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Vibrio fischeri colonizes the squid Euprymna scolopes in a mutualistic symbiosis. Hatchling squid lack these
bacterial symbionts, and V. fischeri strains must compete to occupy this privileged niche. We cloned a V. fischeri
gene, designated pil4, that contributes to colonization competitiveness and encodes a protein similar to type
IV-A pilins. Unlike its closest known relatives, Vibrio cholerae mshA and vcfA, pilA is monocistronic and not
clustered with genes associated with pilin export or assembly. Using wild-type strain ES114 as the parent, we
generated an in-frame pil4 deletion mutant, as well as pil4 mutants marked with a kanamycin resistance gene.
In mixed inocula, marked mutants were repeatedly outcompeted by ES114 (P < 0.05) but not by an unmarked
pil4A mutant, for squid colonization. In contrast, the ratio of mutant to ES114 CFUs did not change during 70
generations of coculturing. The competitive defect of pil4A mutants ranged from 1.7- to 10-fold and was more
pronounced when inocula were within the range estimated for V. fischeri populations in Hawaiian seawater (200
to 2,000 cells/ml) than when higher densities were used. ES114 also outcompeted a pil4 mutant by an average
of twofold at lower inoculum densities, when only a fraction of the squid became infected, most by only one
strain. V. fischeri strain ET101, which was isolated from Euprymna tasmanica and is outcompeted by ES114,
lacks pild; however, 11 other diverse V. fischeri isolates apparently possess pil4. The competitive defect of pild
mutants suggests that cell surface molecules may play important roles in the initiation of beneficial symbioses

in which animals must acquire symbionts from a mixed community of environmental bacteria.

All animals and plants are hosts to a native microbiota.
These microbial symbionts often contribute to the normal
health and development of their respective hosts in exchange
for a relatively privileged niche. Many plant and animal sym-
bionts are transmitted horizontally, through the environment
after embryogenesis, and are not directly inherited through
germplasm from the previous generation. Therefore, with each
host generation, environmental bacteria must compete to col-
onize the empty niches within new host individuals. In perhaps
the best-studied example of such competition, mixed commu-
nities of rhizobia compete for access to the roots and nodules
of leguminous plants. Many complex traits, including antibiotic
production, motility, and specific cell surface attributes con-
tribute to the nodulation competitiveness of rhizobial strains
(3, 9, 41, 46). Less is known about the competition between
environmental bacteria for colonization of animal hosts, espe-
cially the natural modes of infection by the native, nonpatho-
genic microbiota.

The light organ symbiosis between the luminescent bacte-
rium Vibrio fischeri and the nocturnal Hawaiian squid Eupry-
mna scolopes serves as a model chronic, mutualistic association
between extracellular bacteria and animal epithelia (32, 43). At
the time of hatching, the light organs of juvenile squid are not
colonized by V. fischeri but they rapidly acquire these symbi-
onts from the surrounding seawater (28). The nascent light
organ possesses elaborate ciliated appendages that entrain and
concentrate planktonic V. fischeri in a mucus matrix, facilitat-
ing initial colonization (31). During this process, motile V.
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fischeri cells move from pores on the surface of the light organ,
through ducts, into epithelium-lined crypt spaces (12, 31).
Within hours after infection by V. fischeri, the squid also dis-
play a diurnal behavior in which they expel approximately 90%
of their light organ symbionts each morning and supply the
remaining bacteria with sufficient nutrients to repopulate the
light organ by nightfall (6, 13). Therefore, V. fischeri strains
may compete during initial entry into the light organ, as well as
during subsequent daily expulsion and regrowth. Increased
populations of V. fischeri in squid habitats appear to be a direct
result of occupation of this symbiotic niche (24), illustrating an
ecological advantage for strains that compete effectively for
light organ colonization.

Although most, if not all, wild-type V. fischeri isolates can
colonize E. scolopes, isolates native to this host outcompete
isolates from other sources for light organ colonization in
mixed inoculations. For example, when presented to E. scol-
opes juveniles in equal ratios, strain ES114, which was isolated
from E. scolopes, was more than 10-fold more competitive than
strains EM17 and ET101, which were isolated from light or-
gans of Euprymna morsei and Euprymna tasmanica, respec-
tively (30). V. fischeri isolates not associated with squid may be
even less competitive for colonization of E. scolopes (22). 1t is
likely that several factors contribute to colonization competi-
tiveness, and mutant analyses provide a means by which to
reveal them. For example, Visick and Ruby demonstrated that
a katA mutant, deficient in the production of a periplasmic
catalase, was outcompeted by the parent strain (44).

McFall-Ngai and colleagues found that addition of a man-
nose analog to seawater, or treatment of V. fischeri with extra-
cellular protease, could partially block infection of E. scolopes
and suggested that a V. fischeri mannose-binding cell surface
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protein contributes to the initiation of the V. fischeri-E. scol-
opes light organ symbiosis (16, 27). We therefore became in-
terested in testing the role of cell surface molecules in coloni-
zation and colonization competitiveness. In this paper, we
report the cloning and characterization of V. fischeri pilA, a
gene that encodes a protein with similarity to type IV-A pilins
and that contributes to the competitiveness of V. fischeri during
colonization of the E. scolopes light organ.

MATERIALS AND METHODS

Bacteria, media, and reagents. Wild-type V. fischeri strain ES114 (4) isolated
from E. scolopes was the parent strain for mutant construction and was the
source of DNA for the cloning of pil4. The other V. fischeri strains used were
ES12, ES213 (5), ET401, ET101, EM17 (30), SRS, SA1 (10), CG101, MJ11,
WHI (21), H905 (23), and ATCC 7744. Plasmids were maintained in Escherichia
coli strain DHS5« (14), with the exception of pEVS104, which was maintained in
strain CC118\pir (17). E. coli was grown in LB medium (29), and V. fischeri was
grown in either a seawater-based complex medium (SWT) (4) or a Tris-buffered,
high-salt, rich, complex medium (LBS) (35). For analysis of competition in
culture, Instant Ocean (Aquarium Systems, Mentor, Ohio) was substituted for
the seawater in SWT. Agar (15 mg ml~!') was added to solidify the media for
plating experiments. Chemicals were obtained from Sigma Chemical Co. (St.
Louis, Mo.). Restriction enzymes and DNA ligase were obtained from New
England Biolabs (Beverly, Mass.). Ampli7ag DNA polymerase was obtained
from Perkin-Elmer (Branchburg, N.J.). Oligonucleotides were synthesized by
Operon Technologies Inc. (Alameda, Calif.). When added to LB medium for
selection of E. coli, ampicillin, chloramphenicol, and kanamycin were used at
concentrations of 100, 20, and 40 pg ml~!, respectively. When added to LBS
medium for selection or screening in V. fischeri, chloramphenicol and kanamycin
were used at concentrations of 5 and 100 pg ml™", respectively.

Molecular genetic techniques and sequence analysis. Southern blotting and
dot blotting were performed with the DIG DNA Labeling and Detection kit and
the DIG Oligonucleotide Tailing kit (Roche Biochemicals, Indianapolis, Ind.)
and a labeled 60-mer oligonucleotide complementary to pil4 (5'-CCT GCT CGT
TTC AAT TCA AGA AGT GGA TGG TCA ACA GCA ACT GTA TAT CGG
ATT TGC ACA-3’) as the probe. For Southern analyses, 5 wg of HindIII-
digested genomic DNA was electrophoresed and transferred to nylon mem-
brane, blots were hybridized with the probe overnight at 55°C, and membranes
were washed under medium-stringency conditions (two 10-min washes at 55°C in
3 mM sodium citrate-30 mM NaCl-0.1% sodium dodecyl sulfate, pH 7.0) and
developed by using the chemiluminescent substrate CDP-Star (Boehringer
Mannheim).

Mobilizable vectors were transferred to ES114 by triparental mating with
conjugal helper plasmid pEVS104 (36). Plasmids were purified by using the
PerfectPrep Plasmid kit (5 prime-3 prime, Inc., Boulder, Colo.). Between re-
striction and ligation reactions, DNA was recovered with the Wizard DNA
Cleanup kit (Promega Corp., Madison, Wis.). PCRs were prepared as previously
described (10), with some modifications (see below). DNA sequencing was con-
ducted on an ABI automated DNA sequencer at the University of Hawaii
Biotechnology/Molecular Biology Instrumentation and Training Facility. Depos-
ited sequence data were generated by sequencing both DNA strands. Sequence
analysis, e.g., identification of open reading frames (ORFs), was performed by
using DNA Strider 1.2, and comparisons of ORF and protein sequences were
conducted with either the CLUSTAL W (40) or the BLASTP (1) algorithm and
the BLOSUMG62 scoring matrix (15).

Cloning, sequence analysis, and disruption of pild. pil4 was identified during
the cloning of hvnB (35); however, the plasmid clone used in that study lacked
sufficient upstream DNA for allelic replacement. We therefore used a PCR with
primers EVS47 (5'-CGA GAG CTC ATA TTA AAG CTC CTT CGT G-3') and
EVS48 (5'-CGT CGT CGT ATT GAG GCG ATG CGT GAG-3"), which am-
plify pilA4, to screen an existing library (44) of ES114 genomic DNA cloned in
pBluescript KS (Stratagene Inc., La Jolla, Calif.). pil4 was identified in increas-
ingly less complex pools of clones, and we ultimately isolated plasmid pEVS56,
which carries pil4 on a 7-kb EcoRI fragment.

Partial digestion of pEVS56 with EcoRV, followed by self-ligation, resulted in
pEVSS56EV, which contained a 4.5-kb pilA-containing fragment. The insert in
PEVS56EV was moved into the polylinker of pEVS79 (36), a mobilizable deriv-
ative of pPBCSK+ (Stratagene), generating pEVS85. pEVSS85 was subjected to in
vitro transposon mutagenesis (Epicentre, Madison, Wis.). One insertion mutant
was digested with Xhol and self-ligated, deleting the mini-Tn5 transposon and
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about 500 bp of V. fischeri DNA, generating plasmid pEVS85-19AXho, which
contained pilA centered within a 4-kb insert. Oligonucleotides LNK1 (5'-TAA
GGT CGA CA-3') and LNK2 (5'-AGC TTG TCG ACC-3") were annealed to
each other, and this synthetic insert was cloned into pEVS85-19AXho, replacing
the Blpl-HindIII pil4 fragment. In the resulting construct, pEVS90, residues 21
to 127 in the PilA ORF were replaced with Val-Asp and a Sall site was intro-
duced. The Sall kanR cassette from pUC4K (42) was cloned into the Sal/l site of
pEVS90, resulting in pEVS90K1 and pEVS90K2, which carried the kanR gene in
the same or the opposite orientation relative to pil4, respectively.

The ApilA::kanR alleles of pEVS90K1 and pEVS90K2 were crossed into the
chromosome of ES114 by marker exchange (confirmed by PCR and Southern
blot analyses), generating strains EVS401 and EVS402, respectively. The ApilA4
allele of pEVS90 was exchanged into the chromosome of ES114 by first selecting
for chloramphenicol-resistant single recombinants and then screening subse-
quent chloramphenicol-sensitive double recombinants by PCR with primers
EVS47 and EVS48. One putative mutant was designated strain EVS400, and the
absence of pilA in this strain was confirmed by Southern blotting.

Symbiosis assays. The ability of V. fischeri strains to initiate colonization of the
E. scolopes light organ was measured as described previously (33). Juvenile E.
scolopes squid were exposed to an inoculum for 12 to 14 h before being rinsed in
inoculum-free seawater. Prior to dilution in seawater, V. fischeri inocula were
grown unshaken in 5 ml of SWT medium in 50-ml conical tubes at 28°C such that
the optical density at 600 nm (ODy,) was between 0.28 and 0.95. The relation-
ship between the number of CFU per milliliter and the ODg, could be expressed
as follows: number of CFU per milliliter = [(8.7 X 10%) X ODgqo] + (4.6 X 107)
(r* = 0.81). This relationship was used to estimate the desired inoculum dilution,
but inocula were also plated after serial dilution to determine CFU concentra-
tions.

To determine the ratio of kanR-marked to unmarked strains in competition
experiments, cells in a culture, inoculum, or infected squid were first plated onto
nonselective LBS medium and then patched onto solidified LBS with and with-
out kanamycin. At least 66, 200, or 50 colonies were patched to determine the
strain ratios in a culture, an inoculum, or a squid, respectively. To assess whether
marked strains were significantly outcompeted by unmarked strains in mixed
infections, a Student ¢ test was applied to log-transformed relative competitive-
ness indexes (RCIs) to determine P values. To assess whether EVS401 was
outcompeted by ES114 in clonal (or clonally skewed) infections that arose from
low doses of mixed inocula (Table 1), the number of animals infected with >90%
of one strain or the other was compared by a binomial sign test (34) to determine
probability values.

We generated mixed inocula at roughly 1:1 ratios, stored them at —80°C in
20% glycerol, and then revived portions of these stocks to set up inocula in later
experiments. The ratio of marked to unmarked strains did not change during
cryopreservation. Similarly, when infected squid were frozen at —80°C, the
number of V. fischeri bacteria recovered upon thawing, homogenization, and
plating was similar to that recovered when squid were homogenized and plated
immediately.

To collect bacteria vented from the light organ, colonized animals were rinsed
three times between 12 and 24 h after inoculation with cultured bacteria and the
seawater was plated to confirm the absence of the original inoculum, and ex-
pelled bacteria were collected 36 to 40 h after initial inoculation. Expelled
bacteria were then diluted at least 10-fold in fresh seawater, and newly hatched
squid were exposed to this inoculum approximately 12 h after the expelled
bacteria were collected.

Nucleotide seq s. The nucleotide sequences reported
here have been submitted to the GenBank database and assigned accession no.
AF487524 and AF206718.

e accession b

RESULTS

Bacterial cell surface adhesins and pili may play important
roles in determining the colonization proficiency of V. fischeri
strains as they compete to occupy the light organs of hatchling
Hawaiian bobtail squid. We identified a putative pilin-encod-
ing V. fischeri gene, which we designated pil4 (Fig. 1). On the
basis of the locations and orientations of surrounding ORFs,
pilA appears to be monocistronic. In contrast to mshA (19, 26)
and many similar pilin genes, pil4 is not flanked by genes
normally associated with pilin export or assembly. Rather, the
region extending more than 2 kb upstream or downstream
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TABLE 1. Competition between a pil4 mutant and the wild type at low inoculum doses

Inoculum No. of squid with: Avg
No. of squid infected/ ratio of
Expt No. of No. of Ratio of EVS401 no ino%ulated (%) 11-90% of Evsil o RA
0. O 0. O atio o . 0 -90% o ES114
CFUml  CFUjsquid to ES114 ~90% ES114 cach >0 EVSA0L i
1 33 84 1.08:1 25/39 (64) 18 2 5 0.316:1  0.29
2 30 176 1.44:1 11/17 (65) 6 3 2 0.408:1  0.28
3 14 56 1.17:1 19/46 (41) 12 0 7 0.613:1  0.52
4 34 136 1.17:1 4/12 (33) 3 1 0 0.266:1  0.23
5 38 200 0.923:1 18/36 (50) 11 1 6 0.538:1  0.58
6 55 275 1.33:1 16/36 (47) 4 4 8 1.38:1 1.0
Total 14-55 56-275 1.16:1¢ 93/186 (50) 54 11 28 0.611:1* 0.53¢

“ Values represent averages for the 93 animals infected, not the averages of the six experiments weighted equally.

from pilA appears to encode an RNA helicase (RhIE), an
NADase (HvnB), a ferredoxin-like protein (ORF2), and pro-
teins of unknown function common to other eubacteria (ORF1
and ORF3) (Fig. 1).

The PilA ORF encodes a 14.1-kDa, 128-amino-acid protein
that, by analogy to pilin systems (37), may be processed to a
13.4-kDa, 122-amino-acid pilin. The PilA ORF is similar to
pilins that comprise type IV-A pili, with the highest degree of
similarity at the N termini of these proteins (Fig. 2) and low
overall similarity, as is typical in comparisons of type IV-A pili
(37). The closest known relatives to PilA are VcfA (20) and
MshA (19, 26) from V. cholerae. PilA and MshA were 33%
identical and 52% similar over 56 N-terminal residues. The
conserved phenylalanine (F) residue found at the N terminus
of a mature pilin is conserved in the V. fischeri PilA sequence;
however, the preceding residue is not a glycine (G) as is found
in other type IV-A pili (37).

To test whether pil4 contributes to the process of infecting
E. scolopes, we generated pilA mutant strains and tested them
in squid colonization experiments. The pil4 mutants, gener-
ated in the wild-type ES114 parent, included an unmarked
in-frame pilA deletion mutant, strain EVS400, as well as mu-
tants bearing kanR, strains EVS401 and EVS402 (both are
ApilA::kanR mutants, but they have opposite kanR orienta-
tions). In single-inoculation experiments, EVS400, EVS401,
and EVS402 were able to infect E. scolopes, and animals col-
onized by these strains produced amounts of bioluminescence
(which correlate well with the symbiont population sizes) sim-

RhIE ORF1 PilA ORF2 ORF3 HvnB ChiA

—— > >t <

4— Genbank —P»€¢— Genbank —p
AF487524 AF206718

1 kb

FIG. 1. Sequence analysis of the pil4 region. The solid line and
single-headed arrows represent V. fischeri genomic DNA and ORFs,
respectively. The double-headed arrows flanking the accession num-
bers mark the sequences submitted to the GenBank database.

ilar to those produced by animals colonized with ES114 for at
least 3 days after infection (Fig. 3 and data not shown).

We measured the colonization competitiveness of pil4 mu-
tants as an RCI, which is defined as the ratio of marked to
unmarked strain in squid divided by the ratio of these strains in
the inoculum. An RCI of <1 indicates a competitiveness defect
of the marked strain. When kanR strain EVS401 or EVS402
was coinoculated with parent strain ES114 at a nearly 1:1 ratio,
the representation of the strains in infected squid was signifi-
cantly (P < 0.05) dominated by the wild type (Fig. 4A).
EVS401 and EVS402 were also significantly outcompeted by
the wild type in four subsequent experiments (P < 0.05). As-
suming modest V. fischeri death rates within the colonized light
organ, we estimated that the colonizing bacteria would go
through fewer than 30 generations during these experiments.
When EVS401 was cocultured with ES114 for >30 genera-
tions, in either of two different media, there was no significant
change in the ratio of strains (Fig. 5). Thus, the competitive
defect of EVS401 that is apparent in the squid environment is
absent in culture.

In contrast to competition against the wild type, when either
EVS401 or EVS402 was coinoculated with the unmarked ApilA4
mutant EVS400, the representation of the two strains in in-
fected squid was roughly equivalent to the ratio in the inocu-
lum (Fig. 4B), indicating that the presence or orientation of the
kanR cassette does not account for the loss of competitiveness
of the pildA::kanR mutants. In one of the four subsequent ex-
periments, EVS401 was also outcompeted by EVS400 (P <
0.05), and the kanR marker itself may contribute somewhat to
a decrease in competitive fitness. However, EVS401 and
EVS402 were not consistently outcompeted by EVS400 and it
is not unlikely that one experiment in five would show a sig-
nificant effect at this confidence level merely by chance. As a
whole, these experiments indicate that EVS401 and EVS402
show a greater disadvantage when forced to compete with the
wild type than when forced to compete with the unmarked pil4
deletion strain.

Over the course of several experiments, we found that strain
EVS401 was outcompeted by the wild type between 1.7- and
10-fold, as illustrated by RCIs between 0.6 and 0.1 (Fig. 6 and
data not shown). We considered the possibility that pil4 might
be expressed preferentially in the host and that differences
between the wild type and the pil4 mutant might be more
pronounced if host-derived cells, rather than cultured cells,



VoL. 69, 2003

A v.f£. pila

*
B V.c. MshA

V. FISCHERI COMPETITIVENESS FACTOR pilA 823

MKSNKKFRQKELIVAVMILGALGFAAKPFFSNIESKAKQRVLGNIKTSVEHA

EESROGGETL IERVGY I VEREET AV TRAEREGLNLOGDAREA SEEGLRGAHAGE
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N.g. PilE
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IR OFRGETL IEMIviaRTE i#a 2 TR IHOYOY Y VARSEGASALAT INPLKTT
MNTLOEGHTL IEMITV IARVEr A AV BAYODY TARAQVSEAT LLAEGQOKSE
MKERLOECHTL IEMI VAR A A TR T EOBNE Y ROGANDTSATIADAKNGITS
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M.x. PilA MRVSRFNPRNRGEHTLIFMMIVEGANIEIRAA TRNIENGTKFQARSROSEAKTNLKALY TN

FIG. 2. N-terminal comparison of V. fischeri PilA and type IV-A pilins. (A) N-terminal sequence of V. fischeri (V.f.) PilA. (B) Alignment of
type-IV-A pilins relative to V. fischeri PilA. Bold white letters (on a black background) and bold black letters indicate residues that are identical
or similar to those of V.f. PilA, respectively. Similarity was assigned by using the BLOSUMG62 scoring matrix. The asterisk marks the N-terminal
phenylalanine (F) of mature pilins. Abbreviations (GenBank database accession numbers): V.c., Vibrio cholerae (CAA54430); V.v., Vibrio vulnificus
(AAL32049); P.a., Pseudomonas aeruginosa (AAK68038); N.g., Neisseria gonorrhoeae (CAAT3472); A.sp., Azoarcus species (AAC27898); X.c.,

Xanthomonas citri (AAB97527); M.x., Myxococcus xanthus (S70530).

were used as inocula. However, similar results were obtained
when either cultured cells or cells vented (expelled) from col-
onized animals were used to inoculate hatchling squid (Fig. 6).
Interestingly, the competitive defect of EVS401 was most pro-
nounced when the total inoculum density was less than 2,000
cells/ml and was attenuated by higher inoculum densities (Fig.
6).

We also measured colonization competitiveness after dilut-
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FIG. 3. Colonization of squid by a V. fischeri pil4A mutant. Twenty
juvenile squid were inoculated with approximately 1,500 CFU of wild-
type strain ES114 or strain EVS400 (Apil4) per ml. Twenty control
animals received no inoculation. Luminescence was measured with an
automated luminometer at hourly intervals, and the average values for
animals inoculated with ES114 (circles), EVS400 (diamonds), or no V.
fischeri (squares) are plotted. Error bars indicate standard errors.

ing the strain mixtures such that only a fraction of the inocu-
lated squid became infected. The rationale behind these ex-
periments was that infections arising from low doses might be
clonal, and any difference in the ratio of strains in virtually
clonal infections relative to the ratio of strains in the inoculum
would represent competition to establish clonal infections
rather than interstrain competition within the light organ
crypts. We found that when EVS401 and ES114 competed at

Relative Competitive Index (RCI)
pilA::kanR strains

FIG. 4. Relative competitiveness of pil4 mutants. Juvenile squid
were exposed to a mixed inoculum of marked (kanR) and unmarked
strains at a total concentration of approximately 3,000 CFU/ml, and
the RCIs of the marked strains were determined for each animal (see
Materials and Methods) and plotted as either circles (EVS401) or
squares (EVS402). Marked pil4::kanR mutant strains EVS401 and
EVS402 competed against wild-type ES114 (A) or unmarked Apil4
mutant strain EVS400 (B). Symbols to the left or right of the frames
indicate datum points where the RCI was less than 0.1 or greater than
10, respectively.
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FIG. 5. Relative competitiveness of pil4 mutant EVS401 in culture.
Marked pilA::kanR mutant EVS401 was cocultured with wild-type
ES114 during growth in SWT, followed by growth in LBS. Error bars
(some too small to visualize) indicate standard errors (n = 3).

low inoculum doses (14 to 55 CFU/ml and 56 to 275 CFU/
squid), approximately half of the juvenile squid became in-
fected and most of these were dominated (usually to the limit
of detection) by only one of the two inoculated strains (Table
1). This distribution toward clonal (or heavily weighted) infec-
tions stands in contrast to the distribution of infections at
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FIG. 6. Dose dependence and variability of the EVS401 competi-
tion defect. Squid were exposed to serially diluted mixtures of EVS401
and ES114, and the RCI of EVS401 was determined for each animal.
For two experiments (filled circles and squares), animals were inocu-
lated with cultured V. fischeri, and for two other experiments (open
triangles and diamonds), V. fischeri cells vented from E. scolopes were
used to inoculate fresh animals. Each datum point represents the mean
value obtained by analysis of 15 to 20 animals.
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higher inoculum doses (Fig. 4). At low inoculum doses,
EVS401 displayed an RCI that was below 1.0 in five out of six
experiments (Table 1). The apparent defect of EVS401 in
competing to establish clonal infections was only significant (P
< 0.05) in the experiment with the most animals, experiment 1
(P = 0.003); however, if the remaining five smaller experiments
are combined and considered a second repetition, they also
show a significant (P = 0.02) defect of the mutant. Further-
more, combination of the data from all six experiments showed
that EVS401 was defective relative to the wild type (P =
0.0003) for establishing clonally skewed infections and was
outcompeted by approximately twofold, as indicated by an
average RCI of 0.53 (Table 1).

Finally, to test whether the lack or presence of pil4 may be
a contributing factor in the relatively poor competitiveness of
certain natural V. fischeri isolates, we used both PCR and
Southern hybridization to detect pil4 in their genomic DNA
and obtained similar results with both methods (data not
shown). Strain ET101, isolated from E. tasmanica, lacked pilA;
however, pilA was present in strains ES12, ES213, ET101,
ET401, EM17, SRS, SA1, CG101, MJ11, H905, WHI1, and
ATCC 7744. Therefore, the lack of pil4 may contribute to the
competitive deficiency of ET101 (30) but our data do not
support the hypothesis that pil4 is a unique attribute of E.
scolopes isolates or that its presence is the sole reason for their
relative competitiveness, although variations in the sequence
or the expression of pil4 could, in part, explain competitive
differences between E. scolopes isolates and other strains.

DISCUSSION

In near-shore Hawaiian waters, V. fischeri strains compete to
occupy the privileged niche within the light organs of E. scol-
opes hatchlings, and bacterial cell surface components such as
pili may contribute to symbiont-host recognition and coloniza-
tion competitiveness. We have cloned a gene, designated pilA,
from V. fischeri that encodes an ORF resembling type IV-A
pili, the nearest known relatives of which are the mannose-
sensitive pilins VcfA (20) and MshA (19, 26) of V. cholerae.
Because previous studies (16, 27) suggested a role of mannose-
recognizing adhesins in the establishment of this symbiosis, we
assessed the symbiotic competence of pil4 mutants.

As is the case for wild-type V. fischeri strains from diverse
origins (22, 30) and a katA mutant (44), pilA mutants were able
to colonize E. scolopes (e.g., Fig. 3) but showed colonization
defects when forced to compete with parent ES114 cells (Fig.
4 and 6). This competitive defect could be directly due to the
loss of pilA or to secondary effects associated with the mutant
pilA alleles (e.g., general deleterious effects of producing a
truncated PilA peptide); however, the trait was symbiosis spe-
cific in that no defect of the pil4 mutant was observed after 70
generations of coculture with the wild type in liquid media
(Fig. 5).

Assays of competitiveness are inherently more sensitive than
single-inoculation assays and have been used to detect small
changes in fitness (7, 25). Competition assays can detect subtle
phenotypes in part because the variability between host indi-
viduals is compensated for by exposing both bacterial strains to
the same set of hosts, and in part because mutations subtly
affecting the rate at which strains grow and persist in a specific
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environment can be detected, even though the strains may
reach the same final population levels if inoculated singly. In
separate experiments, we found that strain EVS401
(pilA::kanR) was outcompeted by ES114 between 1.7- and 10-
fold (Fig. 6). Notably, the competitive defect of EVS401
tended to be greater when the total inoculum was within the
range (200 to 2,000 cells/ml) estimated for natural V. fischeri
populations in E. scolopes habitats (23, 24) and was attenuated
by successively higher inoculum densities (Fig. 6), underscor-
ing the importance of using natural-infection models. The six-
fold variability between experiments could be due to differ-
ences in the source of host animals, as both the squid genotype
and the embryonic age of the animals were subject to variation
in this study.

This observed defect in competitiveness would have a dra-
matic impact on the abundance of pil4 strains in the environ-
ment on an evolutionary time scale. Assuming (i) a conserva-
tive 1.7-fold relative decrease in the population level per squid
generation, (ii) an average squid generation time of 6 months,
and (iii) that, as extrapolated by Lee and Ruby (24), the ability
to colonize E. scolopes is a primary factor determining envi-
ronmental population levels of V. fischeri in Hawaii, a pilA
mutant would be selected against 10°-fold in just 15 years.
Therefore, although the symbiotic defect of pil4 mutants may
appear subtle in these laboratory studies, this locus may be a
critical fitness determinant for V. fischeri in the environment.

Strains may be outcompeted for entry into the light organ
(31), during growth in the crypt spaces, and/or during subse-
quent daily expulsion and regrowth (6). Our data suggest that
competition during the initial stages of infection may contrib-
ute to the pil4 competition defect. Specifically, at low inoculum
densities, at which only half of the juvenile squid became in-
fected, most of the squid were colonized by only one of the two
strains in the mixed inoculum yet ES114 still outcompeted
EVS401 an average of twofold (Table 1). The observation of a
competition defect in clonally skewed infections suggests com-
petition for light organ entry rather than competition between
strains in an ongoing mixed infection of the crypt spaces. This
supposition is supported by the observation that within a group
of inoculated squid, the RCI did not change appreciably when
assayed at 24, 48, or 72 h postinfection (data not shown), which
suggests that no further competitive selection occurred after
the first day. The initial stages of infection are marked by
aggregation and adherence of V. fischeri outside the light or-
gan, followed by motility through an animal-derived mucus
matrix into the light organ (31). Because pili are known to
mediate both adherence and twitching motility, pil4 might
contribute to either or both of these early infection processes.
The behavior of bacteria and their interactions with the host
during early infection events were recently elucidated by Ny-
holm et al. (31) through the microscopic observation of strains
labeled with green fluorescent protein (GFP). Similarly, dual
labeling of ES114 and pil4 mutants with distinct fluorescent
markers (e.g., GFP and red fluorescent protein) would allow a
visual analysis of interstrain competition during the initiation
of symbiotic infection.

mshA mutants of V. cholerae are unaffected both in virulence
assays and in colonization of the human intestine (2, 38, 39)
but are compromised in the ability to colonize invertebrate
zooplankton hosts (8). While both mshA and V. fischeri pilA
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apparently contribute to the colonization of invertebrates by
cells of Vibrio spp., these genes are distinct in five ways. First,
V. fischeri pilA does not appear to be clustered with genes
involved in pilin biogenesis (Fig. 1). Second, V. fischeri PilA
lacks the glycine residue present at the site of prepilin process-
ing in other pili, suggesting a unique mechanism of prepilin
processing (Fig. 2). Third, in contrast to mshA mutants (18,
45), pilA mutants did not appear compromised in the ability to
attach to either borosilicate or mannose-coated agarose beads
(data not shown). These discrepancies could indicate a differ-
ent function for pil4 or could be due to the presence of other
genes functionally redundant with pil4. Many bacteria, includ-
ing V. cholerae (11), have multiple type IV pili, and preliminary
data indicate that V. fischeri ES114 possesses at least one gene
other than pil4 that encodes a type IV pilin (B. Feliciano and
E. Ruby, Abstr. 99th Gen. Meet. Am. Soc. Microbiol. 1999,
abstr. N-75, p. 462, 1999). Fourth, while V. cholerae pilins may
be the known proteins most similar to PilA, there is consider-
able sequence divergence between them. Finally, while the
mshA gene has clearly been linked to a pilus structure in V.
cholerae, further experiments are necessary to determine
whether the V. fischeri pilA gene produces a surface-exposed
pilin protein, as its sequence suggests.

Several avenues of research will help define the role(s) of
pilA and pili in the V. fischeri-E. scolopes symbiosis. Compari-
sons of light organ infections by GFP-labeled wild-type and
pilA mutant strains by fluorescence microscopy may reveal the
stage at which PilA contributes to symbiotic competence. Elu-
cidation of PilA structure and expression will help determine
its function and the conditions under which it is advantageous
to V. fischeri. Elucidation of the role (if any) of pil4 or other
genes (e.g., a homologue of pilT) in twitching motility could
establish a relationship between this mode of locomotion and
host colonization. Perhaps most importantly, we expect that
genomic analysis of V. fischeri ES114 will lead to the discovery
of other potential pilins and adhesins that can be targeted for
mutation and through the generation of multiple mutants the
presence of functional overlap in these systems can be as-
sessed. Together, these experimental approaches will help elu-
cidate the mechanisms by which bacteria compete to colonize
their hosts in mutualistic bacterium-animal interactions.
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