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ABSTRACT

Neisseria gonorrhoeae causes the human-specific disease gonorrhea and is transmitted from person to person primarily via sex-
ual contact. During transmission, N. gonorrhoeae is often exposed to seminal fluid and must adapt to this change in environ-
ment. Previous work demonstrated that seminal fluid facilitates N. gonorrhoeae motility and alters epithelial cell interactions. In
this study, exposure to seminal fluid was found to decrease surface adherence of gonococci in a manner that was independent of
Opa adhesin proteins or type IV pilus retraction. Semen was also shown to cause dispersal of bacteria that had previously estab-
lished surface adherence. Although surface adherence decreased, interbacterial interactions were increased by seminal plasma
both in long-term static culture and on a cell-to-cell basis over shorter time periods. The result of increased bacterium-bacte-
rium interactions resulted in the formation of microcolonies, an important step in the N. gonorrhoeae infectious process. Semi-
nal fluid also facilitated increased bacterial aggregation in the form of shear-resistant three-dimensional biofilms. These results
emphasize the importance of the gonococcal response to the influx of seminal fluid within the genital niche. Further character-
ization of the N. gonorrhoeae response to semen will advance our understanding of the mechanisms behind the establishment of

infection in naive hosts and the process of transmission.

IMPORTANCE

N. gonorrhoeae is the causative agent of the globally prevalent sexually transmitted infection gonorrhea. An understudied aspect
of this human-adapted pathogen is the change in bacterial physiology that occurs during sexual transmission. N. gonorrhoeae
encounters semen when transmitted from host to host, and it is known that, when N. gonorrhoeae is exposed to seminal fluid,
alterations in bacterial motility and type IV pilus arrangement occur. This work extends our previous observations on this mod-
ulation of gonococcal physiology by seminal fluid and demonstrates that seminal plasma decreases surface adherence, promotes

interbacterial interactions, and enhances biofilm formation.

he study of bacterial physiology during pathogen transmission

is limited in practical terms by the degree to which experimen-
tal conditions can approximate the transmission environment,
since very few animal transmission models exist. Investigations of
this type are further complicated in cases where the bacterium is
capable of infecting multiple host species, as each environment
likely triggers unique physiological responses from the bacterium.
Neisseria gonorrhoeae is a human-specific pathogen that is trans-
mitted through sexual contact and has no known environmental
reservoir. Infection with N. gonorrhoeae most frequently results in
either urethritis in males or cervicitis in females, indicating a re-
stricted niche even within the already narrow human environ-
ment. One of the major elements of sexual transmission is the
presence of seminal fluid. Despite this, there have been a limited
number of studies investigating the physiological role that seminal
fluid has on N. gonorrhoeae. Early studies investigating N. gonor-
rhoeae and semen indicated that gonococci were capable of attach-
ing to sperm cells (1), in part through interactions via the bacterial
type IV pilus (T4P) (2) and lipooligosaccharide (3). More re-
cently, the semen-derived enhancer of viral infection, which is a
cationic amyloid fibril found in semen (4), was shown to bind N.
gonorrhoeae and increase cellular phagocytosis of the bacterium
(5). In our own studies, twitching motility of N. gonorrhoeae was
shown to be facilitated by the presence of seminal plasma (SP),
with bacterial motility exhibiting a more random directional pat-
tern in the presence of seminal fluid compared to control condi-
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tions (6). This same study also demonstrated that exposure to
semen resulted in the disruption of T4P bundles into individual
fibers, providing initial evidence that SP exposure modulates the
physical state of this critical gonococcal virulence factor.

One of the early steps in transmission of a pathogen to an
uninfected host is attachment and adherence to host surfaces. In
the case of N. gonorrhoeae, bacteria first colonize the mucosal sur-
faces of either the urethral or vaginal epithelium. In immortalized
cell lines and primary cell culture, it has been well established that
early adherent gonococci actively aggregate to form microcolonies
on the surface of epithelial cells (7, 8). Furthermore, bacteria in
microcolonies elicit rearrangement of host cell cytoskeletal com-
ponents (9, 10) and modulate cell signaling (11, 12), indicating
that these cell surface clusters of gonococci influence host interac-
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TABLE 1 N. gonorrhoeae strains used in this study

Physiology of N. gonorrhoeae in Seminal Fluid

Strain name or genotype Description Source or reference
FA1090,, FA1090 1-81-S2 with a nonvariant pilE G4 mutation (pilEy,,) and a pilCI phase-locked allele 6

pilT::erm FA1090 harboring pilE\, and pilT::erm alleles 6

Opaless PilEyy strain containing loss-of-function mutations in all 11 opa alleles 39

Opaless, OpaD™ Opaless strain harboring a nonvariable copy of the opaD gene 39

Opaless, ApilE Opaless strain harboring pilE deletion allele 39

Opaless, pilT::erm Opaless strain harboring the pilT insertion allele This study
Opaless, OpaD ™" pilT::erm Opaless, OpaD " strain harboring the pilT insertion allele This study

tions. Our recent work has also demonstrated that exposure to SP
enhances formation of microcolonies on cultured epithelial cells
(6). Several of the above studies have contributed to the conclu-
sion that two of the major bacterial factors required for formation
of microcolonies are T4P and the pilus retraction motor PilT.
However, less is known about the cellular and environmental fac-
tors that influence this microcolony formation and pilus retrac-
tion. The host membrane phospholipid phosphatidylinositol-
3,4,5-trisphosphate has thus far been the only cellular factor that
has been shown to stimulate microcolony formation (12). There-
fore, additional investigation into the environmental factors that
modulate aggregation and microcolony formation is necessary to
better understand this critical aspect of the N. gonorrhoeae-host
interaction.

The multicellular nature of microcolonies and the intimate
bacterium-bacterium associations that result, suggests that these
structures may be a form of gonococcal biofilm or may represent
the initial stages of a larger biofilm structure. Bacterial biofilms
have been implicated in the pathogenesis of a number of different
organisms, and it was previously demonstrated that N. gonor-
rhoeae is capable of forming biofilm structures both on abiotic
surfaces and on the surface of epithelial cells (13). While biofilms
lack bacterially derived exopolysaccharide, the extracellular ma-
trix of gonococcal biofilms has been shown to contain DNA (14).
The potential sources for this extracellular DNA include that lib-
erated from autolysis (15), DNA associated with membrane bleb-
bing (16, 17), and single-stranded DNA secreted via the type IV
secretion system (18), in addition to any potential host DNA
sources. Furthermore, the thermostable nuclease Nuc has been
shown to be important for reorganization and dispersal of gono-
coccal biofilms (14). Given the status of N. gonorrhoeae as an ex-
clusively human pathogen, the role of the human genital environ-
ment on the establishment and dispersal of biofilms remains an
important area of study. Recently, it was shown that the biologi-
cally relevant polyamine spermine was capable of inhibiting the
first steps of biofilm formation (19) and that the availability of
oxygen was critical for establishing and maintaining biofilms (20).
However, the role of host biological fluids on modulating N. gon-
orrhoeae biofilms has yet to be tested.

Over 300,000 cases of gonorrhea were reported in the United
States in the most recent Centers for Disease Control Summary of
Notifiable Diseases (21), and an estimated 100 million cases occur
annually worldwide (22). Investigations into the physiology and
host interactions of N. gonorrhoeae are becoming increasingly im-
portant given the high level of observed drug resistance for this
organism and the limited number of antibiotics that remain viable
treatment options (23). The objective of this study was to further
characterize the response of N. gonorrhoeae to SP. Specifically, we
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determined the influence that SP has on bacterial adherence and
biofilm formation. Based on the results described here, we pro-
pose that seminal plasma plays an important role in the transmis-
sion of N. gonorrhoeae by promoting interbacterial interactions
and the formation of biofilms.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Routine culture of N. gonor-
rhoeae was conducted using gonococcal medium base (GCB) (Difco) at
37°Cin 5% CO, or in GCB liquid broth containing Kellogg supplements
(24). GW is a fully defined liquid medium (25) that was used to test the
response of N. gonorrhoeae strains to SP and other compounds, when
indicated. Pooled human semen was purchased from both Lee Biosolu-
tions and Innovative Research. No differences in experimental outcome
were observed between the two sources. SP was prepared from whole
semen immediately prior to use by centrifugation to remove spermatozoa
and other insoluble material. Sterile SP was obtained by passing cleared
fluid through a 0.22-pm syringe filter.

N. gonorrhoeae strains used in this study are derivatives of the FA1090
clinical isolate harboring the 1-81-S2 pilE variant sequence (26). This
strain was later modified to have reduced spontaneous T4P antigenic vari-
ation through the introduction of a mutation in the guanine quartet-
forming region upstream of pilE (27). All previously described N. gonor-
rhoeae strains are listed in Table 1. Strains lacking Opa (Opaless), which
have null mutations in all 11 opa genes, and harboring the established
nonfunctional pilT::erm allele (28) were generated by spot transformation
(29) using purified genomic DNA from existing strains. Erythromycin-
resistant transformants were confirmed to carry the pilT::erm allele by
PCR. Genomic DNA from a single isolate from each transformation was
then used to backcross the pilT::erm mutation into the Opaless parent.
Backcrossed isolates containing the pilE 1-81-S2 sequence, as determined
by DNA sequencing, were selected for further use.

Microtiter adherence assays. The ability of SP to inhibit N. gonor-
rhoeae adherence was assessed in polystyrene 96-well plates. Bacteria from
GCB plate growth were used to create a dense suspension in GW medium.
All suspensions were normalized to an optical density at 550 nm of 1.5
prior to addition of either SP or spermine (Sigma-Aldrich) at the indi-
cated concentrations. The addition of phosphate-buffered saline (PBS) to
GW suspensions was used as a negative control. Aliquots (100 pl) of each
suspension were then added to replicate wells and incubated statically at
37°C for 24 h. The amount of bacteria adhering to individual wells was
quantitated based on a previously described method (30). Briefly, plank-
tonic bacteria and media were aspirated, and wells were washed once with
PBS. A 0.1% solution of crystal violet was added to each well and allowed
to stand for 10 min at room temperature. Excess crystal violet was de-
canted, and wells were washed three times with PBS before plates were
allowed to dry overnight. Dried stain was then solubilized in 125 pl 0f 30%
acetic acid for 10 min and quantitated by measuring absorbance at 550
nm. Stereo microscope images of bacterial aggregate formation were cap-
tured immediately prior to staining of cultures with crystal violet.

The ability of SP to disrupt adherence was tested by first establishing
adherent gonococci in microtiter wells, as described above. After 24 h, the
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supernatant was aspirated, and a solution of 1:20 SP or PBS in GW was
added to wells and allowed to stand at 37°C for 1 h. The amount of
adherent bacteria remaining after treatment was then quantitated via
crystal violet staining, as described above.

Quantitation of bacterial microcolony formation. The formation of
N. gonorrhoeae microcolonies was measured by quantitative analysis of
bacterial aggregates on glass slides. The N. gonorrhoeae FA1090,, strain
was grown on GCB agar and suspended in GW medium to a density of
~2 X 10® CFU/ml. Bacterial suspensions were mixed with a 1:20 volume
of SP or GW as a negative control. A 100-pl aliquot of each suspension was
then transferred to a glass coverslip and allowed to stand at 37°C for 1 h.
The remaining liquid was then aspirated, and the coverslips were imme-
diately mounted and imaged on a Nikon 90i microscope using differential
interference contrast (DIC) with a 40X objective lens. A minimum of 10
fields was captured for each experiment, and aggregation was quantitated
using NIS Elements v.4. Briefly, the detect-DIC-objects function was used
to generate regions of interest (ROI) encompassing individual bacteria or
bacterial aggregates of any size. The area (um?) of each ROI was calculated
using the software, and the distribution of object areas was compared
between SP-treated and untreated bacteria.

Biofilm growth in continuous-flow chambers. N. gonorrhoeae
FA1090y was grown in continuous-flow chambers using GW medium
diluted 1:5 with PBS (Becton-Dickinson), as previously described (17).
Prior to filter sterilization, a 1:20 dilution of human semen was added to
the medium. Biofilms were formed in a 47-mm circular chamber on a
25-mm glass coverslip, which was sealed using a rubber gasket and screws
that fasten the top and bottom portions together. Chambers were inocu-
lated with ~3 X 10® CFU and incubated under static conditions at 37°C
with 5% CO, for 1 h to allow attachment to the glass surface. A flow rate
of 60 pl/min was applied to biofilm chambers and allowed to proceed at
37°C for 24 h. Following incubation, the biofilm effluent was cultured to
assess purity, and biofilm formation was imaged with a Nikon CI confocal
microscope using a live/dead stain (Life Technologies). The stacked im-
ages were analyzed using Imaris-8 3D image processing (Oxford Instru-
ments) for surface-rendered images and statistical analysis (Mann-Whit-
ney comparison) of mass and height of the biofilms. Biofilm experiments
were performed in duplicate in two independent experiments.

RESULTS

SP inhibits surface adherence of N. gonorrhoeae. Our previous
work demonstrated that N. gonorrhoeae treated with SP had al-
tered epithelial cell adherence characteristics (6). To further inves-
tigate the influence of SP on N. gonorrhoeae adherence and to
determine the role of gonococcal adhesins in this phenotype, we
sought to differentiate surface adherence from bacterium-bacte-
rium adherence using a cell-free microtiter-based assay (31). In
this assay, dense bacterial suspensions were incubated statically in
a defined medium in the presence or absence of SP, and surface
adherence was quantitated by crystal violet staining. N. gonor-
rhoeae cultures treated with a 1:20 dilution of SP exhibited a com-
plete loss of surface adherence compared to untreated cultures
(Fig. 1A). Suspensions from both the untreated and SP-treated
conditions contained approximately equivalent numbers of viable
bacteria following the incubation period (data not shown). Fur-
ther dilution of SP resulted in a similar loss of adherence until a
concentration of ~0.3% was reached, at which point bacteria re-
gained partial surface adherence compared to the untreated con-
trol. These results indicate a potent inhibition of gonococcal sur-
face adherence even in the presence of dilute concentrations of SP.
It is interesting to note that a 1:320 dilution of SP is also the point
at which a loss of semen-enhanced gonococcal motility was ob-
served, indicating that this may represent the minimal concentra-
tion for the N. gonorrhoeae semen response (6). Similar observa-
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tions regarding the loss of surface adherence in the presence of
spermine have previously been made by Goytia et al. (19). Since
spermine is a polyamine that is naturally found in the male uro-
genital tract, and is abundantly found in SP, we sought to compare
the inhibitory activity of spermine and SP at physiologically rele-
vant concentrations (32). The highest tested concentration of
spermine exhibited a significant decrease in bacterial adherence
compared to the negative control (Fig. 1A), indicating that sperm-
ine can contribute to the loss of gonococcal surface adherence, as
previously demonstrated (19). However, since the naturally oc-
curring levels of spermine present in the 1:20 dilution of SP (com-
plete loss of adherence) are much lower than the highest concen-
tration of purified spermine tested (1.25 mg/ml), it is unlikely that
the surface adherence-inhibiting activity of SP is due solely to the
presence of spermine.

The Opa family of proteins is a group of major N. gonorrhoeae
adhesins that interact principally with carcinoembryonic antigen
cell adhesion molecule family proteins on the surface of host cells
(33). The Opa proteins are also known to facilitate gonococcal
aggregation (34); as such, the influence of Opa proteins on SP-
mediated loss of adherence was tested. An N. gonorrhoeae strain
lacking Opa proteins (Opaless) was demonstrated to have reduced
overall adherence compared to an isogenic strain that constitu-
tively expresses OpaD (Opaless, OpaD™) (Fig. 1B). Importantly,
both strains exhibited a complete loss of surface adherence when
cultures were treated with SP, indicating that SP-mediated adher-
ence inhibition is independent of the Opa adhesins. In contrast, an
Opaless ApilE mutant strain exhibited no adherence under any of
the conditions tested, demonstrating that the T4P acts as the pri-
mary adhesin under these conditions. Since it was not possible to
test whether pili were required for SP-mediated loss of adherence
using the ApilE mutant strain, due to the complete lack of adher-
ence, a nonfunctional pilT mutant was instead used to assess the
requirement for pilus retraction. Interestingly, loss of pilus retrac-
tion did not alter the effect of SP on adherence, as evidenced by the
complete absence of adherent gonococci in SP-treated cultures,
regardless of the opa or pilT genotype of the tested bacteria (Fig.
1C). These results demonstrate that neither surface adherence nor
SP-mediated adherence inhibition requires pilus retraction,
thereby genetically differentiating the effects of SP on adherence
from that of SP-meditated twitching motility (6).

In the case of a preexisting N. gonorrhoeae infection, bacteria
are likely already surface associated when they are exposed to sem-
inal fluid during transmission. To determine whether bacteria
that have already established surface adherence would also be ef-
fected by exposure to SP, bacteria were incubated in microtiter
wells for 24 h followed by a 1 h exposure to 1:20 SP or PBS. This
short treatment with SP resulted in a significant loss of bacterial
surface adherence, similar to the levels observed when SP is pres-
ent for the duration of the 24-hour incubation (Fig. 1D). This is in
contrast to the control treatment, in which surface-adherent bac-
teria were exposed to PBS instead of SP, and which showed no
significant (P > 0.01) reduction in surface adherence compared to
the untreated cultures. These results demonstrated that SP can
disrupt established gonococcal surface adherence, potentially via
the disruption of pilus-surface interactions.

SP treatment promotes bacterial aggregation. While per-
forming the surface adherence assays described above, it was
noted that SP-treated bacteria formed tightly associated aggre-
gates at the bottom the microtiter wells during static incubation.
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FIG 1 SP inhibits surface adherence of N. gonorrhoeae. (A) N. gonorrhoeae
strain FA1090,, was grown statically for 24 h in 96-well plates containing SP
or spermine at the indicated concentrations. Bars indicate the mean (*stan-
dard deviation) level of adherent bacteria as determined by crystal violet (CV)
staining. Conditions resulting in significantly lower staining than the un-
treated sample are indicated with asterisks. The requirement for the T4P major
pilin PilE (B) and the pilus retraction ATPase PilT (C) in SP-mediated adher-
ence inhibition was tested using N. gonorrhoeae strains either lacking all Opa
adhesins (Opaless) or constitutively expressing the opaD allele (Opaless,
OpaD™). (D) To test the ability of SP to disrupt established adherence, bacteria
were incubated in 96-well plates for 24 h in the absence of SP. Following
removal of planktonic bacteria, wells were treated for 1 h with either SP or PBS
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Opaless ApilE

FIG 2 SP facilitates bacterial aggregation. N. gonorrhoeae strains were grown
statically in 96-well plates for 24 h in the presence (SP) or absence (—) of 1:20
SP. Images of replicate (n = 4) wells are shown from a top-down perspective.
Aggregative bacteria were observed as a tightly associated cell mass at the
bottom of the wells.

N. gonorrhoeae aggregates have been observed previously in vitro
and were shown to require T4P and pilus retraction for formation
(35). Since we had previously determined that SP mediates micro-
colony formation on the surface of epithelial cells, we sought to
further our understanding of the Opa and T4P requirements for
SP-mediated aggregate formation using a cell-free system. Al-
though untreated Opaless bacteria exhibited a moderate amount
of aggregation, exposure to SP clearly resulted in a more dense
association of bacteria (Fig. 2). This phenotype was even more
pronounced in bacteria constitutively expressing the opaD allele.
Untreated OpaD™ bacteria were uniformly distributed in micro-
titer wells, in marked contrast to the dense aggregates that formed
in the presence of SP, similar to those observed with the strain
devoid of Opa proteins. Together, these results demonstrate that
SP-mediated aggregation does not occur through interactions
with the Opa proteins. Both the Opaless and Opaless, OpaD™
strains retained functional T4P. Interestingly, piliated bacteria
that were incapable of pilus retraction (pilT::erm) exhibited no
evidence of bacterial aggregation in either untreated medium or
SP-containing medium. However, bacteria that completely lacked
T4P (ApilE) demonstrated levels of SP-mediated aggregation that
were similar to those of the piliated parent strain. These results
suggest that pili are not required for bacterial aggregation facili-
tated by exposure to semen; however, the presence of nonfunc-
tional pili clearly inhibits aggregate formation.

To assess the effect of SP on N. gonorrhoeae aggregation quan-
titatively, a live-cell imaging approach using DIC microscopy was
performed. Bacterial suspensions were incubated on glass cover-
slips in the presence or absence of SP and imaged using DIC mi-
croscopy. ROI were generated around DIC objects consisting of

(postadherence). The level of CV staining was compared to untreated bacteria
and bacteria that had been exposed to SP for the duration of the experiment
(preadherence). An SP concentration of 1:20 was used for all experiments
unless indicated otherwise. Asterisks indicate statistically significant differ-
ences as determined by Student’s ¢ test (P < 0.01; n = 4).
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FIG 3 Exposure to SP stimulates formation of microcolonies. Suspensions of
FA1090,, were incubated on glass coverslips for 1 h in the presence (SP) or
absence (untreated) of 1:20 SP and imaged using DIC microscopy. (A) The
distribution of ROI areas from 20 fields. The median ROI areas for untreated
and SP-treated bacteria were 2.47 wm? (n = 3,596) and 2.70 wm? (n = 1,693),
respectively. The distributions were significantly different by the Mann-Whit-
ney rank sum test (U = 2,393,191; P < 0.0001). ROI areas of <2 pm?* were
excluded from the analysis. (B) Representative DIC images from both condi-
tions; arrows indicate microcolonies. Scale bars are 10 pm.

individual bacteria and any multicellular bacterial aggregates that
were present, followed by the quantitation of all object areas
within a field. The result of this analysis demonstrated that, when
N. gonorrhoeae was treated with SP, there was a significantly
greater portion of large bacterial aggregates within the analyzed
fields than within the fields containing untreated bacteria (Fig.
3A). Although the median ROI area was similar between the two
conditions due to a substantial majority of nonassociated diplo-
cocci, the average abundance of microcolonies with areas =10
wm? per field was 5.8 for SP-treated gonococci but only 0.1 for
untreated bacteria. The SP-induced aggregates consisted of large
numbers of bacteria forming a dense three-dimensional arrange-
ment on the surface of the slide. This aggregation phenomenon
was in contrast to the untreated bacteria, which consisted largely
of isolated diplococci or smaller bacterium-bacterium associa-
tions between a few cells (Fig. 3B). These results are consistent
with the observations made using the microtiter-based assay and
clearly demonstrate that exposure to SP promotes bacterium-bac-
terium interactions.

SP treatment enhances biofilm formation. The ability of SP to
promote N. gonorrhoeae aggregation and microcolonies suggests
that these small bacterial communities may have the potential to
develop into more complex and shear-resistant biofilm structures.
Biofilm-like growth has previously been observed on excised hu-
man tissues from infected individuals, suggesting a biological role
for the formation of this type of bacterial community during in-
fection (17). The ability of SP to influence biofilm formation in
this study was determined using a continuous-flow chamber on
glass slides, using the FA1090yy strain to avoid spontaneous loss
of pilus expression during the experiment. Bacteria that were ex-
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FIG 4 SP enhances biofilm formation of N. gonorrhoeae. (A) N. gonorrhoeae
FA1090,, was grown in biofilm flow chambers for 24 h at a flow rate of 60
wl/min in the presence (SP) or absence (untreated) of a 1:20 dilution of SP.
Bars represent mean = standard deviation total fluorescent biofilm volumes.
Viability of bacteria in biofilms was determined using a live/dead stain, with
green and red fluorescence indicating viable and nonviable bacteria, respec-
tively. The viable biofilm volume was significantly different between the SP-
treated and untreated conditions, as assessed by the Mann-Whitney test (P <
0.02). (B) Representative three-dimensional reconstructions from confocal
images of biofilm growth in SP-containing and untreated medium. Scale bar
represents 20 wm.

posed to SP during flow-chamber incubation exhibited signifi-
cantly greater live biofilm volume than did the bacteria that were
untreated (Fig. 4A). The effect of SP treatment on biofilm charac-
teristics could easily be observed in z-series reconstructions of the
biofilm surface, with SP-treated bacteria forming large three-di-
mensional aggregates compared to those formed in the absence of
SP (Fig. 4B). Furthermore, SP treatment did not result in an in-
creased proportion of nonviable bacteria compared to untreated
bacteria in this experiment (Fig. 4A). This result is important,
given the established role of extracellular nucleic acid in N. gonor-
rhoeae biofilm formation (14) and the potential for an increase in
extracellular bacterial DNA with the loss of viability. The FA1090
parent strain also lacks the gonococcal genetic island, which en-
codes DNA secretion functions that are independent of bacterial
lysis (36). The ability of SP to promote N. gonorrhoeae biofilms is
likely to play a role in maintaining colonization of host tissues
during sexual transmission.

DISCUSSION

Although N. gonorrhoeae is capable of colonizing body sites, such
as the eye or nasopharynx, these types of infections are rare com-
pared to the overwhelming majority of infections that are local-
ized to the urogenital tract or rectum. N. gonorrhoeae is also not
known to naturally infect nonhuman animals or exist in any en-
vironmental reservoir. Therefore, it is certain that N. gonorrhoeae
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has evolved specific mechanisms to cope with the introduction of
seminal fluid into the genital environment, an event that repre-
sents a dramatic physiological change. In this study, we have ex-
tended our initial observations on the physiology of N. gonor-
rhoeae in the presence of seminal fluid. In addition to facilitating
bacterial twitching motility and epithelial cell microcolony for-
mation, exposure to SP has now also been demonstrated to
inhibit gonococcal surface adherence, promote bacterium-
bacterium interactions, and enhance biofilm formation. Each
of these SP-dependent phenotypes have potential roles in facil-
itating the establishment and maintenance of colonization
during sexual transmission of N. gonorrhoeae, the period in
which the urogenital tract of both sexes is likely exposed to this
host secretion.

Important consequences of gonococcal SP exposure are the
decreased ability of bacteria to establish surface adherence and the
disruption of already adherent N. gonorrhoeae. SP-mediated loss
of adherence in vivo has the potential to contribute to disease
transmission by helping established bacterial infections detach
from host cell surfaces. For example, bacteria that are colonized
within the male urethra may be more readily liberated by exposure
to semen, thus enhancing transmission to a sexual partner. The
microtiter-based assay used to assess surface adherence in this
work was based on a method that was previously developed and
popularized as a simple and high-throughput method of quanti-
tating static bacterial biofilm formation (31). It would therefore
seem contradictory that SP reduces surface adherence in the mi-
crotiter-based system yet promotes biofilm formation in a flow
chamber apparatus. However, it is worth noting that the microti-
ter-based method is best suited to quantitate only the initial stages
of biofilm development, specifically surface adherence under
static conditions. The formation of a robust gonococcal biomass
in the flow chamber would still be possible after the initial surface
adherence, even if only a small portion of the initial population
was able to adhere to the flow chamber surface, given the ability of
SP to also promote bacterium-bacterium interactions. This idea is
supported by the ability of SP to cause gonococcal aggregation
both in microtiter wells (Fig. 2) and on the surface of glass slides
(Fig. 3). An alternative possibility is that the ability of SP to disrupt
surface adherence depends on the nature of the surface, since the
static experiments were carried out in polystyrene plates, whereas
the biofilm assays were conducted in a glass flow chamber. Re-
gardless, the results described here using abiotic surfaces as a sub-
strate will guide further work to investigate SP modulation of
biofilm formation on host epithelial cells.

The role of T4P in responding to the presence of seminal fluid
was first established when we observed that SP facilitated twitch-
ing motility of N. gonorrhoeae, a process that is dependent on the
PilT-mediated retraction of pili (6). In this study, SP disrupted
adherence of both the pilT mutant and parent strains (Fig. 1C),
despite the requirement for pili in overall adherence under these
conditions (Fig. 1B). This indicates that retraction of pili, and
therefore twitching motility, is not the cause of adherence inhibi-
tion in the presence of SP. Interestingly, these results contrast with
what was observed for bacterial aggregate formation under the
same conditions (Fig. 2). SP was capable of stimulating similar
levels of bacterial aggregation in both the presence and the absence
of pili. However, when T4P were present, bacterial aggregation
was dependent on PilT function and the ability to retract pili. One
potential explanation for these results is that SP-mediated aggre-
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gation requires intimate contact between the cell bodies of multi-
ple bacteria, a state that can be achieved either in the complete
absence of pili or when proximal bacteria are capable of drawing
closer together through pilus attachment and retraction. The
presence of nonfunctional pili may then interfere with the ability
of gonococci to achieve close cell-to-cell contact, in effect by hold-
ing neighboring bacteria at a distance. Indeed, lack of PilT func-
tion has previously been demonstrated to alter aggregation of bac-
teria (35) and microcolony morphology (37). The presence or
absence of Opa proteins did not alter SP-mediated loss of surface
adherence (Fig. 1) or SP-mediated bacterial aggregation (Fig. 2),
indicating that this major class of gonococcal adhesins is unlikely
to facilitate interactions with SP components. It remains possible
that other gonococcal surface structures, such as lipooligosaccha-
ride and porin proteins, bind SP components. Identifying any
potential interactions between SP and N. gonorrhoeae surface
structures will be a goal of future work, along with characterizing
the SP response of different gonococcal isolates.

Seminal fluid is a mixture of multiple secretions that includes
high concentrations of soluble proteins, small molecules, mono-
saccharides, and metal ions (38). Seminal fluid also contains high
concentrations of polyamines, such as spermine (32), which has
previously been implicated in inhibiting N. gonorrhoeae biofilm
formation (19). Although similar microtiter-based adherence as-
says were used both in the previous study and here, spermine
exhibited only a modest effect on gonococcal adherence in our
hands. Several possible explanations exist for this apparent dis-
crepancy, including the use of different N. gonorrhoeae strains.
The presence of spermine in seminal fluid probably contributes to
the lack of surface adherence under these conditions, but it is not
sufficient, since SP was much more potent than spermine when
tested at physiologically relevant concentrations (Fig. 1A). Fur-
thermore, spermine alone was not capable of disrupting estab-
lished adherence (19), while treatment with SP at a 1:20 dilution
resulted in the near-complete loss of adherent bacteria (Fig. 1D).
The implication of these findings, together with our previous
work that demonstrated that three different SP glycoproteins
could facilitate twitching motility (6), is that multiple SP compo-
nents are involved in the T4P-associated phenotypes observed
when N. gonorrhoeae is exposed to SP. Since it is clear that the
modulating activity of SP toward gonococci is a not a simple bi-
nary interaction, further experiments were conducted to identify
nonprotein molecules that could mimic the effects of SP. How-
ever, a series of model biomolecules, including the monosac-
charides sialic acid, N-acetylglucosamine, fucose, fructose, and
galactose; the polycations spermidine, poly-L-lysine, and poly-
L-arginine; the polyanions poly-DL-aspartic acid and DNA; and
leucine-proline dipeptide, all failed to replicate the effect of SP
in a transwell motility assay (6) (data not shown).

The ability of N. gonorrhoeae to adapt the human genital envi-
ronment is a critical component of the success of this prevalent
sexually transmitted infection. Part of the role of seminal fluid
during gonococcal transmission is undoubtedly to serve as a vehi-
cle for bacterial transfer. However, this work further demonstrates
that exposure of N. gonorrhoeae to seminal fluid alters gonococcal
physiology in a manner that also has the potential to influence the
process of transmission. The lack of an appropriate animal model
to study sexual transmission of N. gonorrhoeae necessitates the use
of in vitro assays, such as those described in the current work, to
mimic relevant in vivo conditions. Further investigation into the
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biology of gonococcal-semen interactions is warranted, as a com-
plete understanding of N. gonorrhoeae biology during the trans-
mission state is a critical step toward limiting the spread of this
pathogen.
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