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Eikenella corrodens normally inhabits the human respiratory and gastrointestinal tracts but is frequently the
cause of abscesses at various sites. Using the N-terminal portion of the Moraxella nonliquefaciens pilin gene as
a hybridization probe, we cloned two tandemly located pilin genes of E. corrodens 31745, ecpC and ecpD, and
expressed the two pilin genes separately in Escherichia coli. A comparison of the predicted amino acid
sequences of E. corrodens 31745 EcpC and EcpD revealed considerable divergence between the sequences of
these two pilins and even less similarity to EcpA and EcpB of E. corrodens type strain ATCC 23834. EcpC from
E. corrodens 31745 displayed high degrees of homology to the pilins of Neisseria gonorrhoeae and Pseudomonas
aeruginosa. EcpD from E. corrodens 31745 showed the highest homologies with the pilin of one of the three P.
aeruginosa classes, whereas EcpA and EcpB of strain ATCC 23834 most closely resemble Moraxella bovis
pilins. These findings raise interesting questions about potential genetic transfer between different bacterial

species, as opposed to convergent evolution.

Eikenella corrodens is part of the normal flora of the upper
respiratory and gastrointestinal tracts of humans (7, 12). It is
a fastidious, facultatively anaerobic, gram-negative, rod-
shaped bacterium. This species has recently been found to
belong to the family Neisseriaceae, and it is most closely
related to the genera Neisseria and Kingella (6, 16, 36). E.
corrodens is now being reported more frequently as a
pathogen, primarily causing abscesses (2, 3, 14). It is also
believed to play a role in dental pathogenesis by contributing
to tissue destruction in periodontal disease (44, 46). In many
cases, E. corrodens is found in coinfections with other
organisms, such as Streptococcus viridans and anaerobes
(44). It has been found as a sole isolate in blood, spinal and
joint fluid, in cases of frontal sinusitis and orbital cellulitis,
and in brain, abdominal, and neck abscesses as well as
ascites (17, 18, 44).

E. corrodens displays a number of phenotypic traits asso-
ciated with type IV (MePhe) pili, among them natural
competence for genetic transformation (48), bacterial auto-
agglutination, agar pitting, twitching motility, and distinct
spreading-corroding (SC) and smooth, non-spreading-cor-
roding (N) colony morphology variants. These pili are pro-
teinaceous surface appendages that have been shown to be
virulence factors for Neisseria gonorrhoeae and many other
species (45). Members of the type IV class of bacterial pili
are found on a variety of gram-negative bacterial species (5),
including N. gonorrhoeae (27), Neisseria meningitidis (13),
the classical moraxellae (22, 37, 49), Dichelobacter nodosus
(8, 14, 26), Pseudomonas aeruginosa (32, 40), and Vibrio
cholerae (41). The main structural subunits of these pili,
termed pilins, have a highly conserved amino-terminal do-
main of 25 to 30 amino acid residues (13), while the C-ter-
minal part contains variable DNA regions that rearrange by
different forms of recombination (20, 30, 52). V. cholerae
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(47) and enteropathogenic Escherichia coli (10) produce
related pilins that have less amino-terminal sequence homol-
ogy and contain a modified methionine as the first residue of
the mature protein.

Considerable differences exist in the copy numbers and
organization of type IV pilin genes and in the amount of
amino acid sequence homology observed between pilins of
the same and different species. P. aeruginosa strains have
only a single copy of the pilin gene in each genome (40).
Class I serotypes of D. nodosus have only a single gene, but
class II serotypes have two pilin genes that are fairly
divergent from each other and very different from class I
pilin genes (23, 24). In N. gonorrhoeae and N. meningitidis,
diversification of pilins results from homologous recombina-
tion between a single pilin gene expression locus and multi-
ple partial pilin gene alleles (45, 52). Moraxella bovis and
Moraxella lacunata each express one of two different pilin
genes and can switch between them by an inversion of a
2.1-kb DNA fragment (9, 21, 37). Recently, two type IV pilin
genes were cloned from the E. corrodens type strain ATCC
23834 (35).

The E. corrodens clinical strain 31745 (48) vividly ex-
presses traits associated with piliation, such as distinct
colony morphology variants. Because of its highly stable
natural competence, we have routinely used this property
for identification of new clinical isolates of E. corrodens by
genetic transformation (48). The aim of this study was the
cloning, sequencing, and expression of potential pilin genes
of this strain as a basis for further studies on piliation and
adherence.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. E. corrodens 31745
was isolated from spinal fluid (48). The strain was grown on
5% human blood agar (Difco, Detroit, Mich.) and identified
as E. corrodens by genetic transformation (48). E. coli
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FIG. 1. Transmission electron micrographs of E. corrodens 31745 SC (A) and N (B) variants, grown for 3 days in static broth. Negative

staining was performed with 1% uranyl acetate. Magnification, x175,000.
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FIG. 2. Genomic Southern hybridization analysis of Smal and
Kpnl restriction endonuclease-digested E. corrodens 31745 total
DNA with the N-terminal M. nonliquefaciens pilin gene (A), E.
corrodens 31745 ecpC (B), and 31745 ecpD (C) PCR products as
DNA probes. Lane 1, HindIII-digested lambda DNA; lane 2, 31745
digested with Kpnl; lane 3, 31745 digested with Smal.

SURE (recB recJ sbc-201 uvrC umuC::Tn5 [Kan'] mcrA
mcrB mrr lacD [hsdRMS) endAl gyrA96 thi relAl supE44
[F' proAB lacI°ZAM15 Tnl0 [Tet]) (Stratagene, La Jolla,
Calif.) was used for amplification and screening of the
genomic library, as it has the mcrAB mrr mutant background
suitable for cloning methylated DNA (52). E. coli XL-1Blue
[recAl endAl gyrA96 thi hsdR17 (rx~ mg9") supE44 reldl
1z- Alac (F' proAB lacI"ZAM15 Tnl0 (Tet")] (Stratagene)
was used as a host for subcloning. E. coli containing drug-
resistant plasmids was grown on LB-agar containing carbe-
nicillin (100 pg/ml; Beecham Pharmaceuticals, Surrey,
U.K.). Plasmid pGEM7 (Promega, Madison, Wis.) was used
for subcloning.

PCR. Synthetic oligonucleotides (Genetic Designs Inc.,
Houston, Tex.) Mn5 (5'-TGAACGCTCAAAAAGGTTTTA
CCC-3') and Mn6 (5'-GCTTCTGATACCTGTGCACGGGC
-3') (based on the N-terminal sequence of the M. nonlique-
faciens pilin gene [49]) were used as primers for polymerase
chain reaction (PCR) amplification of a pilin-specific probe
with M. nonliquefaciens NCTC 7784 DNA as the template.
The resulting amplification product was 120 bp long. Primers
Mn5 and TT26 (5'-AATCACACCGTTAGTACC-3") were
used for amplification of the first E. corrodens pilin gene, and
TT31 (5'-GATGAGAGTGGCCATACC-3') and TT32 (5'-CT
TGCTCTCTGGTTAAGC-3') were used for the second pilin
gene. Samples were amplified in 50 pul of a reaction mixture
containing 10 ng of template DNA, 10 mM Tris-HCl, 50 mM
KCl, 2 mM MgCl,, 200 pM each deoxynucleotide triphos-
phate (Pharmacia), 0.001% (wt/vol) gelatin, 0.5 uM each
primer, and 0.5 U of Ampli-Taq polymerase (Cetus, Nor-
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FIG. 3. Restriction map of the insert region of pEcB9, encoding
the E. corrodens 31745 pilin genes ecpC and ecpD. The insert region
is represented by the bold line between the Smal sites. The positions
and directions of the oligonucleotide primers used to determine the
DNA sequence (T7, Sp6, TT25, TT26, TT27, and TT28) and for PCR
(MnS plus TT26 and TT31 plus TT32 for ecpC and ecpD, respec-
tively) are shown, as are the relative positions and directions of the
genes within the insert.

walk, Conn.). Each sample was amplified for 25 cycles of 30
s at 95°C, 1 min at 65°C, and 1 min at 72°C in a thermal cycler
(Perkin Elmer Cetus, Norwalk, Conn.).

DNA isolation and manipulation. Total DNA was prepared
by the method of Hull et al. (15). A gene bank of E.
corrodens 31745 (Stratagene, La Jolla, Calif.) was screened
with an M. nonliquefaciens pilin-specific PCR probe by a
plaque blotting technique (38). The phagemid EclA was
chosen for in vivo excision of plasmid pBluescript with an
insert, termed pEc2A. Size-fractionated Smal fragments of
pEc2A hybridizing to the pilin-specific PCR probe were
obtained by electroelution from 1% agarose (SeaKem; FMC
Bioproducts, Rockland, Maine). These fragments were li-
gated into Smal-cleaved pGEM7, transformed into compe-
tent E. coli XL-1Blue cells, and selected on LB plates with
carbenicillin. Cb* transformants were screened for hybrid-
ization to the M. nonliquefaciens pilin-specific PCR probe by
a colony blot method (38). The Smal subclones pEcA4 and
pEcBY, containing the same insert in opposite directions,
were chosen for detailed analysis.

Plasmid DNA was isolated by the method of Birnboim and
Doly (1) in Qiagen columns according to the manufacturer’s
recommendations. Restriction endonucleases were pur-
chased from Bethesda Research Laboratories Inc.; New
England Biolabs Inc., Beverly, Mass.; Boehringer Mann-
heim Biochemicals, Indianapolis, Ind.; or Promega, Madi-
son, Wis. Restriction endonuclease digestions and agarose
gel electrophoresis were performed as described previously
(21). DNA transfer from agarose gels to nylon membranes
(Hybond-N; Amersham, Arlington Heights, Ill.) was done
by a modification of the method of Southern (43), with the
Vacu-Gene System (Pharmacia-LKB, Piscataway, N.J.).
Hybridizations were performed as described ?reviously (22).
The PCR pilin probes were labeled with [a-*?P]dCTP (Am-
ersham) by use of a Megaprime kit (Amersham).

The DNA sequences of the insert regions of pEcA4 and
pEcB9 were determined by the dideoxy chain termination
method of Sanger et al. (39). The primers T7 (5'-TAATAC
GACTCACTATA-3’) and SP6 (5'-TAAATCCACTGTGAT
AT-3’) were sequences in the pGEM7 vector flanking the
insert. The primers TT25 (5'-AACGGTGTGATTACTGCC-
3", TT26, TT27 (5'-GTGTAGCGACTGACCCGA-3'), and
TT28 (5'-ATTCGGGTCAGTCGCTAC-3') were also used
for sequencing, and their positions are shown in Fig. 3. Some
sequence was obtained by using primers T7 and Sp6 on
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ecpC>
CCCGGGTCGGAAGATTCGGTTTATTTAAGTTCCATTTTTAACAAGGAAAATGTCATGTTG 60
MetLeu
61 AAACAAGTACAAAAAGGTTTTACCCTGATCGAGTTGATGATCGTTATCGCCATTATCGGT 120
LysGlnValGlnLysGlyPheThrLeuIleGluLeuMetIleVallleAlalleIleGly
121 ATCTTGGCTGCTATCGCTCTGCCGGCTTACCAAGACTACGTTGCTCGTTCTCAGATGAGC 180
IleLeuAlaAlaIleAlalLeuProAlaTyrGlnAspTyrValAlaArgSerGlnMetSer
181 GAAGCCTTCAACTTGGCCGGTGGTCAAAAAGGTGCCGTCTCTGAATACTACTCTGATAAA 240
GluAlaPheAsnLeuAlaGlyGlyGlnLysGlyAlaValSerGluTyrTyrSerAspLys
241 GGTGTGTGGCCGGCTGATAATGCTGCTGCCGGTATCGCTGCTACCGTTAATGGCAAATAC 300
GlyValTrpProAlaAspAsnAlaAlaAlaGlyIleAlaAlaThrValAsnGlyLysTyr
301 GTTAATTCTGTTGTAGTAAGTGCTGCTGGTACTAACGGTGTGATTACTGCCACTATGAAG 360
ValAsnSerValvalValSerAlaAlaGlyThrAsnGlyValIleThrAlaThrMetLys
361 TCTACTGGTGTAGCCAAAGGTGTACAAGGCAAAACTTTGGCCCTGAAAGGCACTGCGAAT 420
SerThrGlyValAlaLysGlyValGlnGlyLysThrLeuAlaLeuLysGlyThrAlaAsn
421 GATGGCTCTTTCTCTTGGGAGTGCTCATCTAATGCCGATGCGAAGTATCTGCCCTCTTCT 480
AspGlySerPheSerTrpGluCysSerSerAsnAlaAspAlaLysTyrLeuProSerSer
481 TGCCGTAATGCTGCTACTCCGACTCCGACTCCGTAATATGGTTTGATGAGAGTGGCCATA 540
CysArgAsnAlaAlaThrProThrProThrPro
541 CCATTGGGTGTGGCCATTTTTACATTAAAAGGAATAACTTTAAAGAAAATAAGGTAGCAT 600
ecpD>
601 TATGCAAGCTAAGATATCAGGTTTTACCTTGATTGAATTGATGATCGTGATTGCCATTAT 660
MetGlnAlaLysIleSerGlyPheThrLeulleGluLeuMetIleValIleAlalleIle
661 TGGGATCTTGGCAGCCATTGCTTTGCCGGCATATCAGTCTTACACGGCAAGGGCGCAAGT 720
GlyIleLeuAlaAlalleAlaLeuProAlaTyrGlnSerTyrThrAlaArgAlaGlnVal
721 GTCGGAAGCTATCTCTTTGATGGATGGTTTAAAAAGCTCTGTGGCGGATAATTATTTTAA 780
SerGluAlaIleSerLeuMetAspGlyLeuLysSerSerValAlaAspAsnTyrPheAsn
781 TAGTATGATTTGTGCCGATAACCAAACAGTTAATCATTTTGGAATTGCGCAGAGAAGCCG 840
SerMetIleCysAlaAspAsnGlnThrValAsnHisPheGlyIleAlaGlnArgSerArg
841 TATTTCAGGCAATTATGTAGAATCAATACATACTCGTGTAGCGACTGACCCGAATTATAA 900
IleSerGlyAsnTyrValGluSerIleHisThrArgValAlaThrAspProAsnTyrAsn
901 TTGCGAAATGTTGGCTACGTTTAAATCAACAGATGCTGCCGCCCCTATACGGGGGAAGAC 960
CysGluMetLeuAlaThrPheLysSerThrAspAlaAlaAlaProIleArgGlyLysThr
961 TGTACTGCTTAGCATGAAAATAGTTGATGGCGGAACGGTTTGGAATTGTTCTTCTTCTGA 1020
ValLeuLeuSerMetLysIleValAspGlyGlyThrValTrpAsnCysSerSerSerAsp
1021 TTTAGCGAATGAGTTTTTGCCAACAGCTTGCCGTCATTAGTATAAAGAGTTGAGATAGTT 1080
LeuAlaAsnGluPheLeuProThrAlaCysArgHis
1081 TAGTATGTTGAAATATATTAAAAACTTAGGTTAATGGAATGTTGCTTAACCAGAGAGCAA 1140
1141 GATTTGCCGCCAAGTTGGCCGGCTGCCATTTAATCATCAATATCATTGCTGGCTGTTTTG 1200
1201 GTCGCAATTTTAGTATTTTATATATGGTACCCTTACCCTTACCGGCAAATGCTAGGAGGA 1260
1261 TTGGGTTTGTTTTCTTTGGTTATCGGTATTGATGTGGTGTGTGGACCAGTATTAACTGCG 1320
1321 GTATTGGCCAATCCGAAAAAATCGACCCGGG

FIG. 4. Nucleotide sequence and translation of the Smal fragment containing the E. corrodens 31745 ecpC and ecpD pilin genes. The
predicted amino acid sequence of each open reading frame containing the coding sequence of the pilin is shown. The AAGG sequences
(underlined) upstream of the starting methionines are putative ribosome-binding sites.

Kpnl-, BstXI-, and EcoRV-deleted subclones of pEcA4 and
pEcB9.

DNA sequence analysis. DNA sequence analysis was per-
formed with software from DNASTAR (Madison, Wis.).
The optimized scores used to compare pilin protein se-
quences in Fig. 6 were obtained by using the AAlign pro-
gram, which uses the amino acid sequence similarity algo-
rithms of Needleman and Wunsch (28) and the scoring
system of Lipman and Pearson (19).

Nucleotide sequence accession number. The nucleotide
sequence presented here has been submitted to the GenBank
data base under accession number 1.12049.

Western immunoblotting. Proteins of whole-cell extracts
of bacteria were boiled in loading buffer, separated by
molecular weight by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and transferred to nitro-
cellulose filter membranes (Schleicher & Schuell, Keene,
N.H.) (50). Rabbit antiserum 130D, raised against purified
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FIG. 5. Immunoblot analysis of crude pili and whole-cell ex-
tracts. Lane 1, purified pili from M. nonliquefaciens NCTC 7784;
lane 2, E. corrodens 31745; lanes 3 and 4, E. coli XL-1Blue
containing the cloned E. corrodens 31745 Smal fragment homolo-
gous to the M. nonliquefaciens pilin-specific PCR probe in pEcB9
and pEcAd4, respectively; lane 5, E. coli XL-1Blue containing the
cloned E. corrodens 31745 ecpC; lane 6, E. coli XL-1Blue containing
the cloned E. corrodens ecpD; lane 7, E. coli XL-1Blue with
pBluescript without insert. Rabbit antiserum 130D, raised against
purified pili of M. nonliquefaciens NCTC 7784, was used at a
dilution of 1:1,000. Molecular size markers noted on the left side are
approximately 14 and 18 kDa.

pili of M. nonliquefaciens NCTC 7784, was kindly provided
by L. O. Frgholm, Folkehelsa, Oslo, Norway, and was
diluted 1:1,000 when reacted with the filters.

Electron micrographs. Transmission electron micrographs
of E. corrodens 31745 SC and N variants grown for 3 days in
broth without shaking were obtained by negative staining
with 1% uranyl acetate (34).

RESULTS

Imaging E. corrodens surface proteins by electron micros-
copy. Electron micrographs demonstrating surface append-
ages consistent with pili on an E. corrodens 31745 SC variant
(Fig. 1A) and no pili on a 31745 N variant (Fig. 1B) are
shown. Similar to other type IV pili, these structures are 5 to
6 nm in diameter. These pili were very long and many times
the length of the cell; we were unable to determine their
exact lengths. Piliation did not seem to be peritrichous;
however, there appeared to be multiple origins of bundles of
pili on a single cell.

Cloning of the two E. corrodens 31745 pilin genes. Since
type IV pilin genes are known to have a conserved N-termi-
nal sequence, we used the pilin-specific PCR product of the
N-terminal portion of the M. nonliquefaciens pilin gene as a
genomic Southern hybridization probe to detect the equiva-
lent E. corrodens pilin gene(s) (Fig. 2A). Strong hybridiza-
tion to an approximately 1.4-kb band in the Smal-digested
lane and to an approximately 2.5-kb band in the Kpnl-
digested lane was observed. To our surprise, ecp4 and ecpB
gene probes from strain ATCC 23834 did not give nearly as
strong a hybridization signal as did the M. nonliquefaciens
PCR probe (data not shown). Therefore, we used the M.
nonliquefaciens PCR probe to screen the E. corrodens 31745
AZap gene bank and detected multiple hybridizing plaques.
After rescreening and plaque purification, one of the hybrid-
izing plaques was chosen for in vivo excision with an M13
helper phage (42), resulting in plasmid pEc2A. The 1.4-kb
Smal fragment which hybridized to the PCR probe was then
further subcloned in each orientation into vector pPGEM?7,
producing plasmids pEcA4 and pEcB9. A map of pEcB9 is
presented in Fig. 3.

Sequencing of the E. corrodens pilin gene clone. The se-
quence of the entire Smal insert in both directions was
obtained by using subclones and six oligonucleotides, whose
positions are shown in Fig. 3. The nucleotide sequence of the
1,351-bp Smal fragment is presented in Fig. 4, together with
the predicted amino acid sequence encoded by the two
tandemly arranged pilin genes contained on the fragment.
Using previously established nomenclature, we named these
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pilin genes of strain 31745 ecpC and ecpD. The AAGG
sequence present on the 5’ side of the starting ATGs was
(partly) homologous to known ribosome-binding sites in
prokaryotes (11, 31). The ecpC and ecpD genes were pre-
dicted to produce mature pilins of 145 amino acids with
leader sequences of 8 and 7 amino acids, respectively.

Southern blot analysis with ecp4 and ecpB as probes. PCR
products of the cloned genes ecpC and ecpD of strain 31745
were used as hybridization probes for Southern analysis of
strain 31745 DNA (Fig. 2B and C). The resulting hybridiza-
tion pattern was identical to that observed with the original
M. nonliquefaciens PCR probe.

Western blot analysis. A BstXI deletion derivative of
pEcB9 (pEcl) contains only ecpC, and a BstXI deletion
derivative of pEcA4 (pEc2) contains only ecpD (Fig. 3). As
demonstrated in Fig. 5, rabbit antiserum 130D, raised against
purified pili of M. nonliquefaciens, reacted with a protein
band of approximately 15 kDa in whole-cell extracts of E.
coli containing pEcB9, pEcl, or pEc2. These 15-kDa bands
comigrated with purified pili from M. nonliquefaciens. In
contrast, E. coli containing the vector alone consistently
made only very small amounts of a cross-reactive protein of
this size (Fig. 5, lane 7).

DISCUSSION

Phenotypic traits associated with pili were found in E.
corrodens 31745, and structures that resembled type IV pili
were detected by electron microscopy (Fig. 1). Two tan-
demly duplicated pilin genes of E. corrodens 31745 were
cloned and characterized. The two pilins appeared to be
complete and were transcribed in the same orientation. The
predicted amino acid sequence of both pilin subunits con-
sisted of 145 amino acids of mature protein, with leader
sequences of 8 and 7 amino acids for EcpC and EcpD,
respectively. Cysteine loops were located at the extreme
ends of the C termini, with EcpB possessing three cysteine
residues. Western blot analysis showed that the E. corro-
dens 31745 pilin genes were expressed as proteins of approx-
imately 15 kDa in E. coli, whether present in tandem (pEcB9
and pEcA4) or in single copy (pEcl and pEc2), and comi-
grated with the M. nonliquefaciens pilin protein (Fig. 5). The
expression of pilins from pEcl and pEc2 is probably due to
promoters provided by the vector. Future studies will clarify
whether both genes are normally expressed in E. corrodens
and whether the resulting pilus structures are homopolymers
or heteropolymers.

Comparison of the amino acid sequences of the pilins of E.
corrodens 31745 showed greatly conserved N-terminal se-
quences as well as major differences in the hypervariable
regions (Fig. 6). The E. corrodens 31745 pilin protein EcpC
had features of both N. gonorrhoeae (27, 29) and P. aeru-
ginosa K122-4 (33) pilins, displayed moderate homology
with E. corrodens 31745 EcpD (this study) and M. nonlique-
faciens TfpA (49), and differed substantially from E. corro-
dens ATCC 23834 EcpA and EcpB (35) and pilins from D.
nodosus serogroups A through H (8, 14, 24), P. aeruginosa
PAK, PAO, and P1 (33, 40), M. bovis (11, 22), and M.
lacunata (37). In contrast, E. corrodens 31745 EcpD di-
verged significantly from all other pilins investigated except
that of P. aeruginosa K122-4 (33).

The sequence divergence between the two pilins of E.
corrodens 31745 contrasts strongly with the much higher
homology found between pilins EcpA and EcpB of E.
corrodens ATCC 23834 (35). The discrepancy is so evident
that it can be compared with that between the two classes of
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pilins in D. nodosus, which also demonstrate low sequence
homology (8, 14, 24) (Fig. 6).

While most type IV pilin proteins from different strains of
the same species are quite homologous (i.e., have high
optimized scores), this was not the case for the E. corrodens
31745 EcpC and EcpD pilin proteins when compared with
those of E. corrodens ATCC 23834. The only similar situa-
tion known to date exists between class I (serogroups A and
C in Fig. 4) and class II (serogroups D and H) D. nodosus
strain pilins (8, 14, 24). In this case, while serogroups within
the same class give high homology scores (468 for serogroup
A versus C and 562 for serogroup D versus H), comparisons
between classes give relatively low scores, i.e., 188 for A
versus D, 190 for A versus H, 193 for C versus D, and 197 for
C versus H. Therefore, it could be that some strains of E.
corrodens are similar to D. nodosus in having two or more
different major groupings, or perhaps they have even greater
variability.

P. aeruginosa P1 and K122-4 pilins (with two cysteine
loops) are divergent from those of P. aeruginosa PAK and
PAO (33, 40). Interestingly, the pilins from these two P.
aeruginosa strains have only limited homology (with a score
of 184), each somewhat more homologous to the other than
to other P. aeruginosa pilins. These are thus additional
examples of strains of the same species with very divergent
pilins, but in the case of P. aeruginosa, there are at least
three classes of pilins. It is also notable that P. aeruginosa
K122-4 pilin has large regions of homology with the strain
31745 EcpC and EcpD pilins, with optimized scores of 387
and 352, respectively. While P. aeruginosa P1 pilin matched
E. corrodens ATCC 23834 EcpA with a score of 314, the
ATCC 23834 EcpA matched M. bovis and M. lacunata
pilins, all with scores ranging from 319 to 382.

In considering the significance of the relative similarities
and differences seen in the pairwise combinations of pilin
proteins (including leader sequences) listed in Fig. 6, the
following features should be noted. A minimal baseline
similarity exists in all true type IV pilins because of the
highly conserved amino termini. The lowest common score
in Fig. 6 is the 148 given the match between EcpD of E.
corrodens 31745 and EcpB of E. corrodens ATCC 23834.
This score is still highly significant compared with the scores
between any of the listed true type IV pilins and the related
TcpA pilin from V. cholerae (41), which range from a low of
38 compared with D. nodosus FimZ to a high of 100
compared with EcpC of strain 31745.

Sequence differences, both within the same species and
potentially between different species, arise from selective
pressure to avoid host immune responses. Since in type IV
pili, unlike many other described bacterial pili, the main pilin
structural subunit appears to contain the receptor-binding
domain, there is potential selection for similarity in some
pilin sequences based on the common ability of being able to
bind to the same or similar receptors. If this point is valid,
one would predict that pilins of different genera which have
high optimization match scores may also have similar recep-
tor-binding features. It is interesting to speculate that the
relatively low homology observed between the pilins of E.
corrodens 31745 and ATCC 23834 is because one strain was
isolated from the oral environment and the other from spinal
fluid (although from the same region of Europe). It may be
that the ability to bind to different receptors in these different
host environments determines which strains can be main-
tained in each of these different host locations.

Regardless of the exact selective pressures for specific
pilin sequence similarities found between distantly related
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type IV pilus-containing bacteria, a second question is how
these similarities have arisen. One possibility is that there is
a finite range of pilin amino acid sequences that allow correct
assembly of pilins into functional pili. In this case, the strong
similarities between genera could be due to either chance
matches of limited choices during evolution or convergent
evolution toward the ability to optimally bind to similar
receptors. However, since type IV piliation is also corre-
lated with competence for transformation of naked DNA, it
is possible that horizontal gene transfer may be occurring
occasionally even between bacteria of different genera and
families (25). Once enough is known about codon usage in
the different species harboring type IV pili, comparison of
pilin gene codon usage to regular codon usage within the
other genes of the same species may make it possible to
determine whether independent evolution or horizontal gene
transfer is the predominant mode of generating similar pilins
in widely different bacteria.
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