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ABSTRACT Niche-restricted pathogens are evolutionarily linked with the specific biological fluids that are encountered during
infection. Neisseria gonorrhoeae causes the genital infection gonorrhea and is exposed to seminal fluid during sexual transmis-
sion. Treatment of N. gonorrhoeae with seminal plasma or purified semen proteins lactoferrin, serum albumin, and prostate-
specific antigen each facilitated type IV pilus-mediated twitching motility of the bacterium. Motility in the presence of seminal
plasma was characterized by high velocity and low directional persistence. In addition, infection of epithelial cells with N. gonor-
rhoeae in the presence of seminal plasma resulted in enhanced microcolony formation. Close association of multiple pili in the
form of bundles was also disrupted after seminal plasma treatment leading to an increase in the number of single pilus filaments
on the bacterial surface. Thus, exposure of N. gonorrhoeae to seminal plasma is proposed to alter bacterial motility and aggrega-
tion characteristics to influence the processes of transmission and colonization.

IMPORTANCE There are greater than 100 million estimated new cases of gonorrhea annually worldwide. Research characterizing
the mechanisms of pathogenesis and transmission of Neisseria gonorrhoeae is important for developing new prevention strate-
gies, since antibiotic resistance of the organism is becoming increasingly prevalent. Our work identifies seminal plasma as a me-
diator of N. gonorrhoeae twitching motility and microcolony formation through functional modification of the type IV pilus.
These findings provide insight into motility dynamics and epithelial cell colonization under conditions that are relevant to sex-
ual transmission. Type IV pili are common virulence factors with diverse functions among bacterial pathogens, and this work
identifies interactions between type IV pili and the host environment. Finally, this work illustrates the importance of the host
environment and niche-specific fluids on microbial pathogenesis.
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Neisseria gonorrhoeae (the gonococcus) is the causative agent of
gonorrhea and has been associated with humans for millen-

nia (1). N. gonorrhoeae lacks a nonhuman reservoir, and the ma-
jority of infections are confined to the genital tract, indicating that
this pathogen has evolved to thrive in a limited niche. Despite its
narrow host range, N. gonorrhoeae must be well adapted to envi-
ronmental changes that occur during infection and transmission.
A dramatic modification to the local environment that occurs
during sexual transmission is the introduction of seminal fluid,
both to the male urethra and female vaginal mucosa. Semen is a
complex biological fluid that includes abundant quantities of pro-
teins, metal ions, and monosaccharides (2). The protein constit-
uents of seminal plasma (SP) (lacking spermatozoa and non-
soluble material) are well defined, with serum albumin and
lactoferrin being among the most abundant (2, 3). N. gonorrhoeae
has previously been shown to bind spermatozoa through interac-
tions with the bacterial type IV pili (T4P) (4) and lipo-
oligosaccharide (5), and it was hypothesized that adherence to the
highly motile sperm cells contributed to transmission of the dis-
ease from males to females (6). However, this “hitchhiker” hy-
pothesis does not account for transmission from females to males,
and it is difficult to model the establishment of an infectious dose

in the male urethra without invoking bacterial motility. Despite
the potential influence that SP may have on the pathogenesis of
N. gonorrhoeae, little is known about the physiological response of
gonococci to SP exposure.

T4P are well-conserved virulence factors among Gram-
negative bacteria (7) and are also found in certain Gram-positive
bacterial species (8). These surface structures play multiple roles
in pathogenesis, including adhesion, motility, microcolony for-
mation, and transformation. In Neisseria, the T4P consists of a
polymer of the PilE major pilin subunit that assembles in the form
of thin fiber of between 6 and 8 nm in diameter and several mi-
crons in length (9, 10). The pilE gene is subject to antigenic vari-
ation through gene conversion involving several silent pilS copies
located throughout the gonococcal genome (11, 12). The T4P of
N. gonorrhoeae has long been recognized as a primary mediator of
adherence to and invasion of host epithelial cells (13–16), and
gonococcal T4P are additionally required for high-frequency
DNA transformation (17).

Twitching motility is the sole form of locomotion for N. gon-
orrhoeae. The basis for this motility is through cycles of T4P ex-
tension and retraction when pili are in contact with a surface.
Retraction of T4P and motility are dependent on the ATPase mo-
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tor protein PilT (18). When multiple filaments cooperate, pilus
retraction is capable of generating remarkable force in the nano-
newton range, approximately 10-fold greater than that of a single
pilus fiber (19). A typical gonococcus (diplococcus or monococ-
cus) has a peritrichous arrangement of T4P on its surface. Despite
this, the motility of N. gonorrhoeae is directionally persistent
through the cooperation of multiple pilus motors (20). This qual-
ity of persistence can be described as the movement of a bacterium
in a certain direction during a time period that is longer than the
time of a single pilus retraction, meaning that multiple pili pull the
bacterium in the same direction. The mechanism by which gono-
cocci coordinate pilus retraction is not yet known. However, it is
unlikely to be controlled via a conventional chemosensory system,
since the genes that control T4P motility in other organisms are
lacking in the N. gonorrhoeae genome (21). In addition to facili-
tating the motility of individual bacteria, pilus retraction of clus-
tered bacteria appears to have additional roles in host cell interac-
tions. Bacterial aggregates called microcolonies form on the cell
surface and are motile in a pilT-dependent manner (22). Further-
more, PilT is involved in the formation of cortical plaques at the
microcolony-cell interface (23, 24) and cellular activation of the
phosphatidylinositol (PI) 3-kinase (25) and NF-�B pathways
(26).

Much progress has been made in defining the virulence factors
and disease processes of N. gonorrhoeae, but the study of gonococ-
cal transmission is limited by the lack of an appropriate model
system. Since human semen is a prominent environmental com-
ponent of the transmission process, we sought to characterize the
response of N. gonorrhoeae to SP. In this study, we show that
bacterial twitching motility and microcolony formation are facil-
itated by exposure to SP, leading to a phenotypic state in which
N. gonorrhoeae are primed for transmission and colonization.

RESULTS
SP facilitates twitching motility. To test the effect of SP on the
twitching motility of a bacterial population, we assayed move-
ment of N. gonorrhoeae through a porous membrane barrier using
a Transwell system. For parental strain FA1090, a 1:20 dilution of
SP caused an ~24-fold increase in the number of total bacteria
(piliated and spontaneously nonpiliated) that crossed the barrier
compared to medium alone (Fig. 1). When considering only pili-
ated bacteria, a �200-fold increase in the presence of SP was ob-
served. Conversely, a genetically engineered nonpiliated strain
(�pilE) exhibited minimal SP responsiveness, since approxi-
mately equivalent numbers of bacteria were observed to cross the
Transwell barrier under both conditions. The T4P motility appa-
ratus undergoes spontaneous high-frequency variation in the PilE
coding sequence (11, 12) and phase variation of the pilus-
associated protein gene pilC (27), both of which can result in a
switch from a piliated state to a nonpiliated state. Consistent with
the notion that pili are required for SP responsiveness, a strain
designed to limit spontaneous pilus variation (nonvariable pilE
gene [pilENV], phase-locked pilC1 gene [pilC1PL]) demonstrated
an even greater SP response (~3.8 � 103-fold) than the variable
parent strain (see Fig. S1A in the supplemental material). Further-
more, bacteria lacking the PilT ATPase failed to respond to SP,
regardless of whether bacteria expressed pili (Fig. 1). Together,
these data demonstrate that a functional pilus apparatus is re-
quired for N. gonorrhoeae to respond to SP and indicate that this
response involves twitching motility. Other N. gonorrhoeae

strains, including MS11, also exhibited enhanced barrier migra-
tion in the presence of SP (data not shown), demonstrating that
this response is not strain specific.

To determine the effect of SP concentration on twitching mo-
tility, 2-fold serial dilutions of SP starting from 1:20 were assayed
for Transwell migration-stimulating activity. A significant de-
crease in motility-enhancing activity was not observed until the
1:320 dilution (see Fig. S1B in the supplemental material), indi-
cating that the stimulatory effect of SP is possible even at low
concentrations and beyond an initial influx of seminal fluid into
the genital environment. In addition to high concentrations of
total protein, SP contains large amounts of small molecules such
as metal ions, citrate, and monosaccharides (2). However, these
small molecules were discounted as a source of motility-
stimulating activity, since SP passed through a 10-kDa-nominal-
molecular-size-limit filter did not stimulate Transwell barrier mi-
gration beyond that of the negative control, while the activity of
the retentate (�10 kDa) was similar to that of whole SP (Fig. S1C).

Dynamics of SP-mediated motility. Twitching motility was
assessed microscopically to quantitate the effect of SP on individ-
ual bacteria. In this assay, bacteria were treated in suspension with
the tested compounds, then spotted onto glass coverslips, and
tracked over a 30-s interval at room temperature to allow for rapid
assessment of several treatments on a single bacterial culture. Bac-
teria treated with SP were highly motile with a median velocity of
0.78 �m/s and few observed stationary cells (Fig. 2A; see Fig. S2 in
the supplemental material). In contrast, the majority of untreated
bacteria were nonmotile and exhibited background-level veloci-
ties similar to that of the nonmotile pilT::erm strain, which was
unaffected by SP exposure (Fig. 2B). Proteins found in high abun-
dance in SP include lactoferrin, serum albumin, and prostate-
specific antigen, all of which were tested for the ability to stimulate

FIG 1 SP stimulates Transwell migration of piliated N. gonorrhoeae. Tran-
swells were seeded with parental (FA1090), T4P mutant (�pilE), or pilus re-
traction mutant (pilT::erm) strains. The mean number of bacteria � standard
deviation (SD) that cross the Transwell barrier after exposure to SP (1:20)
relative to the number of bacteria in RPMI 1640 that cross the barrier is re-
ported for the entire population or just piliated bacteria (P�). Values that are
significantly different (P � 0.01) from the value for the parent strain by the
two-sample t test are indicated by an asterisk.
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gonococcal motility at levels approximating those found in SP
from healthy males (28, 29). All three protein components re-
sulted in high levels of surface motility similar to whole SP
(Fig. 2C), indicating that the activity of SP is not specific to one
component and consistent with the observation that activity is
generated by large compounds.

Previous studies have utilized bovine serum albumin (BSA)-
coated glass as a substrate for N. gonorrhoeae motility, since little
motility is observed on pure glass (18, 20, 30). Substituting BSA in
the microscopic motility assay at room temperature resulted in a
motility velocity (median � 0.78 �m/s) matching that of SP

(Fig. 2A). Similarly, BSA facilitated approximately equivalent
Transwell migration levels compared to SP at similar total protein
concentrations (see Fig. S1B in the supplemental material). Al-
though gonococci are clearly motile when BSA is provided as a
substrate, BSA is not relevant to the human genital environment.
In contrast, the presence of SP in vivo exposes the bacteria to
numerous proteins, including human serum albumin, during sex-
ual transmission.

Although both BSA and SP are capable of facilitating N. gon-
orrhoeae twitching motility, the two substrates were differentiated
by analyzing the directional persistence of motility in the presence
of each substrate. The persistence of motile cells is measured by
determining their mean-squared displacement (MSD) as a func-
tion of time. The use of BSA as a substrate was previously shown to
result in persistent bacterial movement (20). In this assay, the
correlation time is derived from the fit to a correlated random
walk and is a measure of directional persistence (20). Strikingly,
bacteria treated with SP had a lower correlation time (0.12 �
0.01 s) than those treated with BSA (0.50 � 0.05 s), indicating that
movement is less coordinated in the presence of SP (Fig. 3A). The
decrease in persistence of SP-treated bacteria compared to BSA-
treated bacteria could be observed qualitatively when comparing
the motility tracks generated in the presence of both substrates,
with SP-treated bacteria often displaying movement that does not
carry the cell far from the point of origin (see Fig. S2 in the sup-
plemental material). The persistence assay tracks the movement of
bacteria at 37°C. Under these conditions, the temperature of the
host environment is more accurately represented, and SP stimu-
lated more rapid motility of N. gonorrhoeae than BSA did (1.80 �
0.10 �m/s for SP and 1.31 � 0.06 �m/s for BSA). A potential
explanation for the observed decrease in persistence is that SP
results in weaker interactions between pili and the surface com-
pared to BSA. To test this hypothesis, optical tweezers were used to
trap individual bacteria and measure the force of cooperative pilus
retraction (Fig. S3). Interestingly, the force applied to the cell body
by pilus retraction did not differ between SP-treated and BSA-
treated bacteria (Fig. 3B). This result is inconsistent with an SP-
mediated reduction in pilus-surface binding strength and suggests
that SP modifies pilus function in another manner.

SP modulates pilus morphology and function. Individual
Neisseria pilus fibers have a width of 6 to 8 nm (9, 10) but can
interact to form bundles on the bacterial surface (31). Pilus fila-
ments imaged by transmission electron microscopy (TEM) from
untreated gonococci had a width of �8 nm at a frequency of 82%
compared to only 28% from the SP-treated bacterial population
(Fig. 4). Therefore, exposure to SP disrupts pilus bundles into
single filaments or small bundles.

To determine whether SP-mediated disruption of pilus bun-
dles altered interactions with host cells, adherence of N. gonor-
rhoeae to human epithelial cells was measured. Analysis of pilus-
mediated adherence was carried out in strains lacking Opa protein
adhesins (Opaless) (32) to avoid introducing variability in adher-
ence originating from the high-frequency phase variation of Opa
paralogs (33). The number of bacteria expressing the nonvariable
pilE gene that were adherent to ME-180 cells (Fig. 5A) and
HEC-1B cells (see Fig. S4 in the supplemental material) was largely
unaffected by the presence of SP. A small SP-mediated decrease in
the adherence of piliated bacteria at 4 h postinfection was ob-
served using ME-180 cells, but this was not reproducible between
cell lines. Interestingly, the adherence of nonpiliated bacteria in-

FIG 2 SP and SP proteins facilitate N. gonorrhoeae twitching motility. The
pilus-locked FA1090 pilENV pilC1PL strain (A and C) and the nonmotile
FA1090 pilENV pilT::erm strain (B) were used to quantitate the motility of
N. gonorrhoeae on glass coverslips. The distributions of mean instantaneous
velocity for individual bacteria treated with the indicated test components are
reported (temperature of 23°C). The median velocities of the bacteria with the
different test components are as follows: with DMEM, 0.22 �m/s (n � 87) (A)
and 0.20 �m/s (n � 65) (B); with BSA, 0.78 �m/s (n � 72); with SP, 0.78 �m/s
(n � 60) (A) and 0.20 �m/s (n � 62) (B); with human serum albumin,
0.74 �m/s (n � 72); with lactoferrin, 0.60 �m/s (n � 75); and with prostate-
specific antigen (PSA), 0.74 �m/s (n � 50).
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creased significantly at 2 and 4 h postinfection when SP was pres-
ent. Furthermore, the relative levels of adherent bacteria in SP-
treated versus untreated bacterial infections clearly demonstrate
that SP facilitates adherence of gonococci in the absence of pili
(Fig. 5B and Fig. S4B). These results indicate that SP mediates
pilus-independent bacterial interactions with epithelial cells and
suggest that these interactions may be masked by the much higher
levels of adherence observed when pili are present. Even though
SP did not consistently modulate the total number of piliated
bacteria that adhere to epithelial cells, the nature of the bacterium-
cell interaction was affected. SP exposure caused a significant in-
crease in the size of bacterial microcolonies on ME-180 cells
(Fig. 5C and D) and HEC-1B cells (Fig. S4C and S4D) compared
to untreated controls. Bacteria harboring the �pilE allele were
unable to form large microcolonies regardless of the presence of
SP (data not shown). Together, these data support a model in
which SP exposure enhances microcolony formation through

FIG 3 SP-treated bacteria are less persistent but generate equivalent force
compared to BSA-treated bacteria. (A) The trajectories of individual bacteria
were recorded after exposure to BSA or SP. SP-treated bacteria exhibit shorter
average displacement lengths (MSD) over the given time interval. The curves
represent the mean trajectories � SDs from �1,000 bacteria in three indepen-
dent experiments. (B) Single bacteria treated with BSA or SP were held in an
optical trap, and displacement from the trap was used to quantitate the force
generated by retraction of surface-adhered T4P. The force distributions were
not significantly different by the Wilcoxon-Mann-Whitney rank sum test (U
� 8,560; P � 0.05). The temperature was 37°C.

FIG 4 Exposure to SP reduces T4P bundling. (A) Representative TEM images
of N. gonorrhoeae T4P in the presence or absence of SP. Bar � 200 nm. (B) The
widths of the pili and pilus bundles were determined from TEM micrographs
and plotted as a distribution. The median pilus widths for untreated and SP-
treated bacteria were 0.011 �m (n � 195) and 0.007 �m (n � 225), respec-
tively. The distributions are significantly different by the Wilcoxon-Mann-
Whitney rank sum test (U � 2,100; P � 0.01).
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bacterium-bacterium interactions between unbundled pili and
additionally facilitates adherence of nonpiliated gonococci to host
cells.

DISCUSSION

Transmission of N. gonorrhoeae occurs through human sexual
contact. Thus, gonococci must be adapted to thrive under these
conditions in order to successfully replicate and cause infection.
We have shown that whole SP and SP proteins are able to facilitate
motility of N. gonorrhoeae. Given that multiple SP proteins and
BSA are able to facilitate twitching motility, it is likely that there is
little specificity in the interactions between these proteins and the
bacteria or T4P. Consistent with this notion is the fact that mul-
tiple cellular pilus receptor proteins have been proposed in the
literature (34–37). Bacteria undoubtedly encounter numerous
proteins during the course of infection, both in contact with the
male and female epithelium and in female vaginal secretions (38).
However, bacterial exposure to SP represents a massive influx of
soluble protein that is specific to the transmission process. The
amount of free protein present in SP varies considerably depend-
ing on the sample and measurement technique used, but it ranges
from ~10 to 70 mg/ml (2). The total protein content of the SP used
in this study was approximated at 25 mg/ml (data not shown).
Although other environmental factors differ markedly between SP
and the genital mucosa, notably pH (2, 39), our data indicate that

it is the interaction between T4P and SP proteins that facilitates
the twitching motility of N. gonorrhoeae.

The nature of the pilus-surface interactions in part determines
the characteristics of N. gonorrhoeae twitching motility. Previous
studies have determined that gonococci have limited motility on
fluid phospholipid surfaces, but when pili establish an anchor
point with BSA-coated or nonfluid membranes, bacteria are able
to move at higher velocities (30). In this study, the velocity of
motility of SP-treated bacteria was similar to that of BSA-treated
bacteria at room temperature, but it was elevated at 37°C. How-
ever, the combined retraction force generated by all pili on the
surface during SP- and BSA-mediated motility was not signifi-
cantly different, suggesting that pili were capable of similarly
strong surface interactions under both conditions. In support of
the idea that SP proteins bind pili, we have shown that SP-treated
bacteria have altered morphology in the form of fewer bundled
pili (Fig. 4). A similar observation was previously made for bacte-
ria treated with BSA (19), and it is likely that in both cases, non-
specific interactions between soluble proteins and the pilus fila-
ments causes bundle dissolution. However, in contrast to the
report of Biais et al. (19), we observed ample pilus bundle forma-
tion in the absence of PilT, since the bundle width quantitation
experiments reported here were performed with the FA1090
pilENV pilT::erm strain.

The mechanism by which SP exposure decreases motility per-

FIG 5 SP exposure stimulates gonococcal microcolony formation and adherence of nonpiliated bacteria. (A) Total number of piliated (Opaless pilENV) (MOI
of 180) or nonpiliated (Opaless �pilE) (MOI of 210) bacteria adherent to ME-180 epithelial cells. Values are mean numbers (� SDs) of viable adherent bacteria
from triplicate determinations. (B) Relative adherence of bacteria from SP-treated bacterial infections compared to control infections from panel A. (C)
Formation of bacterial microcolonies on ME-180 cells infected with the Opaless pilENV strain (MOI of 113). Bacteria were labeled using an anti-gonococcal
antibody and a FITC-conjugated secondary antibody. Representative merged fluorescent and DIC images are shown. Bar � 100 �m. (D) Distribution of
fluorescent microcolony sizes (�50 �m2). The median microcolony area from untreated infections and SP-treated infections was 68 �m2 (n � 239) and 86 �m2

(n � 297), respectively. The distributions are significantly different by the Wilcoxon-Mann-Whitney rank sum test (U � 25,297; P � 0.01). Values that are
significantly different (P � 0.01) as determined by the two-sample t test are indicated. Values that are significantly different between treatments in panel A are
shown by a bar and an asterisk. Values that are significantly different between strains in panel B are shown by an asterisk.
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sistence remains unresolved, but the result is that SP-treated bac-
teria display strongly unbiased movement. The availability of ox-
ygen has previously been shown to influence the velocity of
N. gonorrhoeae motility (40). Although motility and T4P retrac-
tion switch to a low-speed state when oxygen becomes depleted,
bacterial movement is still persistent under these conditions.
Since persistent movement requires multiple cooperative pilus re-
traction events (20), the decreased persistence observed upon ex-
posure to SP suggests that motor complexes are more disorga-
nized along the perimeter of the bacterial cell and that retraction
events occur in competing directions. In a previous study, we ob-
served that BSA treatment reduces directional persistence (20).
Since BSA also disrupts bundle formation (19), it is reasonable to
propose that T4P bundles enhance persistence. Here we found
that SP reduced persistence of movement even more strongly than
BSA, demonstrating that T4P coordination is considerably af-
fected by SP.

Our data demonstrate that exposure to SP enhances the for-
mation of bacterial microcolonies on epithelial cells. The model
for attachment of gonococci to epithelial cells consists of a contin-
uum of adhesion processes that includes pilus-mediated interac-
tions with the cell surface (13–15). Bacterial aggregates in the form
of microcolonies interact with host microvilli and cause rear-
rangement of the host cytoskeleton and cortical plaque formation
(14, 23, 24). PilT function and pilus retraction in microcolonies
have also been associated with induction of host cell signaling and
even prevention of infection-associated cell death (22, 25, 26).
While microcolonies form on epithelial cells that are not treated
with SP, the presence of SP significantly increases the size of mi-
crocolony aggregates. This suggests that SP exposure creates con-
ditions that favor bacterium-bacterium interactions rather than
bacterium-cell interactions. Consistent with this hypothesis is our
observation that aggregation of N. gonorrhoeae in the absence of
epithelial cells is also increased in the presence of SP (data not
shown). The enhanced microcolony formation in the presence of
SP therefore promotes the establishment of infection during
transmission by allowing bacteria to form robust cell surface ag-
gregates. As has been observed for the related bacterium Neisseria
meningitidis, formation of gonococcal aggregates may also be im-
portant for resisting shear forces on the cell surface (41). Since
microcolony aggregates exist in three dimensions on the cell sur-
face and require intimate bacterium-bacterium contact, these
structures may represent a small biofilm that increases in size
when exposed to SP.

The presence of seminal fluid in the male and female genital
tracts modifies the genital environment via introduction of high
concentrations of soluble protein and other SP constituents. This
work demonstrates that exposure of the genital pathogen N. gon-
orrhoeae to SP results in dramatic changes in bacterial motility,
pilus morphology, microcolony formation, and adherence. The
gonococcal response to SP has the potential to facilitate transmis-
sion and colonization of the organism and cumulatively results in
a physiological state that we have termed transmission competent.
We propose a model in which transmission competence is
achieved as a result of SP-mediated physical changes in pilus-
surface and pilus-pilus interactions that allows N. gonorrhoeae to
achieve favorable motility dynamics and enhanced bacterial ag-
gregation in the host.

MATERIALS AND METHODS
Bacterial strains and culture conditions. N. gonorrhoeae strain FA1090
expressing the 1-81-S2 pilE variant sequence (42) and strain N400 carry-
ing the recA6 allele (43) were used as the wild-type strains for this study.
All strains, with the exception of pilE mutants, expressed type IV pili
(T4P) as determined by colony morphology at the outset of each experi-
ment. Derivatives of FA1090 were constructed by spot transformation
(44) using genomic DNA from previously constructed N. gonorrhoeae
strains and confirmed genotypically. The FA1090 pilENV pilC1PL strain
was used to minimize spontaneous loss of pilus expression through the
processes of antigenic variation and phase variation. This strain harbors a
mutation in the guanine nucleotide repeat region adjacent to pilE that
reduces antigenic variation (45). The pilC1PL allele was previously con-
structed in strain FA7458-1A (54) and maintains the pilC1 gene in a
“phase-on” sequence conformation through mutation of the phase-
variable poly(G) tract of pilC1 as confirmed by sequencing. The pilE mu-
tant allele consists of a 924-bp deletion that includes the promoter and
ribosome binding site of pilE (46). The pilT mutant allele contains an
erythromycin resistance cassette within the pilT open reading frame
(ORF) and was described previously (47). The pilT mutant strain used
here also harbored the pilENV allele. The pilENV strain lacking Opa protein
adhesins (Opaless) harboring loss-of-function mutations in all 11 opa
genes has been described previously (32) and was transformed with the
�pilE allele to generate the Opaless �pilE derivative. All strains used in this
study contained phase-variable opa genes unless indicated as Opaless.
N. gonorrhoeae strains were routinely grown in 5% CO2 at 37°C on gono-
coccal medium base (GCB) (Difco) or in GCB liquid broth (GCBL) mod-
ified by the addition of Kellogg’s supplements (48).

Reagents. Pooled human semen samples from donors who gave con-
sent were obtained commercially from Lee Biosolutions and Innovative
Research Biologicals. Seminal plasma (SP) was prepared by separation of
spermatozoa and nonsoluble material through centrifugation. Prostate-
specific antigen purified from human seminal fluid and recombinant ho-
lolactoferrin were also obtained from Lee Biosolutions. Human serum
albumin was purchased from Sigma-Aldrich.

Transwell assays. Growth from GCB agar plates incubated ~18 h was
used to inoculate GCBL cultures at a low initial density. Liquid cultures
were incubated for 3 h, and bacteria were harvested by centrifugation.
Bacteria were then washed and resuspended in RPMI 1640 with
L-glutamine without phenol red (Cellgro). Transwells with 3.0-�m-pore
polycarbonate membranes (Costar) were seeded with 2 � 106 CFU in a
0.2-ml volume, and 0.6-ml volumes of test solutions diluted in RPMI 1640
were added to the lower chambers. Transwells were incubated at 37°C for
1 h, and the number of bacteria that migrated through the membrane
barrier was determined by serial dilution and colony counts. Piliated and
nonpiliated N. gonorrhoeae bacteria were differentiated by characteristic
colony morphology on GCB plates and enumerated separately. Transwell
assays involving the FA1090 pilENV pilC1PL strain did not distinguish
between piliated and nonpiliated bacteria, since this strain undergoes little
spontaneous loss of T4P expression.

Size filtration of SP was accomplished using Centriprep 10,000-Da-
nominal-molecular-size-limit filters (Millipore) according to the manu-
facturer’s recommendations. Filtrate and retentate volumes were normal-
ized to account for concentration of the retentate during filtration.

Quantitation of motility. The velocity of motility was determined
using the FA1090 pilENV pilC1PL strain or the FA1090 pilENV pilT::erm
strain as indicated. The bacteria were grown on GCB agar for ~18 h and
then equilibrated to room temperature along with all other reagents prior
to analysis. The bacteria were suspended in Dulbecco modified Eagle me-
dium (DMEM) (with 4 mM glutamine, 4.5 g/liter glucose, and 8 mM
sodium pyruvate and without phenol red) (HyClone) to an optical density
of 0.3 at a 550-nm wavelength. The bacteria were treated in suspension
with the following test solutions at the indicated concentrations: SP, 1:20;
bovine serum albumin (BSA), 1.25 mg/ml; human serum albumin, 1 mg/
ml; lactoferrin, 1 mg/ml; and prostate-specific antigen, 0.75 mg/ml. All SP
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proteins were solubilized in phosphate-buffered saline (PBS), and an ap-
propriate volume of PBS was added to DMEM as the negative control.
Samples of bacterial suspensions were immediately spotted onto slides
and imaged via differential interference contrast (DIC) microscopy using
a Nikon 90i microscope and a 100� lens objective at room temperature.
Ten fields were captured for a duration of 30 s at a rate of 20 frames/s for
each condition. All bacteria in a given field were subjected to quantitation
using the NIS Elements v.4 tracking module. Bacteria that yielded tracks
of less than 10 s were eliminated from the analysis, as this often corre-
sponded with detachment from the motility surface.

Transmission electron microscopy. The FA1090 pilENV pilT::erm
strain was used to visualize bacterium-associated pili via transmission
electron microscopy. Bacteria were gently suspended in PBS after growth
on GCB agar and treated with either a 1:100 dilution of SP or left untreated
for 20 min at room temperature. Bacterial suspensions were placed on
300-mesh nickel grids with carbon support films (Ted Pella) and allowed
to adhere for 20 min. Bacteria were then fixed in 1% glutaraldehyde,
washed, and stained with 1% phosphotungstic acid. Images were captured
on a FEI Tecnai Spirit G2 120-kV transmission electron microscope at a
magnification of �18,500. Pilus widths were quantitated from captured
images of well-isolated bacteria using the ImageJ software (49). Only
bacterium-associated pili were considered, and measurements were taken
proximal to the bacterium.

Quantitation of motility persistence. The persistence of motility in
the presence of BSA or SP was determined as described previously (20) by
calculating the mean-squared displacement (MSD)

��2(�)�
of a motile bacterium as a function of time as follows:

��2(�)� � 2�cv
2(� � �c(1 � e� �

�c )) 	 A

Here, the data were fitted for 0.1 s � � � 15 s, a characteristic speed of v �
(1.6 � 0.1) �m/s, a correlation time �c � (2.3 � 0.5) s, and an offset A �
(0.02 � 0.04) �m2. Strain N400 was treated in DMEM suspension with
either 1 mg/ml BSA or a 1:20 dilution of SP. Images were recorded at
10 frames/s and the temperature was set at 37°C. The speed of pilus re-
traction and consequently surface motility is temperature dependent.
Therefore, the velocities determined for persistence measurements are
greater than those reported in Fig. 1. The conditions for measuring per-
sistence time were different than in previous studies (20) in agreement
with lower observed values in the presence of BSA here.

Retraction force measurement. The optical tweezers were assembled
on a Zeiss Axiovert 200 microscope as described previously (50). The
retraction force measurement assay was modified here to measure the
force generated by a single surface-attached bacterium as a function of
time (see Fig. S3 in the supplemental material). The trap was calibrated by
spectrum analysis of Brownian motion of individual monococci and was
found to have a stiffness of 0.065 pN/nm � 10%. The position of trapped
bacteria was detected at 20 kHz using a quadrant photodiode, and the
sample stage was movable via a combined piezo and electric motor.

The retraction experiments were performed using a low-density sus-
pension of strain N400, allowing for undisturbed measurement of single
bacteria over a period of minutes. During the experiment, a single bacte-
rium was trapped near the surface using optical tweezers. Retraction of
surface-bound pili resulted in deflection of the bacterium from the center
of the optical trap as measured by the four-quadrant photodiode. The
force acting on a bacterium is proportional to this deflection and was
calculated using the calibration described above. After several minutes, a
detrimental effect of the optical trap on the bacterium became apparent,
and the bacterium was abandoned.

Adherence to epithelial cells. The influence of SP on N. gonorrhoeae
adherence was tested using the FA1090 Opaless and Opaless �pilE strains
(32), since Opa proteins are known mediators of gonococcal adherence
(51, 52) and spontaneously undergo “on-off” phase variation at high fre-
quency (33). ME-180 or HEC-1B cells were seeded at a density of 1 � 105

cells per well in 24-well plates and allowed to incubate overnight in Mc-

Coy’s 5A medium or minimal essential medium both containing 10%
fetal bovine serum (FBS) (Gibco). Bacteria were grown in GW medium
(53) for 3 h prior to infection. Subconfluent monolayers were washed with
PBS to remove the media and FBS and then infected with normalized
bacterial suspensions at a multiplicity of infection (MOI) of ~100 in GW
medium either containing a 1:20 dilution of SP or lacking SP. Cells incu-
bated at 37°C were washed extensively with PBS to remove nonadherent
bacteria at the indicated time points, after which cells were permeabilized
by treatment with 1% saponin, and the number of adherent bacteria was
determined by serial dilution and colony counts.

Microcolony formation. For analysis of microcolony formation, ME-
180 and HEC-1B cells were seeded at a density of 2 � 105 on poly-L-lysine-
treated glass coverslips and allowed to adhere overnight. After the cover-
slips were washed to remove media and FBS, cells were infected with the
Opaless pilENV strain as described above for adherence assays. Following
incubation at 37°C for 2 h, the coverslips were washed extensively to
remove nonadherent bacteria, then fixed in 4% paraformaldehyde, and
blocked with 10% normal goat serum. Bacteria were detected using a
rabbit anti-gonococcal primary antibody (Meridian Life Sciences) and a
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit secondary
antibody (Jackson Immunoresearch). Images were obtained using a
Nikon 90i microscope and a 40� objective lens. The area of bacterial
aggregates was determined from 10 fields for each condition using the
Nikon NIS Elements software, and areas of fluorescence of �50 �m2 were
considered microcolonies.
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