can be found in
the non-liver infection strains, the RNA expression levels of
cap in liver infection strains and non-liver infection strains are
different. Sequence extension of clone 1 revealed that allS is
included in a 22-kb fragment, and PCR showed that this region
is absent in most of the non-liver infection strains. The same
condition was reported for S. enterica (17). Garaizar et al. (17)
compared S. enterica serovar [4,5,12:i:—] strains with serovar
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Typhimurium LT2 by microarray analysis and reported that a
region including 13 genes responsible for the anaerobic assim-
ilation of allantoin as a nitrogen source was absent in all S.
enterica serovar [4,5,12:1:—] strains but was present in serovar
Typhimurium LT2 strains. However, the physiological impli-
cation of the deletion in S. enterica remains unclear. The region
was large enough to be a pathogenicity island (10 to 200 kb)
(20) and was present in the genomes of liver infection strains
but was absent from the most genomes of non-liver infection
strains, and the G+C content of this region (54.2%) was dif-
ferent from that of the rest of the genome (57.5%). Direct
repeats (GTTGCCGATAGCGC) were found at nt 4457 and
20087 of the 22-kb region. However, this 22-kb region seems
not to be a pathogenicity island, since no integrase or other
mobility locus was observed in this region and most of the
genes have the same function associated with allantoin metab-
olism in this region.

A chromosomal region containing 13 genes associated with
allantoin metabolism has been identified in E. coli (10, 35).
The allantoin regulon was formed by three structural operons
expressed from promoters all4,, gcl,,, and allD,, (Fig. 2B) and
two regulators encoded by a/IR and allS. AlIR is a repressor for
the regulon, whereas AllS is an activator which interacts only
with allD,,. However, E. coli cannot use allantoin as a sole
carbon source but is capable of using allantoin as a sole nitro-
gen source anaerobically. In this study, it was shown that K.
pneumoniae use allantoin as the sole source of carbon, nitro-
gen, and energy under either aerobic or anaerobic condition.
Nitrogen is a major component of nearly all of the macromol-
ecules in microorganisms; therefore, a delicate system was
developed to provide a constant supply of nitrogen. Certain
nitrogenous compounds are preferred as nitrogen sources by
microorganisms; however, when these primary nitrogen
sources are not available or are in low concentrations, different
nitrogen sources such as purines, proteins, or allantoin can be
used (27, 36). Therefore, the allantoin-utilizing capability in K.
pneumoniae may help its competition for nitrogen sources. In
addition, the allantoin level is increased in certain patients with
diseases such as rheumatoid arthritis (19), chronic lung disease
(28, 30), bacterial meningitis (22), and non-insulin-dependent
diabetes mellitus with early peripheral vascular disease (3).
Because primary liver abscess caused by K. pneumoniae fre-
quently occurs in diabetes mellitus patients, an increased al-
lantoin concentration might benefit bacteria that can use al-
lantoin.

A decrease of virulence in the deletion mutant was found
only in the mouse model in comparison with that of the wild-
type strain with intragastric infection, and not with intraperi-
toneal injection. This supported the importance of the infec-
tion route, since natural liver abscess is probably due to the
resident K. pneumoniae in the gastrointestinal tract. In addi-
tion, the strong association of the 22-kb region with liver in-
fection strains provides indirect evidence for the association of
the 22-kb region with virulence.

In conclusion, we have identified 13 loci which expressed
higher mRNA levels in liver infection strains, and one of these
loci is associated with allantoin metabolism. The virulence was
attenuated in a mouse model with intragastric infection. The
prevalence of the 22-kb region is significantly higher in K
pneumoniae strains that cause liver infections than in those that
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do not. The 22-kb region may play a role in infections caused
by liver infection K. pneumoniae strains and may serve as a
marker for rapid identification.
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