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Kingella kingae is a gram-negative bacterium that colonizes the respiratory tract and is a common cause of
septic arthritis and osteomyelitis. Despite the increasing frequency of K. kingae disease, little is known about
the mechanism by which this organism adheres to respiratory epithelium and seeds joints and bones. Previous
work showed that K. kingae expresses long surface fibers that vary in surface density. In the current study, we
found that these fibers are type IV pili and are necessary for efficient adherence to respiratory epithelial and
synovial cells and that the number of pili expressed by the bacterium correlates with the level of adherence to
synovial cells but not with the level of adherence to respiratory cells. In addition, we established that the major
pilin subunit is encoded by a pil4 homolog in a conserved region of the chromosome that also contains a second
pilin gene and a type IV pilus accessory gene, both of which are dispensable for pilus assembly and pilus-
mediated adherence. Upon examination of the K. kingae genome, we identified two genes in physically separate
locations on the chromosome that encode homologs of the Neisseria PilC proteins and that have only a low level
homology to each other. Examination of mutant strains revealed that both of the K. kingae PilC homologs are
essential for a wild-type level of adherence to both respiratory epithelial and synovial cells. Taken together,
these results demonstrate that type IV pili and the two PilC homologs play important roles in mediating K.

kingae adherence.

Kingella kingae is a gram-negative bacterium and is an
emerging pathogen that has been recognized increasingly in
recent years as a cause of a variety of pediatric illnesses (6, 15,
24, 29, 32). Previously, K. kingae was dismissed in terms of its
pathogenic potential because of its infrequent occurrence as a
cause of disease. However, recent advances in culture tech-
niques and molecular diagnostics have resulted in high rates of
recovery of K. kingae in cases of septic arthritis and osteomy-
elitis (4, 6, 15, 24, 30). For example, in one recent study, K.
kingae was found to account for nearly one-half of all osteo-
articular infections in patients under 18 years of age and for a
sizable majority of bone and joint infections in children less
than 36 months of age (4).

The pathogenesis of invasive K. kingae disease is presumed
to begin with colonization of the posterior pharynx. This pre-
sumption is supported by recent work by Yagupsky and col-
leagues demonstrating that the same strain can be isolated
from both the respiratory tract and the blood of patients with
K. kingae invasive disease (33). Additional work has shown that
approximately 70% of young children are colonized by K.
kingae at least once per year and that colonization by the same
strain of K. kingae can persist for more than 2 months (22, 29,
31, 32). Following colonization, K. kingae must breach the
epithelial barrier, a process potentially mediated by a canonical
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¥ Published ahead of print on 29 August 2008.

7157

RTX toxin (12), allowing dissemination via the bloodstream to
distal sites, such as bones and joints.

An essential step in both colonization of the respiratory tract
and seeding of distal sites is adherence to tissues, including the
respiratory epithelium and the synovium. To gain insight into
the determinants of K. kingae adherence, we examined the role
of the long fibers that have been observed on the surface K.
kingae (5, 9). We found that these fibers are type IV pili and
are essential for K. kingae adherence. Both high-density pilia-
tion and low-density piliation were associated with efficient
adherence to respiratory epithelial cells, while high-density
piliation was required for maximal adherence to synovial cells.
The major pilin subunit was found to be encoded by a region
that is conserved across several species and contains two pilin-
like genes and a type IV pilus accessory gene. Additional
analysis identified two predicted proteins with homology to
PilC1 and PilC2 in the pathogenic Neisseria species. These two
proteins have a low level of homology to each other and are
both essential for wild-type levels of adherence to respiratory
epithelial and synovial cell lines.

MATERIALS AND METHODS

Bacterial strains. The strains used in this study are listed in Table 1. Esche-
richia coli strains were stored at —80°C in Luria-Bertani (LB) broth with 15%
glycerol, and K. kingae strains were stored at —80°C in brain heart infusion broth
with 30% glycerol. E. coli was routinely grown at 37°C on LB agar or in LB broth
supplemented with 100 pg/ml ampicillin, 50 pg/ml kanamycin, or 20 wg/ml
tetracycline, as appropriate. K. kingae was grown at 37°C with 5% CO, on
chocolate agar plates supplemented with 50 pwg/ml kanamycin or 2 pg/ml tetra-
cycline, as appropriate.

Cell lines. Cell lines were obtained from either the American Tissue Culture
Collection or the Duke Comprehensive Cancer Center. Chang cells (human
conjunctiva; ATCC CCL-20.2), A549 cells (human type II pneumocytes; ATCC
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TABLE 1. Strains used in this study

J. BACTERIOL.

Strain Description Reference
269-492 K. kingae clinical isolate from St. Louis Children’s Hospital 12
KKO1 Naturally occurring nonspreading/noncorroding derivative of 269-492 12
KKO03 Naturally occurring spreading/corroding derivative of 269-492 12
269-492 pilA1::aphA3 269-492 with aphA3 insertion in pilA1 This study
269-492 pilF:aphA3 269-492 with aphA3 insertion in pilF This study
269-492 recJ::aphA3 269-492 with aphA3 insertion in rec/ This study
269-492 pilA2 269-492 recJ::aphA3 with Y57stop and Y58stop mutations in pil42 This study
269-492 pilA1 269-492 recJ::aphA3 with Y57stop and Y58stop mutations in pilA1 This study
269-492 pilA1/pilA2 269-492 recJ::aphA3 containing Y57stop and Y58stop mutations in This study

pilA1 and Y57stop and Y58stop mutations in pil42

269-492 fimB::tetM 269-492 recJ::aphA3 containing a tetM insertion in fimB This study
269-492 pilC1 269-492 with tetM insertion in pilC1 This study
269-492 pilC2 269-492 with aphA3 insertion in pilC2 This study
269-492 pilC1/pilC2 269-492 with fetM insertion in pilC1 and aphA3 insertion in pilC2 This study
DH5a E. coli F~ $80dlacZAM15 A(lacZYA-argF)U169 deoR recAl endAl 20

hsdR17(r,~ my ") phoA supE44 thi-1 gyrA96 relA1

CCL-185), HEp2 cells (human larynx; ATCC CCL-23), and Hig-82 cells (rabbit
synovium; ATCC CRL-1832) were cultivated in media at 37°C with 5% CO, as
previously described (12). SW982 cells (human synovium; ATCC HTB-93) were
maintained in Leibovitz’s L-15 medium supplemented with 10% fetal calf serum
at 37°C without CO,.

Plasmid and strain construction. To create K. kingae gene disruptions, the
relevant gene was first cloned into pUC19 and then interrupted with an antibiotic
cassette. The resulting plasmid was introduced into K. kingae by natural trans-
formation as described previously (12), and transformants were recovered by
selection with the appropriate antibiotic. Correct localization of K. kingae gene
disruptions was confirmed by either Southern blotting or PCR. The primers used
to generate constructs and to confirm gene disruptions are listed in Table 2. To
disrupt pil41, a DNA fragment containing the gene and flanking sequence was

amplified by PCR from K. kingae strain 269-492 with primers pilA1F and pilAIR.
This fragment was then ligated into BamHI/EcoRI-digested pUC19, creating
pUC19/pilAl. The aphA3 kanamycin resistance cassette was released from
pFalcon2 (8) by Mlul digestion and ligated into an Mlul site within the pil41
gene to create pUC19/pilA1::aphA3. To disrupt pilF, fragments corresponding to
the 5’ and 3’ regions of the gene were individually amplified by PCR using
primers pilF5'F and pilF5'R and primers pilF3'F and pilF3'R, respectively.
These fragments were ligated into BamHI/EcoRI-digested pUC19 (introducing
an Mlul site within pilF), creating pUC19/pilF::Mlul. The aphA3 cassette was
then ligated into the MIul site of pUC19/pilF::Mlul, generating pUC19/pilF::
aphA3. To disrupt pilC1, fragments corresponding to the 5" and 3’ regions of the
gene were individually amplified by PCR using primers pilC1ASF and pilC1A5SR
and primers pilC1A3F and pilC1A3R, respectively. These fragments were ligated

TABLE 2. Primers used in this study

Primer Sequence
pilA1F GATCGAATTCGTTCTATTGCCGTTGCCAAGCGTTGTGC
pilAIR GATCGGATCCCATTTCCTATTTCTATTTTTCTAATTATGTATGTATTAAA
ACGCATAAAGC
pilF5'F GATCGAATTCCACCAGAAGACTTGGCAGAGCTGTGTGC
pilF5'R ACGTACGCGTCCAGCACCATGCCGTATGGACGATAAATC
pilF3'F GATCGGATCCCTTAAATTACGACCTTCAAACTGGTAGCGATTGCC
pilF3'R ACGTACGCGTTAACAGGGCCTACGGGCTCGGGTAAAAC
pilC1ASF ACGTGAATTCCGCCTGTTTCTTCGTTGTCGGG
pilC1ASR ACGTATCGATCGCAAAGCTGGACAAGGCAAGTGATACC
pilC1A3F ACGTATCGATGGGGAAGCAAGAACCAATGGTGAAGATGG
pilC1A3R ACGTGGATCCGGCTCTGCGATAGAAACTCCATACGG
PHSXtetd 5" Clal....cccooeiiiiiiiiieiicieceeceeeeeeeeeees ACGTATCGATAAGATTGTAAAATAACAAATATTGGTACATGATTACAG

pHSXtet4 3’ Clal.....
Pilin Region Fwd-2..
Pilin Region Rev-2..

..ACGTATCGATCCACTTGTAGTTTATAATAACTATCTCCTCCTTTACAC
. ACGTGAATTCGCAACTCGTCTTCGCATCGCC
..ACGTGTCGACCCAGCAACACCGTCCAATCCAG

RecJ+BamHIFWA ... CCGCGTTGATTCGGGATCCTTCACAATAATGCAATCG
RecJ+BamHIRev CGATTGCATTATTGTGAAGGATCCCGAATCAACGCGG
pfaclconw/BamHIfwd .........cooviiiiiiiiiii GCATGGATCCCATCTAAATCTAGGTACTAAAACAATTCATCCAG
pfalconw/BamHIrev. ..GCATGGATCCGTTTGACAGCTTATCATCGATAAACCCAG

PilA1K/oFwd-2.....
PilA1K/oRev-2 .....
PilA2K/oMutFwd.
PilA2K/oMutReyv .
PilAl RT-left.....
PilA1 RT-right...
PilA2 RT left#2...
PilA2 RT-right#2.

..GCATTGTTAGAAGCTTATTACTCAGTCAAAGCAC
..TGCAAAAACATCGGTGGCTGAATAATAAGCTTCGCATAACCAATTTCC
..GGAAATTGGTTATGCGAAGCTTATTATTCAGCCACCGATGTT TTTGCA
..CAAACGTTCACGCGTATCTG

FB RT-EMC e GGCATAGATTTGTCGCTGGT

fimB RT-right

ATCAAACGCCACAAACACAG

JUSZ RTIEft oo CCAGAGCGAACCAAAGTCTC

ftsZ RT-right

AAGCTATACTCGCCCTGCTG
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recd pilA1  pilA2 fimB

FIG. 1. Diagram of the pilin-encoding region of K. kingae strain
269-492. Scale bar = 500 bp.

into BamHI/EcoRI-digested pUC19, generating pUC19/pilC1::Clal (containing
an internal deletion in pilCI and a Clal site in place of the deleted region). The
tetM cassette from pHSX-Tet4 was obtained from H. Seifert (Northwestern
University) and was amplified using primers pHSXtet4 5" Clal and pHSXtet4 3’
Clal and then ligated into pUC19/pilCI::Clal, creating pUC19/pilC1::tetM. The
K. kingae pilC2::aphA3 mutant was isolated in a screen for nonadherent mutants
(T. Kehl-Fie and J. W. St. Geme III, unpublished data).

In-frame deletions in pilA1 and pilA2 and a disruption in fimB were produced
by first amplifying a fragment containing rec/, pilA1, pilA2, and fimB (Fig. 1) with
PCR primers Pilin Region Fwd-2 and Pilin Region Rev-2. This fragment was
then ligated into Sall/EcoRI-digested pUC19, creating plasmid pPR. Subse-
quently, a BamHI site was introduced into rec/ in pPR using primers
RecJ+BamHIFwd and RecJ+BamHIRev and a QuikChange IT XL kit (Strat-
agene La Jolla, CA), creating pPR::BamHI. The aphA3 cassette was then am-
plified from pFalcon2 (8) with primers pfalconw/BamHIfwd and pfalconw/
BamHIrev and ligated into pPBR::BamHI. Restriction digestion identified a
recombinant plasmid with the aphA3 cassette divergently transcribed from the
pilin genes, and this plasmid was designated pPRBK. Premature stop codons
were introduced at codons encoding Tyr57 and Tyr58 in both pilA] and pilA2 in
pPRBK individually and in combination using primers PilA1K/OFwd-2 and
PilA1K/ORev-2 and primers PilA2K/OMutFwd and PilA2K/OMutReyv, produc-
ing truncation constructs designated pPRBK::pil41 (pilA1 truncation), pPRBK::
pilA2 (pilA2 truncation), and pPRBK:pild41/2 (pilAl and pilA2 truncations).
Following each step, constructs were sequenced to confirm the presence of the
intended mutation and the absence of unintended PCR related mutations. After
transformation into K. kingae, integration of the pilAl and pilA2 truncation
mutations into the K. kingae chromosome was confirmed by DNA sequencing. To
disrupt fimB, plasmid pPRBK was digested with Nrul and ligated to the tetM
cassette from pHSX-tet4, creating PRBK::fimBtetM.

Adherence assays. Bacteria were incubated for 17 to 18 h overnight on choc-
olate agar or LB agar as appropriate and then resuspended in brain heart
infusion broth to an optical density at 600 nm of 0.8. For both qualitative and
quantitative assays, approximately 6.5 X 10° CFU was inoculated onto fixed
confluent cell monolayers in 24-well plates. Monolayers were fixed by removing
the growth medium and then adding 2% glutaraldehyde in 0.1 M sodium phos-
phate buffer (pH 7.4) and incubating the preparations at 4°C for 2 h with gentle
rocking. The monolayers were washed three times with 1X Tris-buffered saline,
and then 300 I of fresh tissue culture medium was added to each well. Following
inoculation of bacteria onto monolayers, the 24-well plates were centrifuged for
5 min at 1,000 rpm and then incubated for 25 min at 37°C. Subsequently,
monolayers were washed four times with phosphate-buffered saline (PBS) to
remove nonadherent organisms. For qualitative assays, monolayers were fixed
and stained with Giemsa stain and then examined by light microscopy. For
quantitative assays, trypsin-EDTA was added to monolayers, and then the mono-
layers were incubated for 20 min at 37°C to release adherent bacteria. Appro-
priate dilutions were prepared and spread on agar plates, and the percent
adherence was determined by dividing the number of adherent CFU by the
number of CFU in the inoculum. For quantitative assays, each sample was
assayed in triplicate.

Transmission electron microscopy. Bacterial strains were incubated for ap-
proximately 17 to 18 h on chocolate agar and then resuspended in PBS. Subse-
quently, they were pelleted and resuspended in 0.2 M ammonium acetate (pH
7.4). Negative-staining transmission electron microscopy was performed as de-
scribed previously (12), except that a Philips CM-12 electron microscope (FEI,
Hillsboro, OR) was used and the bacteria were not washed after they were added
to the grids. Levels of piliation were assessed by examining a minimum of 20
bacteria by electron microscopy and were assigned semiquantitative designations
ranging from — to +++. Nonpiliated strains (—) had no visible fibers; KK01-like
strains (+) had an average of 2 or fewer visible fibers per bacterium; 269-492-like
strains (++) had an average of 3 to 10 visible fibers per bacterium; and KK03-

K. KINGAE TYPE IV PILI 7159
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FIG. 2. Adherence of K. kingae strain 269-492 to respiratory epi-
thelial cells (Chang, A549, and HEp2 cells) and synovial cells (SW982
and Hig-82 cells). E. coli DH5a was used as a negative control.

like strains (+++) had an average of more than 10 or more visible fibers per
bacterium.

Quantitative real-time PCR. Bacterial strains were incubated for 17 to 18 h on
chocolate agar and then washed once with PBS. To lyse the bacteria, bacterial
pellets were resuspended in 1 ml of Tri Reagent (Sigma, St. Louis, MO) pre-
warmed to 65°C and were then incubated briefly at room temperature. RNA was
isolated from the lysed bacteria using an RNeasy Mini kit and the lipid-rich tissue
protocol (Qiagen, Valencia CA). To remove residual DNA, the RNA samples
were treated with RQ1 DNase (Fisher Scientific, Pittsburgh, PA). The DNase
was removed using the Tri Reagent RNA isolation protocol (Sigma, St. Louis,
MO). To create cDNA, approximately 2 wg of RNA, random hexamers, and
SuperScript IT were used according to the manufacturer’s instructions (Invitro-
gen, Carlsbad, CA). Real-time PCR was performed using SYBR green and the
following primer sets: pilA1 RT-left and pilAl RT-right, pilA2 RT left#2 and
pilA2 RT-right#2, fimB RT-left and fimB RT-right, and ftsZ RT-left and ftsZ
RT-right.

Nucleotide sequence accession numbers. K. kingae DNA sequences have been
deposited in the GenBank database under the following accession numbers: pilin
region, EUS828772; pilC1, EUS828769; pilC2, EU828770; pilFGD region,
EU828771; pil TU region, EU828768; and pilMNOPQ region, EU828773.

RESULTS

K. kingae adheres to respiratory epithelial and synovial cells.
To begin to understand the mechanism of K. kingae coloniza-
tion of the respiratory tract, we set out to identify cell types to
which K. kingae adheres. A clinical isolate from St. Louis Chil-
dren’s Hospital designated 269-492 was examined to determine
its adherence to a panel of cultured respiratory cell lines,
including Chang cells (human conjunctiva), HEp-2 cells (hu-
man larynx), and A549 cells (type II pneumocytes). When it
was examined by light microscopy after staining with Giemsa
stain, strain 269-492 was found to adhere specifically to Chang,
HEp-2, and A549 cells (data not shown). As shown in Fig. 2,
quantitative assays confirmed that strain 269-492 adhered at
high levels to all of these cell types. Given the role of K. kingae
in causing septic arthritis, we also examined strain 269-492
adherence to synovial cell lines, including Hig-82 cells (rabbit
synovium) and SW982 cells (human synovium). As shown in
Fig. 2, strain 269-492 was capable of efficient adherence to
these cells as well.

Fibers expressed by K. kingae are type IV pili and are re-
quired for adherence. Previous work demonstrated that K
kingae has two colony types, one designated spreading/corrod-
ing and correlating with abundant surface fibers and the other
designated nonspreading/noncorroding and correlating with
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FIG. 3. Adherence of K kingae wild-type strain 269-492 and spreading/
corroding (KK03) and nonspreading/noncorroding (KKO1) variants to respi-
ratory epithelial cells (Chang, A549, and HEp2 cells) and synovial cells
(SW982 and Hig-82 cells). E. coli DH5« was used as a negative control. *, P
= 0.05, as determined by an unpaired ¢ test for KK03 compared to KKO1.

sparse surface fibers (5, 9). To investigate the role of these
fibers in adherence, colony variants of strain 269-492 desig-
nated KKO03 (spreading/corroding, expressing abundant sur-
face fibers) and KKO1 (nonspreading/noncorroding, expressing

269-492

pilF:aphA3

J. BACTERIOL.

sparse fibers) (12) were examined to determine their adher-
ence to respiratory epithelial and synovial cells. As shown in
Fig. 3, KK03, KKO01, and 269-492 were capable of similar levels
of adherence to the Chang, A549, and HEp-2 cell lines. In
contrast, the level of adherence to Hig-82 and SW982 cells
correlated with the density of surface fibers and was highest for
KKO03 (~55% of the inoculum), next highest for 269-492
(~40% of the inoculum), and lowest for KKO01 (~25% of the
inoculum). These observations suggest that the fibers have a
role in K. kingae adherence, although it is important to recog-
nize that KKO1 and KKO03 are colony variants and may have
additional phenotypic differences compared with strain 269-
492.

Previous work using antibodies raised against Kingella deni-
trificans pili suggested that the fibers expressed by K. kingae
might be type IV pili (28). Examination of the genome of K.
kingae strain 269-492 (Kehl-Fie et al., unpublished data) re-
vealed the presence of several regions encoding proteins with
homology to type IV pilus biogenesis components, including

KKO1 KK03

pilA1:aphA3

FIG. 4. Transmission electron micrographs of K. kingae strains 269-492, KKO01, KKO03, 269-492 pilF::aphA3 (pilF:aphA3) and 269-492

pilAl::aphA3 (pilAl:aphA3). Scale bars = 100 nm.
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100 B Chang
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FIG. 5. Adherence of K. kingae type IV pilus mutants. K. kingae
strains 269-492, 269-492 pilF::aphA3 (pilF:aphA3), and 269-492
pilAl::aphA3 (pilAl:aphA3) were assayed to determine their adher-
ence to respiratory epithelial and synovial cell lines. E. coli DH5« was
used as a negative control. The level of surface pili on each strain was
determined by negative-staining transmission electron microscopy and
was scored using a scale ranging from — to +++.

regions containing pilFGD-like genes, pilTU-like genes, and
PIlMNOPQ-like genes. In addition, we identified a region con-
taining two major pilin-like genes that we designated pil4] and
pilA2 and a fimB-like gene (Fig. 1). Overall, the K. kingae PilA1l
and PilA2 predicted proteins share approximately 52% identity
and 64% similarity. The N-terminal 60 residues are 73% iden-
tical and 87% similar, while the C-terminal portions share only
35% identity and 45% similarity. To determine whether the
fibers on the surface of K. kingae are type IV pili, we generated
disruptions in pil41 and in pilF (an essential factor in type IV
pilus assembly in other organisms [2]) in strain 269-492. As
shown in Fig. 4, examination by transmission electron micros-

N 400
£ iIA 25 mpilA2
2 300 W pilAt 2 oOfimB
2
K] 200 15
[
c 1
2 100
05
-
[r 0- 0
100 B Chang
80 0 Hg-82
2 60
2 40
=
22
@
5 0
= )
O N\ D N\ D
X X \ 9
%q,\‘ o N .\i"\* N @Q \\@
¥ N A Q A S
¥ \é}"p Q N &

FIG. 6. Analysis of the pilin region. (A) Transcription of pilAl,
pilA2, and fimB in K. kingae strain 269-492. The transcription of each
gene was measured by quantitative real-time PCR and normalized to
the level of the fisZ transcript. (B) Adherence of K. kingae strains
269-492, 269-492 recJ::aphA3 (rec):aphA3), 269-492 pilA1 (pilAl), 269-
492 pilA2 (pilA2), 269-492 pilAljpilA2 (pilAl/pilA2), 269-492
fimB::tetM (fimB:tetM), and 269-492 pilA1::aphA3 (pilAl:aphA3) to
Chang respiratory epithelial and Hig-82 synovial cells. The level of
expressed pili on each strain was determined by negative-staining
transmission electron microscopy and was scored using a scale ranging
from — to +++.
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PiIC1 KK (0.3986)
PiIC2 KK (0.4552)
PilY1 PA (0.4402)

pilC1 NG (0.1359)
@2 NG (0.0959)
pilC1 NM (0.1020)

pilC2 NM (0.1562)

FIG. 7. Dendrogram showing the relationships between K. kingae
269-492 (KK) PilC1 and PilC2, P. aeruginosa PAO1 (PA) PilY1 (ac-
cession number AAG07942.1), N. meningitidis (NM) PilC1 (accession
number CAA73469.1) and PilC2 (accession number CAA73470.1),
and N. gonorrhoeae (NG) PilC1 (accession number CAA73471.1) and
PilC2 (accession number CAA88930.1).

copy revealed that both the pil41 and pilF disruption mutant
derivatives of strain 269-492 lacked surface fibers. Further
analysis established that the pil4] and pilF disruption mutants
were nonadherent (Fig. 5). Similarly, pil41 and pilF disruption
mutants of the KKO1 and KKO03 variants of strain 269-492 had
undetectable levels of pili and were nonadherent (data not
shown). These results demonstrate that the fibers expressed by
K. kingae are type IV pili and are necessary for in vitro adher-
ence to respiratory epithelial cells and synovial cells.

Given the genetic structure of the K. kingae pilA1-pilA2-fimB
gene cluster, we examined the levels of transcription of these
genes and found that all three were transcribed (Fig. 6). It is
noteworthy pil41 was transcribed at a level that was more than
100-fold greater than the level of transcription of pil42 and
fimB. Given that pil42 and fimB are transcribed in wild-type
organisms, it is possible that the loss of pili observed in the
pilA1 disruption mutant was due to a polar effect on pil42 or
fimB rather than to a direct effect on pil41. To more carefully
assess the role of pilA1, pilA2, and fimB in K. kingae type 1V
pilus expression and adherence, we created in-frame trunca-
tions in pil4l and pilA2 and a disruption of fimB in strain
269-492. Analysis of the pilAl truncation by real-time PCR
revealed no decrease in pilA2 or fimB transcription, and anal-
ysis of the pil42 truncation and the pil41/pilA2 double trunca-
tion revealed no decrease in the level of fimB transcription
(data not shown). When they were examined by negative-
staining transmission electron microscopy, the pil42 truncation
mutant and the fimB disruption mutant had wild-type levels of
surface pili, while the pil41 truncation mutant and the pil41/
pilA2 double truncation mutant were nonpiliated (data not
shown). While the pil42 truncation mutation and the fimB
disruption had no clear effect on pilus expression or colony
morphology, we wondered about a potential effect on pilus-
mediated adherence. As shown in Fig. 6, the pil42 truncation
mutant and the fimB disruption mutant were capable of wild-
type levels of adherence to Chang and Hig-82 cells. Together,
these data suggest that PilA1l is the major pilin subunit in K.
kingae type IV pili.

Both PilC1 and PilC2 contribute to K. kingae adherence. In
addition to containing two pilin subunit genes, the genome of
K. kingae strain 269-492 contains two genes at separate loca-
tions on the chromosome that encode predicted proteins with
homology to the Neisseria PilC1 and PilC2 proteins. It is note-
worthy that in Neisseria gonorrhoeae and Neisseria meningitidis,
the PilC proteins have been shown to contribute to adherence
(16, 18, 19). Interestingly, while K. kingae is a member of the
Neisseriaceae, K. kingae PilC1 and PilC2 share more similarity
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FIG. 8. Adherence of K. kingae PilC1 and PilC2 mutants. The bars
indicate the adherence of K. kingae strains 269-492, 269-492 pilC1
(pilC1), 269-492 pil C2 (pilC2), 269-492 pilC1/pilC2 (pilC1/pilC2), and
269-492 pilA1::aphA3 (pilAl:aphA3) to respiratory epithelial cell lines.
The pilCI mutant and the pilC2 mutant were less adherent than strain
269-492 to all cell lines (P = 0.05, as determined using the unpaired ¢
test). The level of surface-expressed pili on each strain was determined
by negative-staining transmission electron microscopy and was scored
using a scale ranging from — to +++.

with PilY1 from Pseudomonas aeruginosa than with PilC1 and
PilC2 from either N. meningitidis or N. gonorrhoeae (Fig. 7). K.
kingae PilC1 and PilC2 exhibit a very low level of homology
with each other (only 7% identity and 16% similarity overall).
To investigate whether K. kingae PilC1 and PilC2 contribute to
piliation and adherence, we created disruptions in the pilCI
and pilC2 genes individually and in combination in strain 269-
492 and then examined the resulting mutants by using electron
microscopy and adherence assays with respiratory epithelial
and synovial cells. Both the pilCI and pilC2 single mutants had
visible pili that appeared to have a wild-type structure, while
the pilC1/pilC2 double mutant had no detectable pili (data not
shown). As shown in Fig. §, both the pilCI and pilC2 single
mutants were capable of reduced but appreciable adherence to
the Chang, A549, HEp-2, Hig-82, and SW982 cell lines, and
the level of adherence by the pilCI mutant to respiratory ep-
ithelial cells was slightly lower than that of the pi/C2 mutant. In
contrast, the pilC1/pilC2 double mutant exhibited negligible
adherence comparable to the background adherence. When
the pilC1I and pilC2 single mutations were introduced into the
KKO3 background, the resulting strains had wild-type levels of
pili and were capable of reduced but appreciable adherence,
mirroring the findings for strain 269-492. Similar to 269-492
pilC1/pilC2, KKO03 pilC1/pilC2 had undetectable levels of pili
and was nonadherent (data not shown). These results indicate
that both PilC1 and PilC2, independent of effects on pilus
stability, are necessary for maximal adherence to both respira-
tory epithelial and synovial cells.

DISCUSSION

K. kingae is a bacterium that is being recognized increasingly
as a common cause of septic arthritis and osteomyelitis in
young children. However, little is known about the bacterial
factors that facilitate colonization of the respiratory tract and
promote seeding of deeper tissues. To gain insight into these
fundamental processes, we examined the ability of K. kingae to
adhere to clinically relevant cell types, including respiratory
epithelial cells and synovial cells. We observed efficient adher-
ence that was dependent on the presence of type IV pili, which
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contain a major pilin subunit encoded by pil41. Interestingly,
the level of adherence to synovial cells correlated with the
density of pili, while the levels of adherence to respiratory
epithelial cell lines were similar for high-pilus-density and low-
pilus-density K. kingae variants. Examination of pilCI and
pilC2 mutants established that both PilC1 and PilC2 are re-
quired for wild-type levels of adherence to both respiratory
epithelial cells and synovial cells.

Analysis of the K. kingae strain 269-492 genome revealed the
presence of a gene cluster containing two major pilin structural
genes that we designated pilA1 and pilA2. Truncation muta-
tions in these genes demonstrated that pil41 encodes the major
pilin subunit. The K. kingae pilin gene cluster has several sim-
ilarities with the pilin gene clusters in Eikenella corrodens (a
colonizer of the oral cavity and an important cause of endo-
carditis) (10, 25, 26), Dichelobacter nodosus (a cause of foot rot
in sheep) (13), and K. denitrificans (a less pathogenic relative of
K. kingae) (27). Like K. kingae, E. corrodens contains two pilin
genes (pilAl and pilA2) and a pilus accessory factor gene
(pilB), which are arranged like pild1, pilA2, and fimB in K.
kingae. In E. corrodens, pilA1 is transcribed at high levels and
pilA2 is transcribed at low levels (25). The E. corrodens PilA2
protein is dispensable for pilus formation and function. Inter-
estingly, the E. corrodens PilA2 protein can be the major pilin
subunit when the pil42 gene is moved into the pil41 position
(26). D. nodosus contains a single pilin gene (fimA) followed by
a downstream pilus accessory factor gene (fimB), which are
transcribed in the same direction (25, 26). K. denitrificans con-
tains pilin genes designated kpdB and kpdD arranged like pilA1
and pilA2 in K. kingae (27). It is not known if the two K
denitrificans pilin genes are followed by a pilus accessory factor
gene. While loss of the downstream pilus accessory gene in K.
kingae and D. nodosus does not result in any observed pheno-
typic changes (13), loss of the E. corrodens downstream pilus
accessory gene is associated with a loss of twitching motility
(26).

While the roles of PilA2 and FimB in K kingae remain
unknown, the similarities in the pilin regions of K. kingae, E.
corrodens, D. nodosus, and K. denitrificans suggest that these
proteins have a role in pilus function and possibly pathogene-
sis. Our results indicate that K. kingae PilA2 and FimB are
dispensable for adherence and expression of pili. Given the
significant differences in amino acid sequence between PilAl
and PilA2, one possible role for PilA2 is to serve as a source of
antigenic diversity, replacing PilA1 as the major pilus subunit
and possibly facilitating prolonged colonization of the respira-
tory tract by K. kingae (22, 31). However, this idea does not
account for the observed transcription of pil42, a finding that
suggests that PilA2 has a constitutive function. Given the pilin-
like N terminus of PilA2, another possibility is that the protein
may be incorporated into the pilus as a minor subunit, perhaps
providing a scaffold for covalent modification (3, 7, 23) and
altering the antigenicity or function of the pilus. Similar to the
findings for pilA2, the observed transcription of fimB suggests
a role for FimB. Based on results obtained with E. corrodens,
it seems reasonable to speculate that FimB may have a role in
K. kingae pilus-mediated phenotypes such as twitching motility
(26).

In addition to identifying the two pilin genes, analysis of the
K. kingae genome revealed the presence of the pilC1 and pilC2

SIN07 1S Ul AlisiaAiun uolbulysepn Ag #T0Z ‘02 ydre uo /Bio wse qgly/:dny woly papeojumod


http://jb.asm.org/
http://jb.asm.org/

VoL. 190, 2008

genes, which encode proteins with homology to PilC proteins
in other organisms. Unlike their Neisseria counterparts, K
kingae PilC1 and PilC2 have very low levels of homology to
each other (1, 18). Loss of either PilC1 or PilC2 from K. kingae
resulted in a decrease in adherence, a result that is consistent
with findings for pathogenic Neisseria strains, suggesting that
the PilC proteins function as adhesins (2, 14, 17, 21). Interest-
ingly, loss of K. kingae PilC1 or PilC2 resulted in only a partial
reduction in adherence, in contrast to the phenotype observed
for N. meningitidis or N. gonorrhoeae PilC mutants (16, 18, 19).
As one might predict based on the work with the Neisseria PilC
molecules (11, 16, 19), loss of both K. kingae PilC1 and PilC2
resulted in nonadherent, nonpiliated organisms. Interestingly,
the K. kingae PilC1 and PilC2 proteins are more closely related
to PilY1 from P. aeruginosa than to the Neisseria PilC mole-
cules, raising the possibility that PilY1 may contribute to ad-
herence, a finding that has not been reported to date. If the K.
kingae PilC proteins are adhesins, the differences in adherence
observed for the K kingae PilC1 and PilC2 mutants raise sev-
eral interesting questions, including what are the host recep-
tors for PilC1 and PilC2 and why do PilC1 and PilC2 mediate
different levels of adherence.

To summarize, in this work we report that K. kingae ex-
presses type IV pili that may be involved in multiple steps in
the pathogenesis of K. kingae disease, including colonization of
the respiratory tract and seeding of joints. Further study of K.
kingae type IV pili and the associated functions may provide
key insights into the role of type IV pili in K. kingae adherence
and colonization, as well as other aspects of K. kingae patho-
genicity.
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