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Klebsiella pneumoniae Capsule Expression Is Necessary for
Colonization of Large Intestines of Streptomycin-Treated Mice
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The role of the Klebsiella pneumoniae capsular polysaccharide (K antigen) during colonization of the mouse
large intestine was assessed with wild-type K. pneumoniae LM21 and its isogenic capsule-defective mutant.
When bacterial strains were fed alone to mice, the capsulated bacteria persisted in the intestinal tract at levels
of 108 CFU/g of feces while the capsule-defective strain colonized at low levels, 104 CFU/g of feces. In
mixed-infection experiments, the mutant was rapidly outcompeted by the wild type. In situ hybridization on
colonic sections revealed that bacterial cells of both strains were evenly distributed in the mucus layer at day
1 after infection, while at day 20 the wild type remained dispersed and the capsule-defective strain was seen in
clusters in the mucus layer. These results suggest that capsular polysaccharide plays an important role in the
gut colonization ability of K. pneumoniae.
and Klebsiella Centre, Copenhagen, Denmark), and its derivative mutant LM21(cps), defective in synthesis of the capsule,
have been described previously (8). A spontaneous streptomycin-resistant (Strr) mutant and a streptomycin–nalidixic acidresistant (Strr Nalr) double mutant of wild-type K. pneumoniae
LM21 and a spontaneous streptomycin-resistant mutant of K.
pneumoniae LM21(cps) were used throughout this study. The
antibiotic-resistant isolates were found to be identical to their
parents in respect to growth physiology, biochemical reactions,
serotype, and colonization ability of the mouse gut. Moreover,
in vitro growth rate studies were performed in minimal medium M9 (18) supplemented either with 0.4% acetate or with
0.4% glucose and 1% Casamino Acids; in neither of the media
did the generation times differ significantly.
Gut colonization ability was assayed by the streptomycintreated mouse colonization model, which was previously used
to study the colonization abilities and growth physiologies of E.
coli and Salmonella typhimurium in the intestinal environment
(13, 15–17). Capsule formation on the wild-type strain after colonization was confirmed visually and by specific K antiserum.
When mice were fed wild-type K. pneumoniae LM21 Strr
Nalr at 1 ⫻ 109 CFU, the strain persisted in the gut at levels of
5 ⫻ 108 CFU per g of feces (Fig. 1). Colonization experiments
with the same number of K. pneumoniae LM21 Strr organisms
fed to another group of mice gave the same results, confirming
that resistance to nalidixic acid had no effect on the ability of
the wild-type strain to persist in the intestinal gut of mice (data
not shown).
When the K. pneumoniae LM21(cps) Strr isogenic mutant
was fed to another group of mice at 6 ⫻ 108 CFU, the capsuledefective mutant strain was able to persist only at low levels,
1 ⫻ 104 CFU per gram of feces, at day 20 (Fig. 1). From these
experiments, it was clear that the encapsulated strain had an
advantage in persisting in high numbers in the intestinal tract.
On day 20 after feeding with bacterial strains, mice were
sacrificed and a 1-cm-long piece of the ileum and jejunum was

Colonization of the intestinal tract is the first task that an
enteric pathogen has to perform before infecting the host system (9). Pathogens face a complex ecosystem composed of 1012
viable bacteria per gram of gut contents and consisting of up to
400 to 500 different bacterial species. Epidemiological studies
have revealed that the initial step in infection by Klebsiella
pneumoniae strains involved in nosocomial infections is colonization of the gastrointestinal tract (4, 19). It is generally
assumed that the ability of microorganisms to initiate colonization depends on the ability to adhere to mucosal surfaces in
the gastrointestinal tract. Bacterial surface structures are likely
to be involved in these interactions, and a number of proteinaceous adhesins from K. pneumoniae strains have been characterized (3, 5, 7, 12). In spite of the fact that the majority of
K. pneumoniae clinical isolates produce a very characteristic,
heavy polysaccharide capsule (K antigen) covering the entire
bacterial surface, very few studies have been performed to
assess the role of this component during colonization of mucosal surfaces. The importance of Escherichia coli K5 capsule
expression was demonstrated in gnotobiotic rats (11), whereas
the K. pneumoniae capsule was found to play no role in colonization of the gut of germfree chickens (2).
In the present study, the role of the K. pneumoniae capsule
in colonization of the mouse intestinal tract was investigated by
comparing a wild-type strain and its isogenic mutant defective
in synthesis of the capsule. The present work concerns (i) the
importance of the capsule in colonization of the intestinal tract
of mice and (ii) the spatial distribution of K. pneumoniae
strains in the gut as determined by in situ hybridization.
Clinical isolate K. pneumoniae LM21, of serotype K35 (typed
at the World Health Organization International Escherichia
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removed; the contents were weighed, diluted in cold 0.9%
(wt/vol) sodium chloride, and plated. The ceca were nicked,
and cecal contents were removed, weighed, diluted, and plated.
The ceca were gently washed in saline solution, and the mucus
layer was scraped off with a spatula, diluted, and plated. Platings
were performed on antibiotic-containing L-broth agar plates.
For the wild-type strain K. pneumoniae LM21 Strr Nalr, 5 ⫻
107 CFU per gram of cecal contents, similar to the concentration in feces, and 5.3 ⫻ 106 CFU per gram of cecal mucus were
recovered. In the jejunum and ileum, 1 ⫻ 104 and 1.35 ⫻ 106
CFU per gram of contents, respectively, were detected. Similar
results were observed in experiments performed with the K.
pneumoniae LM21 Strr strain (data not shown). The K. pneumoniae LM21(cps) Strr capsule-defective mutant was detected
at levels of 1 ⫻ 104 CFU per gram of cecal contents and 1.2 ⫻
103 CFU per gram of cecal mucus. The numbers of bacteria
present in the ileum and jejunum were less than 102 per gram
of contents.
The role of the capsule in intestinal colonization was confirmed by competition experiments; i.e., the wild-type strain
and the defective mutant were given simultaneously to the
mice. First, co-colonization experiments were performed by
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feeding the mice simultaneously K. pneumoniae LM21 Strr
Nalr and its isogenic mutant K. pneumoniae LM21(cps) Strr, at
3 ⫻ 108 CFU of each strain. The numbers of bacteria in feces
were determined for 20 days thereafter (Fig. 2A). The CFU
per gram of feces decreased rapidly for the capsule-defective
mutant at day 15, being below the detection limit. The wildtype strain was maintained in the gut during the entire period
at a level of 5 ⫻ 107 CFU per gram of feces.
Another set of mice was simultaneously fed the two strains
at 2 ⫻ 105 CFU each (Fig. 2B). At day 1, the two strains grew
equally well, reaching levels of approximately 108 CFU per
gram of feces. Then, the numbers of the capsule-defective
mutant decreased rapidly and were not detectable at day 9.
The wild-type strain persisted in the gut at a level of 108 CFU
per gram during the 3-week experimental period.
Independently of the inoculum size, the capsule-defective
mutant was outcompeted by the wild-type strain K. pneumoniae LM21. Competition for nutrients and a difference in
growth rate could explain the elimination of the capsule-defective mutant LM21(cps) by the wild-type strain K. pneumoniae LM21. However, when mice were fed the strains at low
numbers, both strains reached levels of 108 CFU per gram of
feces within 1 day, suggesting that they grow equally well in the
gut (Fig. 2B). Thereafter, the two strains might compete in
order to occupy the same spatial niches in the intestine, resulting in outcompetition of the mutant. Another hypothesis could
be that the capsule-defective mutant is more susceptible to
host defense factors such as phagocytic cells or more susceptible to bacteriocins produced by the resident flora. Furthermore, the presence of the capsule could enhance penetration
through mucus and/or adhesion to the mucus layer, giving an
advantage to the wild type during establishment of the strains
in the gut. Colonization of the mouse intestine by a smooth
strain of S. typhimurium and its lipopolysaccharide-defective
mutant (13, 15) showed that the wild type had an advantage
versus its mutant, emphasizing the importance of surface structures in vivo.
The spatial distribution of the wild-type strain K. pneumoniae LM21 and its mutant during colonization of the gut
was assayed by in situ hybridization at day 1 and at day 20 after
feeding. Probe EC1531, designed to hybridize to the 23S rRNA
from E. coli, was previously described (16). By evaluating the
probe in an updated database with the ARB software package
(Lehrstuhl für Mikrobiologie, Technical University, Munich,
Germany), developed for rapid handling and exploitation of

FIG. 2. Co-colonization by wild-type K. pneumoniae LM21 (■) and its capsule-defective mutant, K. pneumoniae LM21(cps) (Œ), of the intestines of streptomycintreated mice. (A) The strains were fed simultaneously at 108 CFU to streptomycin-treated mice. (B) The strains were fed simultaneously at 105 CFU to streptomycintreated mice. Symbols for day 0 represent the sizes of the inocula. At the indicated times, fecal samples were plated as described in the text. Bars represent standard
errors of the means.
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FIG. 1. Colonization by wild-type K. pneumoniae LM21 (■) and its capsuledefective mutant, K. pneumoniae LM21(cps) (Œ), of the intestines of streptomycin-treated mice. The strains were fed separately to each of three streptomycintreated mice. Symbols for day 0 represent the sizes of the inocula. At the
indicated times, fecal samples were plated as described in the text. The detection
limit is marked by a broken line. Bars represent standard errors of the means.
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FIG. 3. Colonic sections of mice fed wild-type K. pneumoniae LM21 (A) and the K. pneumoniae LM21(cps) capsule-defective mutant (B) on day 1 after onset of
infection. (Left) Phase-contrast picture of the corresponding area of in situ hybridization. (Right) In situ hybridization with fluorescence-labeled oligonucleotide probes.
K. pneumoniae bacteria appear red, while other eubacteria appear green. The colonic epithelium (Ep) is fluorescent because of the autofluorescence of the eucaryotic
tissue. Bars, 10 m.

rRNA sequence data, it was found that the probe hybridizes to
a number of Enterobacteriaceae, among them K. pneumoniae
and S. typhimurium strains (6). This probe was labeled at the 5⬘
end with (red) CY3 fluorescent dye (cyanine dye CY3.29-OSu;
Biological Detection Systems, Pittsburgh, Pa.). Probe EUB338
(1), specific for the eubacterial domain, was also used and was
labeled with (green) fluorescein (Peninsula Laboratories, Inc.,
Belmont, Calif.) at the 5⬘ end.
Hybridizations were initially performed on pure cultures.

Wild-type K. pneumoniae LM21, the LM21 Strr Nalr mutant,
the capsule-defective mutant LM21(cps), and LM21(cps) Strr
were hybridized to probe EC1531, and no differences were
observed. Bacterial cells from all strains had similar intensities
and were evenly dispersed with no aggregation of the cells.
Hybridizations on bacterial smears from parts of the mouse
gut, fecal samples, and colonic histological sections were performed as previously described (13, 16, 17). In all sections, the
tissue appeared to be autofluorescent at red, green, and blue
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FIG. 4. Colonic sections of mice fed wild-type K. pneumoniae LM21 (A) and the K. pneumoniae LM21(cps) capsule-defective mutant (B) on day 20 after infection.
(Left) Phase-contrast picture of the corresponding area of in situ hybridization. (Right) In situ hybridization with fluorescence-labeled oligonucleotide probes. K.
pneumoniae bacteria appear red, while other eubacteria appear green. The colonic epithelium (Ep) is fluorescent because of the autofluorescence of the eucaryotic
tissue. Bars, 10 m.

wavelengths, whereas fluorescence from the probed bacteria
could be seen only through the filter corresponding to fluorochrome, as previously observed (16). Hybridization of both
colonic sections and fecal samples from streptomycin-treated
uninfected mice did not reveal any hybridization to the remaining gram-positive flora by the fluorescently labeled probe
(EC1531) that detects Enterobacteriaceae.
At day 1 after infection with the K. pneumoniae LM21 Strr

wild-type strain, microscopic observations of the in situ hybridization performed with both probes simultaneously revealed
that the wild-type cells were uniformly distributed in the mucus
layer (Fig. 3A). Only a few bacteria were found in contact with
epithelial cells. Similarly, in mice colonized by the capsuledefective mutant strain, the bacterial cells were seen evenly
distributed in the mucus layer (Fig. 3B). At day 20 from the
onset of colonization by wild-type LM21, the bacterial cells
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remained evenly distributed as single cells in the mucus layer
(Fig. 4A). The isogenic mutant strain was also localized in the
mucus layer (Fig. 4B), but cells were present in small clusters;
very few bacterial cells were detected as single cells. The numbers of bacteria inside a single cluster varied from 3 to 20 single
cells.
The numbers of single and clustered bacterial cells were
determined for the wild-type strain and the mutant strain (assuming that bacterial cells that were not single represented a
cluster). With the K. pneumoniae LM21 wild-type strain, the
ratio of clusters to single cells was 1:17, whereas with the K.
pneumoniae LM21(cps) capsule-defective mutant, the ratio
was 1:0.69. At least five images from six different colonic sections of each colonization experiment were counted. This clustering was observed only in vivo in intestinal sections from
colonized mice and never during in vitro growth. In situ hybridization on smears from fecal samples obtained at day 20
after the onset of colonization revealed no clustering, either
for the wild-type strain or for the capsule-defective mutant
(data not shown). Therefore, the intestinal environment seems
to cause formation of bacterial clusters of the capsule-defective
K. pneumoniae LM21(cps) mutant strain. It is not clear
whether this clustering is a result of growth, i.e., microcolonies,
or is a type of autoflocculation in the mucus layer perhaps due
to hydrophobicity.
The in vivo formation of clusters might explain the lesser
colonization ability of the mutant. It can be assumed that
during the natural mucus turnover, a higher number of bacterial cells of the mutant strain than of the wild type are exfoliated and swept away. The mechanisms involved in clustering in
vivo are very intriguing and will be the subject of further in vivo
studies.

