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The gonococcal pilus, a member of the type IV family of pili, is composed of numerous monomers of the pilin
protein and plays an important role in the initiation of disease by providing the primary attachment of the
bacterial cell to human mucosal tissues. Piliation also correlates with efficient DNA transformation. To
investigate the relationships between these pilus-related functions, the piliation state, and the availability of
pilin, we constructed a derivative of MS11-C9 (DpilE1) in which the lacIOP regulatory sequences control pilE
transcription. In this strain, MS11-C9.10, the steady-state levels of pilin mRNA and protein directly correlate
with the concentration of IPTG (isopropyl-b-D-thiogalactopyranoside) in the growth medium and can reach
near-wild-type levels of expression. Transmission electron microscopy (TEM) demonstrated that the number
of pili per cell correlated with the steady-state expression levels: at a low level of transcription, single long pili
were observed; at a moderate expression level, many singular and bundled pili were expressed; and upon full
gene expression, increased lateral association between pili was observed. Analysis of pilus assembly by TEM
and epithelial cell adherence over a time course of induction demonstrated that pili were expressed as early as
1 h postinduction. Analysis at different steady-state levels of transcription demonstrated that DNA transfor-
mation efficiency and adherence of MS11-C9.10 to transformed and primary epithelial cells also correlated
with the level of piliation. These data show that modulation of the level of pilE transcription, without a change
in pilE sequence, can alter the number of pili expressed per cell, pilus bundling, DNA transformation
competence, and epithelial cell adherence of the gonococcus.

Neisseria gonorrhoeae is a gram-negative diplococcus and the
causative agent of the sexually transmitted disease gonorrhea.
Pili are long, filamentous appendages composed primarily of
the protein subunit pilin (48). The pilin protein undergoes
antigenic variation at a high frequency (21, 42), allowing es-
cape from the host immune response (53, 60) and alteration of
adherence properties (22, 23, 36, 52). Pilin sequence changes
occur predominantly by nonreciprocal recombination events
(14). Variant sequences from silent copies of potential pilin
coding sequences (pilS) transfer to the pilin expression gene
(pilE) (13, 39) in a RecA (21)-, RecO-, and RecQ (26)-depen-
dent fashion.

The gonococcal pilus is a member of the type IV family of
pili, which are found on a variety of gram-negative bacteria
including Neisseria meningitidis, Pseudomonas aeruginosa, Vibrio
cholerae, Escherichia coli, and Myxococcus spp. (56). Many type
IV pilus assembly genes are homologous to genes involved in
the general secretion pathway as well as genes implicated in
DNA binding and uptake in Bacillus subtilis and Haemophilus

influenzae (46). Pili are required for full natural DNA trans-
formation efficiency of N. gonorrhoeae (43). Gonococci (Gc)
that do not express pilin (41, 61) or are nonpiliated due to a
mutation in a pilus assembly gene (5, 9, 49) are greatly reduced
in competence. The presence of the PilC protein, which copu-
rifies with pili (18), has also been shown to be required for
efficient DNA transformation (34). Some pilus phase variants
demonstrate intermediate levels of transformation compe-
tence (10, 23). A 10-bp transformation uptake sequence is
essential for efficient gonococcal transformation (6, 11), al-
though uptake sequence-independent transformation can oc-
cur at a low frequency (4, 44).

Pilus-mediated adherence of Gc has been studied exten-
sively in vitro. Piliation has been shown to enhance adherence
to epithelial cells both in tissue culture (31, 51) and in organ
culture (25). Cell culture systems using primary cells derived
from the human urogenital tract have recently been developed
to aid in further investigation of gonococcal adherence and
invasion mechanisms (15, 28). Studies with cultured cells and
tissue sections have shown that antigenic variation of the pilin
protein can alter the adherence properties of the pilus and may
confer tissue tropism (17, 36). Antigenic variation may also
subsequently modify gonococcal adherence by causing a
change in the number and aggregation properties of the pili
expressed by the bacterial cell (23). The gonococcal PilC pro-
tein is also important for pilus-mediated adherence (33, 58);
PilC has been proposed as the pilus tip-located adhesin (35)
and has been localized at the bacterial cell surface (32). Hu-
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man membrane cofactor protein (MCP or CD46) has been
shown to be a cellular gonococcal pilus receptor (19).

To investigate how altering the availability of pilin would
affect pilus biogenesis and pilus-related functions, we created a
derivative of gonococcal strain MS11 in which the expressed
pilin gene is under the control of lacIOP regulatory sequences.
In this strain, MS11-C9.10, the steady-state levels of pilin
mRNA and pilin protein correlate directly with the levels of
IPTG (isopropyl-b-D-thiogalactopyranoside) in the growth me-
dium. This allowed examination of the relationships between
pilE transcription and piliation phenotype, DNA transforma-
tion competence, and adherence to epithelial cells. Further-
more, the lac-regulatable pilE gene allowed study of the kinet-
ics of pilus growth and expression upon addition of IPTG to
the growth medium.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli DH10B (F2mcrA mcrB mrr
recA endA) (Gibco-BRL) was grown at 37°C on Luria-Bertani medium (Difco)
and selected for antibiotic resistance at 40 mg of kanamycin (KAN) and 200 mg
of erythromycin (ERM) (Sigma) per ml. Gc strains MS11-A, MS11-B2, MS11-C9
(38), and their derivatives were grown on Gc Medium Base (Difco) plus Kellogg
Supplements (20) (GCB) at 37°C in 5% CO2, with or without up to 5 mM IPTG
(Diagnostic Chemicals Ltd.). Gc were selected for antibiotic resistance at 10 mg
of ERM per ml.

Construction of the regulatable pilE strain C9.10. All enzymes used were
supplied by New England Biolabs unless otherwise noted and were used under
conditions recommended by the supplier. pNG3049 (41) was linearized with
Bsu36I, which cuts between the pilE2 promoter and the pilE2 coding region in
the 59 untranslated portion (Fig. 1). pHSX-ermC-lacIOP (40) was digested with
NotI to release a 3.1-kb fragment containing ermC, lacIq, and the tandem lac
operator promoter sequences, tacOP and UV5OP. The ends of the pNG3049 and
pHSX-ermC-lacIOP fragments were filled with the Klenow fragment of polymer-
ase I, the blunt ends were ligated, and the ligation was used to transform E. coli
DH10B. Clones were selected for ERM and KAN resistance. A resultant cloned
plasmid DNA of the correct size and orientation was linearized with PstI and
used to transform Gc strain MS11-A. Gc chromosomal DNA was isolated from
transformants as described by Boyle-Vavra and Seifert (3) and analyzed by
Southern blotting as described by Sambrook et al. (37) using a pilE gene probe.
DNA from one Gc transformant which had incorporated the construct into the
correct location was used to transform Gc strain MS11-C9 (DpilE1), and trans-
formants were selected on ERM. Transformants were analyzed by Southern
blotting, and one transformant that had incorporated the construct into the pilE2
locus, C9.10, was used throughout the remainder of this study.

Construction of MS11-C9.11 recA6. To generate an MS11 derivative with a
wild-type pilE promoter and the pilE coding sequence of C9.10, C9.10 was first
transformed with pVD300recA6 DNA to introduce the IPTG-regulated recA6
allele (40) to aid in the maintenance of the C9.10 pilE coding sequence. C9.10
recA6 was then transformed in the presence of IPTG with pNG3049 DNA, which
was originally used to create C9.10 and contains the C9.10 pilE coding sequence
under the control of a wild-type pilE promoter. Gc from the transformation mix
were plated on GCB medium in the absence of antibiotics and IPTG and then
screened for a piliated morphology. If the regulatable pilE construct was main-
tained, Gc would have a nonpiliated morphology, but if the wild-type promoter
from pNG3049 had recombined into the chromosome, transformed Gc would
display a piliated morphology in the absence of IPTG. The pilE sequence of
piliated colonies were determined, and transformants that had the C9.10 pilE
sequence and were ERM sensitive were subjected to Southern analysis to con-
firm proper recombination into the chromosome and loss of ermC. This strain,
MS11-C9.11 recA6, was used in the time course experiments.

RNA purification and analysis. Gc were grown in 10 ml of GC Liquid (GCL)
medium (1.5% Proteose Peptone no. 3 [Difco], 0.4% K2HPO4, 0.1% KH2PO4,
0.1% NaCl) with Kellogg Supplements, 0.042% sodium bicarbonate, and 0,
0.005, 0.01, 0.02, 0.05, 0.1, 0.5, or 1.0 mM IPTG at 37°C for 4 to 6 h with shaking.
Cells were sedimented at 5,000 3 g for 15 min, and the total RNA was purified
using the TRIzol reagent (Gibco-BRL) according to the manufacturer’s protocol.

Equal amounts of each RNA sample were analyzed by Northern blot as
described by Sambrook et al. (37). Membranes were fixed by UV cross-linking
and drying. Prehybridization took place for 2 h at 50°C in 50% formamide, as

described previously (37). A pilE gene probe was isolated from plasmid pNG3100
(41) after digestion with EcoRI and HindIII and separation on a 1.0% agarose
TAE gel. The ;1-kb fragment containing pilE was random primer labeled with
[a32P]dCTP (Amersham) (7), hybridized overnight, washed three times for 5 min
each time at room temperature with 23 SSC (13 SSC is 0.15 M NaCl plus 0.015
M sodium citrate), and twice for 15 min each time at 65°C with 0.13 SSC–0.5%
sodium dodecyl sulfate (SDS), and exposed to X-Omat-AR film (Kodak) with an
intensifying screen. Densitometric analysis was performed using the AlphaIm-
ager 2000 (Alpha Innotech Corp.).

Analysis of pilin and PilC production. To analyze pilin production, Gc were
grown as described for RNA purification. Cells were sedimented at 5,000 3 g for
15 min and resuspended in 53 protein sample buffer (2). Equal amounts of the
cell lysates were separated on SDS–15% polyacrylamide gel electrophoresis
(PAGE) gels and transferred to a nitrocellulose membrane (Micron Separations,
Inc.) using a Trans-Blot Cell (Bio-Rad). The membranes were blocked with
MegaBlocI (CEL Associates) as recommended by the manufacturer and probed
with the T36 anti-pilin polyclonal antiserum, which was raised against a pilin
peptide spanning amino acids 37 to 56 (CILAEGQKSAVTEYYLNNGK) (a gift
from M. So) (8) at a dilution of 1:1,000. Alkaline phosphatase-conjugated goat
anti-rabbit immunoglobulin G secondary antibody (Promega) was used at a
dilution of 1:7,500, and the immunoblots were developed colorimetrically as
described previously (23).

Analysis of PilC production was performed as described for pilin analysis,
except that cell lysates were separated on SDS–7.5% PAGE gels, and mem-
branes were probed with preabsorbed polyclonal PilC antiserum (a gift from J.
Pfeifer and S. Normark).

Electron microscopy. To analyze piliation at steady-state levels of induction,
Gc were grown with 0, 0.005, 0.01, 0.02, 0.05, 0.5, or 5.0 mM IPTG for 18 to 20 h
on plates, and poly-L-lysine-treated (1 mg ml21) Formvar-coated grids (Ladd
Research Industries, Inc.) were used to lift cells from colonies. The grids were
then fixed and negatively stained as described previously (23).

To perform the time course of piliation induction with C9.10 and C9.11 recA6,
Gc were grown overnight on GCB medium in the absence of IPTG and were
suspended in 8 ml of HEPES-buffered medium (10 mM HEPES [pH 7.4], 145
mM NaCl, 5 mM KCl, 5 mM glucose, 1 mM CaCl2, 1 mM MgCl2, 1.5% Proteose
Peptone no. 3, 1% Iso VitaleX) at an optical density at 550 nm of approximately
0.1. Gc were grown with continuous rotation in the presence of 1 mM IPTG or
without IPTG. At regular intervals over a 16-h period, aliquots were transferred
to Parlodion-coated 300-mesh copper grids. Samples were allowed to adsorb for
1 h, and then the supernatant was removed. Grids were washed thrice with
double-distilled H2O for 5 min to remove the residual medium and salts. Grids
were then air dried and negatively stained with 1% ammonium molybdate for
30 s. Excess stain was removed, and grids were air dried under vacuum prior to
examination and photography in a Hitachi Hu11-E-1 electron microscope at 75
kV and with SO-163 electron image film (Kodak).

Determination of gonococcal transformation efficiency. Gc were grown in the
absence of IPTG on plates for 16 to 18 h, collected with Dacron swabs, and
suspended to a density of 108 CFU per ml in GCL. Then, 20 ml of cells was added
to 200 ml of GCL containing 0 to 1 mM IPTG, 5 mM MgSO4 (41), and 100 ng
of pSY6 DNA (44), which, when recombined into the Gc chromosome, confers
resistance to nalidixic acid (NAL) (Sigma). After 15 min at 37°C, the transfor-
mation mixes were diluted into 2 ml of GCL plus Kellogg Supplements and the
same IPTG concentration as previously and then incubated at 37°C in 5% CO2

for 5 h. The transformation mixes were diluted and plated on GCB medium with
2 mg of NAL per ml to select transformants and on GCB medium to determine
CFU.

Cell culture conditions and adherence assays. Opa2 Gc were used for all
adherence assays. The Opa status of each strain was determined by Western
analysis as previously described (23), except that membranes were probed with
the 4B12 anti-Opa monoclonal antibody (a gift from M. Blake) (1).

Primary cultures of human corneal epithelial cells were established as de-
scribed previously (50). For use in adherence assays, epithelial cells were grown
on 12-mm circular Thermanox coverslips in 1 ml of MCDB 153 medium. Before
the start of the infection, the medium was replaced with 1 ml of RPMI supple-
mented with 5% fetal calf serum and 0.1% Iso VitaleX. Gc, grown on Gc agar
plates in the presence of the appropriate antibiotics (37°C, 5% CO2), were added
to the cells at a multiplicity of infection of 100. When appropriate, 0.5 mM IPTG
was present during the assay. At 0 to 2 h of incubation (37°C, 5% CO2), the
infection was stopped by rinsing the cells three times with 1 ml of Dulbecco
phosphate-buffered saline (PBS) to remove unbound bacteria, followed by fixa-
tion in 0.1% glutaraldehyde–1% paraformaldehyde in Dulbecco PBS. Specimens
were stained with crystal violet (0.007% in distilled water), and the bacterial
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adherence was scored with an Olympus (New Hyde Park, N.Y.) BH-2 micro-
scope.

The Chang conjunctival cell line (ATCC CCL 20.2) was maintained, and
adherence assays were performed as previously described (23). The data pre-
sented in Fig. 7 were calculated by dividing the number of adherent CFU of each
strain by the number of adherent CFU of the nonpiliated strain MS11-B2.

The primary urethral epithelial cells were collected and maintained as de-
scribed by Harvey et al. (15). Five days prior to the adherence assay, 2 3 104

viable primary urethral epithelial cells were plated per well in 24-well culture
dishes containing collagen-coated coverslips in hormonally defined growth me-
dium (Clonetics). At the time of the assay, each well contained ;3.3 3 104 viable
cells in a confluent monolayer. The adherence assay was performed as described
for the Chang cells.

RESULTS

Construction and characterization of the regulatable pilE
strain C9.10. We constructed a Gc strain in which the wild-type
pilE promoter was displaced with lac regulatory sequences to
investigate the relationships between pilE transcription, pilus
assembly, and pilus function. The first step in constructing a
regulatable pilE strain was to insert an ERM resistance cas-
sette and lacIOP regulatory sequences upstream of the pilE
coding sequence in the 59 untranslated region. The plasmid
pHSX-ermC-lacIOP (40) contains two tandem lac promoter-
operator sequences (tac-UV5), which are regulated more ef-
fectively by lacIQ than single operator promoter regions (27).
The ermC and lacIQ genes are transcribed in the opposite
orientation of the lac promoter-operator sequences and there-
fore do not influence transcription of genes downstream of
these sequences. The lac promoter-operator sequences, the
lacIQ gene, and the ermC gene were inserted into pilE2, just
upstream of the pilE2 ribosomal binding site and downstream
of pilE2 promoter sequences, in pNG3049 (41) (Fig. 1). This
construct was transformed into MS11-C9, which carries the
pilE2 gene, and nonpiliated (P2) ERM-resistant Gc transfor-
mants were grown with 0.5 M IPTG on solid medium to iden-
tify transformants that exhibited a piliated (P1) colony mor-
phology. These transformants were analyzed by Southern blot
to ensure that the construct was in the pilE2 locus and that no
other pilin loci had changed (data not shown). One transfor-
mant (MS11-C9.10, or C9.10) was chosen for further analysis.

The regulatable pilE strain C9.10 was characterized by

Northern and Western analysis to determine the relative levels
of pilin mRNA and protein produced with respect to the pa-
rental strain MS11-C9. C9.10 was grown in liquid medium for
4 to 6 h without IPTG or grown in media containing IPTG at
0.005 to 1.0 mM. Total RNA was isolated and probed with a
pilE gene probe. Pilin mRNA was not detectable when C9.10
was grown without IPTG, and pilin mRNA levels gradually
increased when cells were grown with increasing concentra-
tions of IPTG in the growth medium, ultimately reaching an
expression level of 86.8% compared to the wild type (Fig. 2A).
Whole-cell lysates were prepared from the same bacterial cul-
tures as the RNA samples and were probed with a pilin anti-
peptide antiserum that binds to a conserved pilin epitope (see
Materials and Methods) (8). No detectable pilin was produced
when C9.10 was grown without IPTG (Fig. 2B). The level of
pilin protein steadily increased as the IPTG in the growth
medium increased to 0.05 mM, and then pilin expression lev-
eled off despite further increases in pilE mRNA expression.
We have previously shown that monoclonal antibodies that
bind to conserved epitopes on pilin react with different affin-
ities to some pilin variants (23), and therefore the levels of
C9.10 variant pilin expression cannot be directly compared to
the C9 pilin variant. These Northern and Western analyses
demonstrated that in C9.10, the regulatable pilE gene allows
for control of pilE transcription and pilin production by alter-
ing the concentration of IPTG.

Pilus expression by C9.10. We have previously shown that
changes in the pilin amino acid sequence due to antigenic
variation alter the level of pilin produced, the number of pili
per cell, the extent of pilus bundling, and the percentage of
cells expressing pili in a given population (23). We used C9.10
to determine how varying the expression level of a given vari-
ant pilin protein affected pilus assembly and pilus bundling.
Transmission electron microscopy (TEM) was used to deter-
mine the piliation phenotype of C9.10 when grown in the
presence of 0, 0.005, 0.01, 0.02, 0.05, 0.5, or 5.0 mM IPTG for
18 to 20 h on solid media. No pili were detected on negatively
stained cells when IPTG was not added to the growth medium
(Fig. 3A). At the lowest level of induction (0.005 mM IPTG),
most cells did not express detectable pili, but 5 to 10% of cells

FIG. 1. Schematic of the regulatable pilE gene of C9.10. Shaded boxes indicate genes and are drawn to scale. Arrows extended from the gene
names indicate the direction of transcription. Thick arrows indicate the operators and promoters. P, pilE2 promoter. Restriction sites are
abbreviated in capital letters as follows: B, Bsu36I; C, ClaI, H, HpaI, N, NotI, S, SmaI. Crossed-out restriction sites were destroyed during
construction.
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expressed one or two long pili (Fig. 3B). At 0.01 and 0.02 mM
IPTG, a number of singular pili were present on most cells
(Fig. 3C and D). Many singular pili, as well as small bundles
and networks of pili, were observed at 0.05 mM IPTG (Fig.
3E). At 0.5 and 5.0 mM IPTG, single pili and pili in larger
bundles and networks were detected (Fig. 3F and G).

In addition to determining the steady-state pilus expression
at different levels of IPTG, we analyzed the dynamics of pilus
expression over a period of 16 h of growth in liquid medium,
with pilE induction beginning at t0. Gc were grown overnight
on solid medium in the absence of IPTG. Gc were then inoc-
ulated into liquid medium containing no or 1 mM IPTG; sam-
ples were taken at 2, 4, 8, 12, and 16 h and processed for
analysis of piliation by TEM. Pili were never observed when
C9.10 was not induced with IPTG (Fig. 4A). After 2 h of
growth in the presence of IPTG, 60% of the C9.10 cells ex-
pressed a few long pili per cell (Fig. 4B). After 4 h of growth
in IPTG, 5 to 10 pili per organism were detected on greater
than 95% of the cells (Fig. 4C). The piliation of C9.10 after 8 h
of induction was similar to that at 4 h, with approximately 10
pili per cell on the majority of cells in the population (data not
shown). After 12 and 16 h of growth, a substantial portion of
the cells in the culture was dead (presumably due to autolysis),
and a few pili were detectable on the intact cells. This analysis
demonstrates that pilus production is rapidly induced upon
exposure of C9.10 to IPTG and that a threshold level of pilus
expression is achieved after 4 h of IPTG induction. Interest-
ingly, C9.10 is significantly less piliated when grown in liquid
medium compared to growth on solid medium (compare with
Fig. 3F). This reduction in piliation is not due to the heterol-
ogous promoter since, we have also observed decreased pilia-
tion during liquid growth for a wild-type pilE variant (data not
shown).

The kinetics of pilus expression was also examined by assay-
ing the adherence of C9.10 to primary corneal epithelial cells.
Primary corneal cells were inoculated with Gc upon induction
with 0.5 mM IPTG at t0. At 0, 15, 30, 60, 90, and 120 min
postinoculation, the primary cells were washed to remove non-
adherent Gc and observed to determine the adherence. No
adherent Gc were observed during the first 30 min of IPTG
induction (Fig. 5A to C) or when the primary cells were inoc-
ulated with a nonpiliated control (data not shown). Gc began

to adhere to the primary corneal cells after 60 min of IPTG
induction (Fig. 5D), and the number of Gc per cell increased
after 90 and 120 min of IPTG induction (Fig. 5E and F). These
results corroborate the TEM data (Fig. 4B) and indicate that
functional pili are expressed as early as 1 h post-IPTG induc-
tion.

For accurate comparison between C9.10 and a strain with a
wild-type pilE promoter, a strain which has a wild-type pilE
promoter and expresses the same pilE sequence as C9.10 was
generated (see Materials and Methods). This strain (MS11-
C9.11 recA6) was then analyzed for piliation over a 16-h time
course in liquid medium. During the first 8 h of growth, MS11-
C9.11 recA6 expressed numerous pili per cell that were aggre-
gated into bundles (Fig. 4D and E). At the 12- and 16-h time
points, similar to what was seen with the regulatable pilE
strain, a significant reduction in viability was observed, but
many pili were still present. The number of pili expressed per
cell and the extent of pilus bundling by C9.10 did not reach that
expressed by MS11-C9.11 recA6.

DNA transformation efficiency of C9.10. Gc readily take up
their own DNA, and piliated organisms possess much higher
transformation efficiencies than their nonpiliated counterparts
(43). Studies with pilus biogenesis mutants have shown that the
mere presence of pilin protein that cannot be assembled into
pili is not sufficient to maintain a high level of transformation
competence (5, 9, 49). However, Gc that express a few pili have
been shown to exhibit transformation efficiencies between that
of piliated and nonpiliated (DpilE) variants (10, 23). We there-
fore utilized the regulatable pilE strain to investigate the rela-
tionship between pilin expression levels and DNA transforma-
tion efficiency.

Gc strains C9.10, C9.11 recA6, and MS11-B2 (DpilE1
DpilE2) (38) were grown in the absence of IPTG overnight on
solid medium. Gc were suspended in liquid medium containing
0, 0.005, 0.01, 0.02, 0.05, 0.5, or 1.0 mM IPTG and pSY6
plasmid DNA that, when recombined into the chromosome,
confers resistance to NAL (44). After 5 h of incubation, Gc
were selected on NAL to assess the transformation efficiency.
As shown in Fig. 6, the transformation efficiency of C9.10
directly correlated with the number of single long pili up to an
intermediate level of pilE transcription (0.05 mM IPTG). The
point at which the transformation competence of C9.10

FIG. 2. Northern and Western analyses of C9.10. The concentration of IPTG used for induction is indicated above each lane. (A) Pilin mRNA
was detected with a pilE gene probe. (B) Pilin protein was detected with the T36 anti-pilin polyclonal antiserum. The mobilities of molecular mass
markers are indicated to the left of the blot (in kilodaltons).
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reached a plateau was similar to the competence level of C9.11
recA6, which expresses the same pilin sequence under the
control of the wild-type pilE promoter, showing that full trans-
formation competence is reached at a pilin expression level
that is ca. 50% that of the wild type.

Adherence of C9.10 to epithelial cells. Gonococcal pili have
been suggested to play a crucial role in the initiation of disease
by providing the primary attachment of the bacterial cell to
human mucosal tissues (47). Previous investigations into how
the level of piliation affects adherence demonstrated that both
the number of pili per cell and the extent of pilus bundling
influence gonococcal adherence to epithelial cells (23). To

study the relationship between the level of piliation and ad-
herence, we used two different types of epithelial cells. The
transformed cell line that we chose was the Chang conjunctival
epithelial cell line, which has been used in numerous studies of
gonococcal adherence (17, 36, 54). A second type of epithelial
cell culture that we used was the primary urethral epithelial
cell system established by Harvey et al. (15).

Gc were grown in the presence of 0, 0.005, 0.05, or 0.5 mM
IPTG for 18 to 20 h on solid medium. Gc were incubated with
nearly confluent monolayers of Chang cells or primary urethral
epithelial cells at a ratio of 100 Gc to 1 cultured cell for 2.5 h.
When C9.10 was not induced or was induced with a low level

FIG. 3. TEM images of negatively stained C9.10. (A) C9.10 in the absence of IPTG. (B) IPTG at 0.005 mM. (C) IPTG at 0.01 mM. (D) IPTG
at 0.02 mM. (E) IPTG at 0.05 mM. (F) IPTG at 0.5 mM. (G) IPTG at 5.0 mM. A typical cell from the grid is shown for each level of induction
except for panel B, which represents a minority of the population. Scale bars in panels A and F represent 0.5 mm; panel B to E and panel G images
were obtained at the same magnification as for panel A. The arrow in panel B points to a pilus.
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of IPTG (0.005 mM), its adherence was not significantly dif-
ferent from that of the nonpiliated control MS11-B2 (Fig. 7).
However, at intermediate (0.05 mM IPTG) and high (0.5 mM
IPTG) induction levels, adherence of C9.10 to both epithelial
cell types increased significantly over that of uninduced C9.10.
Adherence of C9.10 to Chang cells, even when induced at 0.5

mM IPTG, never reached the adherence level of the positive
control C9.11 recA6 (Fig. 7A). Furthermore, C9.10 exhibited
an approximately threefold-greater adherence to Chang cells
than primary urethral cells relative to the P2 control strain
(Fig. 7). These data indicate that, unlike DNA transformation
competence, a low level of pilus expression does not promote

FIG. 4. TEM images of negatively stained C9.10 and C9.11 over a time course of pilus induction. (A) C9.10 after 4 h of growth without IPTG.
(B) C9.10 after 2 h of growth with 0.5 mM IPTG. (C) C9.10 after 4 h of growth with 1.0 mM IPTG. (D) C9.11 after 2 h of growth without IPTG.
(E) C9.11 after 4 h of growth without IPTG. A typical cell from the grid is shown in each panel. The bar represents 0.5 mm in panels A, B, D, and
E and 0.25 mm in panel C.
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a significant level of adherence over that of a nonpiliated strain
and that an intermediate level of piliation is necessary to sig-
nificantly increase adherence to cultured epithelial cells.

DISCUSSION

We used the lac regulatory system to modulate Gc pilin
expression in N. gonorrhoeae. By altering the steady-state level
of pilin transcription with different levels of IPTG, the rela-
tionships between pilin expression, pilus expression, and pilus-

related functions (DNA transformation and epithelial cell ad-
herence) were examined. Importantly, this was accomplished
without the complications brought about when pilin sequence
changes pilus expression through the process of antigenic vari-
ation. Moreover, by adjusting pilin expression through tran-
scription, new insights into pilus assembly processes were ob-
tained. Finally, a time course of pilus expression allowed the
determination of the time required for pilus expression and the
development of pilus-mediated cell adherence.

The regulatable pilE strain C9.10 is the first reported strain
in which a change in pilus bundling has been observed without
a change in pilin amino acid sequence. At low to intermediate
levels of IPTG, strain C9.10 expresses singular pili, and the
number of pili per cell increases as the IPTG concentration
increases. At 0.05 mM IPTG pili begin to associate into loose
networks, and at 0.5 and 5 mM IPTG pili are aggregated into
substantial bundles as well as remaining singular. A change in
pilus expression from singular pili to bundled pili upon the
increase of pilin expression indicates that the extent of pilus
bundling is at least partially determined by the concentration
of pili and not solely by the primary pilin amino acid sequence.
Our previous study of a panel of strain FA1090 pilin variants
(23), as well as numerous other studies (24, 55), showed that a
change in the pilin amino acid sequence is often associated
with a change in the extent of pilus bundling. Together, these
studies indicate that both the level of pilin expression and the
primary pilin amino acid sequence influence the aggregation of
gonococcal pili. It has not been determined whether the indi-
vidual pili within a pilus bundle all originate from the same
gonococcal cell or whether they contain pili from multiple
cells.

One of the most striking observations made with the regu-
latable pilE strain was its piliation phenotype when induced at
low levels of IPTG. Most Gc were nonpiliated at the lowest

FIG. 5. Adherence of C9.10 to primary corneal cells over a time course of pilus induction. Gc were grown overnight in the absence of IPTG.
Gc were incubated with 0.5 mM IPTG and the cultured cells as indicated in each panel. Monolayers were then washed, fixed, stained with crystal
violet, and viewed with a light microscope.

FIG. 6. DNA transformation competence of C9.10, C9.11 recA6,
and MS11-B2. Strains were incubated in the absence or presence of
IPTG as indicated for 5 h with plasmid pSY6, which confers resistance
to NAL (NalR) when recombined into the chromosome. The transfor-
mation efficiency was expressed as the number of NAL-resistant trans-
formants per CFU. A representative of three identical experiments is
shown.
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induction level (0.005 mM IPTG), but a minority of the cells
expressed one or two detectable pili of approximately wild-type
length. This expression phenotype was unexpected and in con-
trast to the phenotype of an E. coli strain containing an IPTG-
inducible type I pilus system. When a lacUV5-regulated fim
operon was maximally induced for 30 min, the majority of cells
expressed a few short pili; the number of pili per cell increased
over the following 1.5 h, but the pili never reached wild-type
length (59). In contrast, we observed that long pili were ex-
pressed after 2 h of induction, and the number of long pili
increased over the next 2 h. One significant difference between
these two bacterial species is that E. coli expresses a lactose
permease (lacY), whereas the Gc do not carry any of the lac
operon genes. Another inherent difference between these two
systems is that many of the type I pilus biogenesis genes are
encoded in an operon with the main pilus subunit, whereas the
gonococcal pilus biogenesis genes are not. In the type I pilus
system, the number of pili assembled per cell is directly corre-

lated with the level of FimD, an outer membrane protein
required for pilus assembly (reviewed in reference 16). There-
fore, it seems that during type I pilus assembly, all “centers”
equally compete for pilin and assemble pilin into pili at similar
rates. However, when pilin is rate limiting in the Gc type IV
pilus system, the pilin that is available is assembled into a pilus
of wild-type length at only one or two sites, if at all. Perhaps a
threshold level of pilin must accumulate, conceivably in the
inner membrane (57), prior to assembly of a pilus. Another
possibility is that when the level of pilin is low, the level of one
or more additional pilus biogenesis genes is also low, allowing
for only a limited number of pilus assembly sites, as seen in the
type I pilus system. This does not seem to be the case with the
pilus biogenesis proteins PilQ and PilC, which are amply ex-
pressed in nonpiliated strains (18, 29). Our favored hypothesis
is that Gc pilin is targeted to the inner membrane, and only one
pilus assembly site has access to this pilin pool. If a localized
threshold level of pilin accumulates, a single pilus is assembled.
When there is a greater amount of pilin available, the thresh-
old level of pilin can be accessible to additional sites of pilus
assembly throughout the membrane, and the number of pili
per cell consequently increases. This implies that the apparatus
through which a pilus is assembled is regulated, since pilus
assembly only occurs when enough pilin has accumulated to
form a pilus of wild-type length.

The DNA transformation experiments with the regulatable
pilE strain revealed that only a small amount of pilin is neces-
sary to significantly increase the transformation competence of
the Gc over that of a nonpiliated strain. Even when the regu-
latable pilE strain was not induced, its transformation efficiency
was 10-fold higher than that of the nonpiliated strain, MS11-
B2, which has deletions of pilE1 and pilE2 (38). One explana-
tion for this phenomenon could be that in a small proportion
of cells, the lac promoter is transiently or genetically dere-
pressed. This would cause the small proportion of cells to
produce enough pilin to significantly increase the competence
of the population, but not enough pilin to be easily detected.
Alternatively, we have found that the regulatable pilE con-
struct is minimally transcribed when uninduced (40). However,
we have never detected pili when C9.10 was not induced with
IPTG. This suggests that small amounts of pilin may play a role
in DNA transformation even when not incorporated into a
detectable pilus. Additionally, small increases in pilE transcrip-
tional activity correlated with relatively large increases in trans-
formation competence. Comparable results were seen with
another gonococcal inducible pilin strain (34). In this inducible
pilin strain (N456), pilE was under control of a less tightly
regulated lac regulatory construct than that used for C9.10.
The DNA transformation efficiency of N456 increased signifi-
cantly after 1 and 12 h of IPTG induction compared to the
same strain when uninduced, even though very little pilin was
produced (34). By studying a panel of different regulatable pilE
variants and pilus assembly mutants in strain FA1090, we pro-
pose that pili are not required for transformation competence
but that a pilin-dependent change of the pilus assembly appa-
ratus into a transport competent state is required for DNA
internalization (C. D. Long and H. S. Seifert, unpublished
results).

The maximal transformation efficiency of C9.10, which was
equal to that of the wild-type control C9.11 recA6, was attained

FIG. 7. Adherence of C9.10 and C9.11 recA6 to epithelial cells. For
18 h prior to the assay, Gc were induced with IPTG as indicated below
the x axis. Gc were incubated with the cultured cells for 2.5 h. Mono-
layers were washed, disrupted, and plated to allow the counting of
cell-associated CFU. The number of cell-associated CFU for each
strain was divided by the number of cell-associated CFU of nonpiliated
control strain MS11-B2 to yield the relative adherence. Values repre-
sent the mean and standard error of at least three identical experi-
ments. (A) Adherence to Chang conjunctival epithelial cells. (B) Ad-
herence to primary urethral epithelial cells.
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at the intermediate induction level of 0.05 mM IPTG. As
mentioned above, it is at this level of induction that the pili of
C9.10 began to aggregate and, at higher levels of induction, the
extent of pilus bundling increased. The increase in transforma-
tion competence directly correlated with the number of single
pili present but not with the total number of pili. This suggests
that single, unbundled pili may be important in the process of
DNA uptake. This hypothesis is further supported by the ob-
servation that other minimally piliated gonococcal strains ex-
hibit intermediate DNA transformation efficiencies (10, 23).

One interesting observation from the adherence experi-
ments is that piliated Gc exhibited greater adherence to the
immortalized Chang cell line than the primary urethral epithe-
lial cells relative to the adherence of a nonpiliated control. The
different adherence profiles between the Chang and primary
urethral cells indicate that Chang cells may have altered the
expression of CD46 or other putative downstream effector
molecules involved in gonococcal adherence, express CD46 in
a more accessible manner, or altered the expression of differ-
ent receptors or coreceptors for pilus-mediated adherence.
Alternatively, although the conjunctiva and urethra are both
primary sites of gonococcal infection, perhaps the distribution
of pilus receptor(s) is different at each site.

The data from the adherence experiments also lend insight
into the level of piliation required by Gc for sufficient adher-
ence to epithelial cells. A significant increase in the adherence
of the regulatable pilE strain to both Chang conjunctival and
primary urethral epithelial cells was seen when steady-state
induction of pilE was increased from 0.005 to 0.05 mM IPTG
and a greater number of singular pili, as well as loose “net-
works” of pili, were present. However, there was no significant
increase in adherence when IPTG was increased from 0.05 to
0.5 mM and pili became more bundled. A related phenomenon
has been observed with a panel of meningococcus (Mc) carrier
and disease isolates of various serogroups (12). A majority of
the Mc isolates expressing aggregated pili exhibited low adher-
ence to human buccal epithelial cells, and most isolates ex-
pressing unaggregated pili exhibited medium to high levels of
adherence (12). Interestingly, these data contrast the report
from Marceau et al., who found that the adherence of encap-
sulated Mc to an epithelial cell line is strongly promoted by
bundled pili and that variants which express singular pili ex-
hibit a low level of adherence (24). However, the classification
of all Mc into “aggregated” and “unaggregated” categories
may not accurately reflect the true piliation state of a particular
pilin variant. In the present study, and in our previous study of
a panel of gonococcal pilE variants (23), TEM revealed that
both aggregated and singular pili can be expressed by a given
variant. The number of pili per cell and the percentage of cells
expressing pili can also differ between pilE variants (23). It is
possible that singular pili may be expressed by the “aggregat-
ed” Mc variants, but the pili may be difficult to detect due to
pilus fragility and shearing during electron microscopy sample
preparation. Conversely, the presence of capsule, differential
glycosylation (45), and/or the decreased number of possible
pilin variants available to the Mc (due to fewer pilS copies in its
genome [30]) may limit the overall piliation state to only a few
phenotypes. Further investigation into the relationships be-
tween pilin sequence, piliation state, and pilus-mediated ad-
herence in Gc and Mc is clearly needed in order to draw

conclusions regarding the effect of pilus bundling on adher-
ence.

In this study, the effects of a wide range of pilin production
and piliation levels on gonococcal pilus-related functions were
examined without changing the pilE sequence. The DNA
transformation and adherence data generated through use of
the regulatable pilE strain mirror our previous observations
using a panel of pilE variants which express various levels of
singular and aggregated pili (23). The expression of a few
singular pili correlates with an intermediate level of DNA
transformation efficiency. Furthermore, variants that ex-
pressed the greatest number of singular pili per cell exhibited
the highest levels of adherence to Chang cells, whereas the
adherence of a variant expressing highly bundled pili was sig-
nificantly decreased (23). By taking into account the findings of
both studies, we conclude that it is the piliation state and not
the pilE sequence per se which directly affects the pilus-related
functions of adherence and DNA transformation.
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