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ABSTRACT Trichomoniasis, a prevalent sexually transmitted infection, is commonly
symptomatic in women. The causative agent is Trichomonas vaginalis, an extracellular
protozoan parasite. The host-protective mechanisms and molecules of vaginal lactobacilli
that counteract this pathogen are largely unknown. This study examines the inhibition
promoted by Lactobacillus gasseri against the adhesion of T. vaginalis to host cells, a crit-
ical virulence aspect of this pathogen. We observed that the vaginal strain L. gasseri
ATCC 9857 is highly inhibitory by various contact-dependent mechanisms and that sur-
face proteins are largely responsible for this inhibitory phenotype. We found that the
aggregation-promoting factor APF-2 from these bacteria significantly contributes to inhi-
bition of the adhesion of T. vaginalis to human vaginal ectocervical cells. Understanding
the molecules and mechanisms used by lactobacilli to protect the host against T. vagi-
nalis might help in the development of novel and specific therapeutic strategies that
take advantage of the natural microbiota.
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Trichomoniasis is a prevalent sexually transmitted infection (STI) worldwide. It is
responsible for about 143 million cases each year, affecting mostly women of

childbearing age (1). Besides nonspecific vaginitis, this infection can lead to the
premature rupture of the placental membrane, preterm birth, and the birth of low-
weight infants (2–4). In addition, trichomoniasis increases the transmissibility of the
human immunodeficiency virus (HIV), and it is linked to the development of cervical
and prostate cancers (5–7). Metronidazole or tinidazole is used to treat trichomoniasis.
However, drug resistance is proving to be a cause of concern among medical practi-
tioners (8, 9).

Trichomonas vaginalis, the causative agent of this STI, is an extracellular parasitic
protozoan that adheres to the surface of host vaginal cells. Host cell adhesion is critical
to initiate infection, and during this process, this flagellated parasite undergoes drastic
morphological changes, switching from a free-swimming ovoid shape to a host-
adherent amoeboid shape (10–12). Several surface proteins, as predicted from the T.
vaginalis genome and proteome, may provide functions that allow it to adhere to host
cells and substrates; these include the large family of BspA-like proteins (13–15). Other
proteins claimed to be involved in cytoadherence include cysteine proteinases and a
number of moonlighting proteins (16–20). The role of the latter in host cell adhesion,
however, is highly disputed (21, 22). More recently, a rhomboid protease was found to
mediate parasite adhesion (23). T. vaginalis lipoglycan (TvLG), a polysaccharide that
coats the outer surface of the parasite (24), has also been shown to promote attach-
ment of the protozoa to human vaginal ectocervical cells (hVECs) via host galectin-1
(25, 26).
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On the other hand, the vagina of asymptomatic women of childbearing age is
naturally colonized by commensal bacteria at a concentration of 107 to 108 CFU/g of
vaginal fluid (27). These microbiota have been classified into 5 community state types
(CSTs). Of these communities, four (CST-I, -II, -III, and -V) are dominated by one species
of Lactobacillus (Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus iners, or Lac-
tobacillus jensenii, respectively) and present in �75% of women. The fifth community
(CST-IV), present in the remaining �25% of women, does not show a specific dominant
species. It is instead represented by a more diversified community which is composed
mostly of anaerobic bacteria, such as Prevotella, Atopobium, and Gardnerella (28).
Among the four Lactobacillus-dominant CSTs, L. gasseri is claimed to be the most stable
community over time, rarely transiting to other community types (27, 29). Hence,
deciphering the host-protective characteristics of L. gasseri is important for understand-
ing how lactobacilli help maintain the healthy state of the vagina.

T. vaginalis infections were found to be associated with CST-IV, the more diversified
community of vaginal bacteria (30, 31), suggesting that lactobacilli and T. vaginalis
could counteract each other as natural microbial competitors in the vagina (32).
Recently, T. vaginalis was shown to adversely affect populations of vaginal lactobacilli
(33), while lactobacilli were shown to inhibit T. vaginalis adhesion to hVECs in a
profound and a contact-dependent manner (34). These initial observations provided
the first piece of evidence that this microbial interaction might be influential to the
outcome of T. vaginalis infection.

Lactobacilli have been repeatedly implicated in mitigating infections. These bacteria
can inhibit the growth of various sexually transmitted pathogens such as Gardnerella
vaginalis, Neisseria gonorrhoeae, and Candida albicans (35–37). Besides secreting gen-
eral molecules that have a broad spectrum of inhibitory activity (e.g., lactic acid,
bacteriocins, and biosurfactants) (38, 39), these bacteria also utilize surface molecules
that target pathogens in a more specific manner. These include lipoteichoic acids (40),
mucin-binding proteins (41), aggregation-promoting factors (42), and S-layer proteins
(43), which were shown to prevent attachment of specific pathogens to host cells and
substrates. In addition, lectins from different lactobacilli have been found to prevent
biofilm formation by uropathogenic Escherichia coli and adhesion to endocervical cells
(44, 45). The highly mannose-specific lectin Msl from Lactobacillus plantarum
CMPG5300, in particular, is capable of binding to HIV-1 glycoprotein gp120 and C.
albicans (44).

S-layer proteins and aggregation-promoting factors (APFs) of lactobacilli are impli-
cated in bacterial shape and integrity as well as adhesive phenotypes (42, 43, 46–48).
S-layer proteins from lactobacilli share similarities at the genetic, physical, and bio-
chemical levels to APFs of L. gasseri (43). For example, because of their noncovalent
association to the cell wall, they are both extractable by high molar concentrations of
LiCl (43, 48, 49). The S-layer proteins of Lactobacillus acidophilus mediate attachment to
mucin, fibronectin (50), and human colon HT-29 cells (51), competing with bacterial
pathogens for binding sites (51–54). The APFs of L. gasseri 4B2 are critically necessary
for the maintenance of its shape and integrity (48). APF-1 of L. gasseri LG2055, in
particular, mediates competitive exclusion of the pathogen Campylobacter jejuni from
poultry, likely due to its properties of adhesion to host cells and substrates (42).

Here, we investigated further the remarkable inhibitory phenotype of L. gasseri
against the host cytoadherence of T. vaginalis, as demonstrated by our group previ-
ously (34). In this new study, our goals were (i) to describe the underlying mechanisms
of this inhibitory phenotype and (ii) to reveal molecules that confer to ATCC 9857, a L.
gasseri strain of human vaginal origin, the ability to inhibit the adhesion of T. vaginalis
to human vaginal ectocervical cells. Our findings point to novel mechanisms and
molecules employed by L. gasseri to protect the vagina against T. vaginalis infection.

RESULTS
The L. gasseri strain of vaginal origin ATCC 9857 is highly inhibitory toward T.

vaginalis adhesion to hVECs. Our previous study had shown that host cytoadherence
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of the very adhesive T. vaginalis strain B7RC2 can be significantly inhibited by lacto-
bacilli in a species/strain-dependent manner (34). Because L. gasseri is a dominant
species of the human vaginal microbiota (28), we further examined here the inhibitory
properties of L. gasseri strains ATCC 9857 and ATCC 33323, originally isolated from
human vagina and intestine, respectively (55–57), against host cytoadherence of T.
vaginalis B7RC2 (Fig. 1). This evaluation was done by flow cytometry (34, 58), where the
absolute number of fluorescence-labeled parasites attached to hVECs was counted (Fig.
1A). We compared the levels of parasite cytoadherence in the presence of lactobacilli
(preincubated with hVECs prior to addition of parasites) and in the absence of bacteria.
The strain of vaginal origin, ATCC 9857, had the highest level of adhesion inhibition
(Fig. 1B). Almost 80% of the B7RC2 parasites were inhibited from binding to hVECs by
ATCC 9857, which indicates that ATCC 9857 is about two times more inhibitory than the
strain of intestinal origin, ATCC 33323 (P � 0.001).

L. gasseri inhibits T. vaginalis adhesion to hVECs by various modes. Inhibition of
T. vaginalis adhesion to host cells by lactobacilli was shown to be dependent on cell contact
(34). Until this point, these experiments were performed by preincubating hVECs with
lactobacilli, thus protecting host cells from T. vaginalis attachment. However, lactobacilli can
inhibit pathogens in a contact-dependent manner by protection, competition, and dis-
placement (35, 59). Therefore, the mode of inhibition was assessed by changing the order
in which lactobacilli and the pathogen (T. vaginalis) were added to host cells in the
adhesion assays. To investigate if there was a preferential mode of inhibition of T. vaginalis
adhesion, L. gasseri ATCC 9857 was added to hVECs either before T. vaginalis B7RC2 was
added, with T. vaginalis B7RC2, or after T. vaginalis B7RC2 was added (Fig. 2A). In addition,
we examined if the supernatant from lactobacilli only (filtrate 1) or lactobacilli preincubated
with hVECs without parasites (filtrate 2) would be capable of inhibition. Surprisingly, L.
gasseri ATCC 9857 was capable of inhibiting T. vaginalis adhesion significantly, regardless of
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FIG 1 L. gasseri ATCC 9857 is highly inhibitory toward T. vaginalis B7RC2 adhesion to hVECs. In this assay,
lactobacilli were preincubated with hVECs, followed by addition of CMTMR-stained T. vaginalis. As a control,
hVECs and stained T. vaginalis cells were incubated without bacteria. At the end of the incubation,
unbound parasites were removed and bound parasites only were collected after trypsinization and counted
by flow cytometry (see Materials and Methods). The number of hVEC-bound T. vaginalis cells in the
presence of L. gasseri strain ATCC 9857 or ATCC 33323 (originally isolated from the human vagina and
intestine, respectively) was compared to that for the control in order to determine the percent inhibition
of T. vaginalis adhesion to hVECs. (A) Flow cytometry data depicting the separation of CMTMR-stained,
hVEC-bound T. vaginalis (FL-2 channel) from a mixed population of unstained lactobacilli and/or hVECs. (B)
Percent inhibition of T. vaginalis adhesion to hVECs by the two Lactobacillus strains. The differences
between both samples and the control were statistically significant (P � 0.01). Lactobacillus strain ATCC
9857 was more inhibitory to T. vaginalis cytoadhesion than strain ATCC 33323 (P � 0.001).
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the mode of incubation. In fact, L. gasseri could compete with and even displace T. vaginalis
more efficiently than it could protect or prevent the adhesion of parasites to hVECs. The
culture supernatants (filtrates 1 and 2) also displayed a modest but significant level of
inhibition without a significant difference between the filtrates.

FIG 2 L. gasseri inhibits T. vaginalis B7RC2 adhesion to hVECs in different ways. (A) Inhibition is achieved by L. gasseri
ATCC 9857 cells or culture supernatant by different modes. When using bacterial cells, lactobacilli were added either
before T. vaginalis was added (Protection), with T. vaginalis (Competition), or after T. vaginalis was added (Displace-
ment). When using culture supernatant, cell-free medium recovered from lactobacilli only (Filtrate 1) or lactobacilli
incubated with hVECs (Filtrate 2) was added to the adhesion assay mixtures prior to parasite addition. The results for
all samples were compared to those for the controls, which consisted of hVECs incubated with T. vaginalis only (no
bacteria or culture supernatant). Data are expressed as the percent inhibition of parasite adhesion to cells. The
differences between all samples and their respective controls were statistically significant (P � 0.01). The levels of
inhibition achieved in the competition and displacement modes were significantly higher (P � 0.01) than the level
of inhibition achieved in the protection mode. (B) hVEC-bound lactobacilli are sufficient for the maximum level of
inhibition via the protection mode. The relative level of inhibition of T. vaginalis cytoadherence by L. gasseri ATCC 9857
was compared between hVEC-bound lactobacilli and the total lactobacilli (i.e., lactobacilli obtained by removing or not
removing the supernatant prior to addition of T. vaginalis, respectively). For comparison, inhibition by total lactobacilli
was considered 100%, as indicated by the dashed line. Twofold serial dilutions of bacteria were tested, starting from
1 � 108 lactobacilli per ml. Removing the unbound lactobacilli did not change the level of inhibition at any bacterial
dilution. (C) L. gasseri strain ATCC 9857 is more self-aggregative than strain ATCC 33323. Overnight cultures of ATCC
9857 displayed a more evident cell pellet than ATCC 33323, whereby the culture of the latter was distinctively more
turbid than that of the former. (D) L. gasseri and T. vaginalis coaggregate. Coaggregation was measured as a drop in
the number of swimming parasites in the medium, when recovered from the top of the culture tube, over the course
of the experiment, and the percent coaggregation was calculated in reference to that at time zero. Controls were done
with T. vaginalis alone (i.e., no bacteria) at different temperatures. At 37°C, the number of motile parasites remained
constant (black circles). In contrast, when motility was slowed by ice-temperature incubation, a linear drop in the
number of swimming parasites was seen across the time course (white diamonds). In contrast to the results obtained
with parasites alone, coincubation of parasites and lactobacilli ATCC 9857 and ATCC 33323 (black squares and white
triangles, respectively) in warm medium caused a significant drop in the numbers of swimming parasites, indicating
coaggregation (P � 0.01). The differences between the L. gasseri strains were not significant.
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In the standard protection mode, where hVECs were precolonized with lactobacilli
prior to infection, T. vaginalis was added subsequently without the removal of any
unbound bacteria. We tested if removing the supernatant and, hence, the unbound L.
gasseri prior to adding T. vaginalis would result in a reduction of adhesion inhibition
(Fig. 2B). To test if any reduction of inhibition is proportional to the initial bacterial
inoculum, this experiment was done with 2-fold serial dilutions of L. gasseri ATCC 9857
(from 1 � 108 to 6.1 � 106 bacteria/ml). We have shown previously that this is the
concentration range (number of bacteria per milliliter) where inhibition of T. vaginalis
cytoadhesion behaves in a dose-dependent manner (34). We observed that removing
the unbound lactobacilli did not significantly reduce the level of inhibition of T.
vaginalis adhesion to hVECs at any bacterial concentration compared to that achieved
in the standard assay (without removing the supernatant) (Fig. 2B). Therefore, the
hVEC-bound lactobacilli are sufficient to achieve the maximum level of inhibition of T.
vaginalis adhesion to host cells.

In addition to the physical contact between microbes and host cells, microbial cells
(bacteria and protozoa) are likely to contact each other in the vaginal secretions as well
as in the adhesion assay. Noticeably, on the basis of the extent of cell pelleting formed
spontaneously from the overnight cultures, ATCC 9857 displayed a stronger aggrega-
tion phenotype than ATCC 33323 (Fig. 2C). Besides self-aggregation, which has been
reported for lactobacilli (42, 47, 60), these bacteria might also coaggregate with
pathogens (36, 61). Next, we tested if L. gasseri and T. vaginalis were able to coaggre-
gate (Fig. 2D). We reasoned that the slowing of motility causes the flagellated parasites
to pellet at the bottom of the conical tube. This was demonstrated by slowing parasite
motility in ice-temperature medium, which reduced the number of parasites swimming
in the supernatant (Fig. 2D, white diamonds), in contrast to the warm medium (i.e.,
37°C), which maintained a stable number of swimming parasites across the time course
of the experiment (Fig. 2D, black circles). Therefore, if lactobacilli and parasites coag-
gregate, aggregates of bacteria-parasites would result in a drop in the numbers of
swimming parasites in the supernatant from the coincubation cultures in a time-
dependent manner. This experiment indeed showed a noticeable drop in parasite
counts during the course of the experiment (Fig. 2D). At as early as 10 min of
coincubation, parasites were evidently drowned to the bottom of the tube only in the
presence of lactobacilli (Fig. 2D, black squares and white triangles). Notably, there was
no significant difference in the level of T. vaginalis coaggregation with either L. gasseri
ATCC 9857 or ATCC 33323, despite the former being evidently more self-aggregative
(Fig. 2C).

Surface proteins of L. gasseri contribute to inhibition of T. vaginalis adhesion
to hVECs. Because the inhibitory activity of L. gasseri toward the adhesion of T.
vaginalis to hVECs was largely dependent on cell contact, we investigated the contri-
bution of bacterial surface molecules to this inhibition (Fig. 3). L. gasseri protoplasts (i.e.,
bacterial cells devoid of cell walls) were very inefficient at inhibiting adhesion, about 5
times less efficient than integral bacterial cells (Fig. 3, top). When lactobacilli were
treated with LiCl or proteinase K, a dose-dependent reduction in inhibition was
observed, with the reduction in inhibition being more pronounced for the proteinase
K-digested bacteria (Fig. 3, top). As expected, the combination of proteinase K digestion
with LiCl treatment of the lactobacilli had a cumulative effect, with the inhibitory effect
being similar to that achieved with the protoplast. In other words, lactobacilli became
less inhibitory against T. vaginalis with the increase of either or both treatments. These
results indicate that surface proteins, including those noncovalently associated with the
surface of lactobacilli (i.e., the proteins removed by the LiCl treatment), contribute
significantly to the inhibitory properties of these bacteria against adhesion of T.
vaginalis to hVECs.

Aggregation-promoting factors (APFs) are noncovalently associated with the surface
of L. gasseri via electrostatic interactions, and treating these bacterial cells with 5 M LiCl
releases these surface proteins (50, 62, 63). The reduction in inhibition of T. vaginalis
adhesion by simply treating lactobacilli with LiCl, particularly at concentrations of 1.2 M
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and above (Fig. 3, top), suggests that these proteins could be involved in the inhibition.
To confirm this observation, protein extracts obtained from LiCl treatment of L. gasseri
ATCC 9857 were prepared and tested in the T. vaginalis adhesion assays (Fig. 3,
bottom). To ascertain the significance of such inhibition, 10-fold serial dilutions of the
protein extract, including concentrations that were above and below the equivalent
number of lactobacilli used in our standard adhesion assays (2.5 � 107 lactobacilli/ml),
were tested in parallel. This number of lactobacilli reduces T. vaginalis adhesion to
hVECs by �80% (Fig. 1), whereas the protein extract alone at a concentration equiv-
alent to this cell number (1�) inhibited T. vaginalis adhesion by �30% (Fig. 3, bottom).

FIG 3 Surface molecules of L. gasseri ATCC 9857 contribute to inhibition of T. vaginalis B7RC2 adhesion
to hVECs. These adhesion assays were done under the protection mode, where bacteria or protein
extracts were added to hVECs prior to addition of the parasites. (Top) Surface proteins of L. gasseri
contribute to inhibition of parasite cytoadherence. Prior to the adhesion assays, lactobacilli were
subjected to chemical and/or enzymatic treatments either to prepare protoplasts or to remove surface-
associated molecules (see Materials and Methods). As indicated in the figure, samples were either
protoplasts or lactobacilli treated with increasing concentrations of LiCl, proteinase K, or a combination
of both. Mock-treated lactobacilli were used as controls (see Materials and Methods). The inhibition of T.
vaginalis adhesion to hVECs in the presence of mock-treated lactobacilli was considered 100% (dashed
line). On the other hand, the inhibition of T. vaginalis adhesion to hVECs in the presence of treated
lactobacilli was compared to that of their controls, and the relative inhibitory level was expressed as a
percent change. All treatments caused a decrease in inhibition in a dose-dependent manner. For each
type of treatment, the decrease in the relative inhibitory level was statistically significant compared to the
result for the respective control (P � 0.05). (Bottom) Effects of noncovalently associated surface proteins
of L. gasseri ATCC 9857 on the adhesion of T. vaginalis B7RC2 to hVECs. This protein extract was obtained
by treatment of L. gasseri with 5 M LiCl. The concentration of the protein extract was relative to the
number of lactobacilli (1�, equivalent to 2.5 � 107 lactobacilli/ml). Compared to the inhibition achieved
at the 1� concentration, inhibition was lost at concentrations of 0.1� and below, and it did not change
significantly at concentrations of 10� and above.
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This inhibition was apparently saturated, since it did not increase significantly with the
concentration of the extract and it virtually disappeared if the extract was diluted
10-fold or greater (Fig. 3, bottom).

Aggregation-promoting factor 2 of L. gasseri ATCC 9857 participates in the
inhibition of T. vaginalis adhesion to hVECs. Summarizing from above, the previous
observations that noncovalently associated proteins on the L. gasseri cell surface
interfere with T. vaginalis cytoadherence (Fig. 3) suggest the involvement of L. gasseri
APFs in this inhibitory phenotype. Genetic depletion of these genes in L. gasseri has
been proven to be either deleterious or highly detrimental to the physiology of these
bacteria (48). In addition, APFs and S-layer proteins are naturally self-aggregative (42,
43) and therefore notoriously insoluble for recombinant expression in Escherichia coli.
To circumvent these issues, we employed the lactic acid bacterium (LAB) Lactococcus
lactis as a heterologous system for the expression of L. gasseri APFs. L. lactis is a
nonautochthonous species of the vagina and a LAB model for which genetic tools,
including heterologous expression of surface proteins, are readily available (64).

In the genome of reference strain ATCC 33323, APFs are found as two apf-like genes,
LGAS_1547 (apf-1) and LGAS_1546 (apf-2), which were recently relabeled as hypothet-
ical proteins LGAS_RS07600 and LGAS_RS076005, respectively. Their two homologues
in vaginal strain ATCC 9857 (GenBank accession numbers KY778774 and KY778775,
respectively), which were identified here, share 96.6% and 86.7% similarity at the amino
acid sequence level, respectively (data not shown). Repetitive attempts to clone these
homologues from ATCC 9857 for surface expression on L. lactis recovered only the apf-2
recombinant L. lactis (L. lactis apf-2). Unlike nontransformed L. lactis, L. lactis apf-2
expresses a �32-kDa protein, detectable in cell wall extracts by use of the His tag
antibody (Fig. 4, inset). The nisin expression system proved to be leaky in L. lactis apf-2,
as previously reported for other genes (65, 66), since APF-2 expression could be
detected even in the absence of the inducer nisin (Fig. 4, inset). Therefore, as a negative
control for this experiment, protoplasts were prepared. With the removal of the cell
wall, protoplasts should lack the exogenously expressed cell wall-anchored APF-2;
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FIG 4 Expression of L. gasseri APF-2 on the surface of L. lactis enhances inhibition of T. vaginalis B7RC2
adhesion to hVECs. (Inset) Heterologous expression of APF-2 of L. gasseri ATCC 9857 on the cell wall of
L. lactis, as detected by Western blotting. A discrete band of the expected size (�32 kDa) was seen in the
cell wall extracts derived from nisin-induced apf-2-transformed L. lactis (Lac/apf-2) but not from non-
transformed L. lactis (Lac). Expression of APF-2 from L. lactis apf-2 was also detected in the absence of
nisin (leaky expression) and increased from 0 to 1 ng/ml of nisin. Adhesion of T. vaginalis to hVECs was
done in the presence of nontransformed L. lactis (white bars) and apf2-transformed L. lactis (black bars)
either induced or not induced with nisin. The fold changes in the inhibition of T. vaginalis adhesion were
measured between cells and protoplasts for nontransformed L. lactis and for apf2-transformed L. lactis.
Significant fold changes between cells and protoplasts were seen only for apf2-transformed L. lactis.
Expression of APF-2 on the surface of L. lactis promotes inhibition of T. vaginalis adhesion to hVECs, which
was more pronounced upon nisin induction at 1 ng/ml (P � 0.01).
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hence, the effect of this protein on adhesion inhibition could be evaluated. We
examined the inhibition of T. vaginalis adhesion by either nontransformed L. lactis or
apf-2-transformed L. lactis (Fig. 4). By comparing the inhibition achieved with whole
bacterial cells to that achieved with protoplasts, a significant fold increase in inhibition
was evident only for recombinant L. lactis apf-2 and not for nonrecombinant L. lactis. As
expected, when the expression of recombinant APF-2 was induced by nisin, the
enhancement of inhibition of T. vaginalis adhesion became more pronounced (�2.5-
fold). Under this condition, �75% of T. vaginalis B7RC2 cells were inhibited from
attaching to the human cells by the recombinant APF-2-expressing L. lactis strain. These
results indicate that expression of L. gasseri APF-2 on the cell wall of L. lactis confers
inhibition of T. vaginalis adhesion to hVECs.

DISCUSSION

T. vaginalis is a protozoan parasite of the urogenital tract of humans and the
causative agent of trichomoniasis, a major STI which is symptomatic more often in
women than in men. In agreement with clinical observations, metagenomics studies
suggest that lactobacilli are reduced in the vagina of women infected with T. vaginalis
(30), implying that these microbes are competitors in the microecology of the human
vagina. T. vaginalis lives extracellularly; hence, it must attach to the vaginal mucosa in
order to establish infection. In this study, we examined the role of L. gasseri surface
molecules on the inhibition of T. vaginalis adhesion to human vaginal ectocervical cells
(hVECs).

In our previous study, L. gasseri ATCC 9857 ranked as one of the lactobacilli most
inhibitory against T. vaginalis cytoadherence among a panel of 34 strains and isolates
of lactobacilli tested (34). Here, we compared the L. gasseri strains ATCC 9857 and ATCC
33323 (of vaginal and intestinal origins, respectively) and showed that the former is
indeed very inhibitory and is about two times more inhibitory than the latter, suggest-
ing a possible niche-specific adaptation. Therefore, we focused on ATCC 9857 to further
examine the nature of this inhibitory phenotype. Our findings indicate that L. gasseri
ATCC 9857 inhibits T. vaginalis adhesion to hVECs profoundly through various contact-
dependent mechanisms. These bacteria can prevent, compete with, and displace T.
vaginalis from hVECs. This observation demonstrates that T. vaginalis attachment to
host cells is dynamic, can be modulated, and can be reversed by a major species of the
human vaginal microbiota. The cell-free filtrates also contribute to inhibition, suggest-
ing the production of some soluble inhibitory factor. Overall, the inhibitory properties
of L. gasseri are largely dependent on cell contact.

Inhibition of pathogen colonization by vaginal lactobacilli has been described
elsewhere (39) and reviewed more recently (61). However, very little is known about the
interactions between lactobacilli and T. vaginalis in particular (33, 34). Additionally, the
inhibitory mechanisms and the molecules from lactobacilli that confer such a protective
role remain largely unknown. Here, we further investigated the mechanisms and the
involvement of specific molecules from L. gasseri in the inhibition of T. vaginalis
adhesion to host cells.

Despite being predominantly dependent on cell contact, the inhibitory activity of L.
gasseri against T. vaginalis adhesion to hVECs has many facets. Our findings indicate
various modes of inhibition, including microbial coaggregation. Coaggregation has
been described to be a potential mechanism for inhibiting the virulence of pathogens,
preventing them from binding to or invading host cells and tissues (36, 47, 54, 61, 67).
It is possible that microbial adhesion to host cells as well as bacterium-protozoan
contact might trigger substantial changes on their surface or secretory profile. This
means that host cells, bacteria, and protozoa are likely to sense each other in the
environment and adapt through behavioral responses. Removing proteins from the
surface of L. gasseri, for instance, could disrupt such interactions.

In fact, we observed that removing surface proteins from L. gasseri significantly
alleviated inhibition against T. vaginalis. However, even with protoplasts, inhibition was
not completely abolished. Also, depletion of surface proteins with proteinase K or LiCl
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reduced the level inhibition but to different levels. While proteinase K trims off proteins
regardless of their nature of association with the cell surface, LiCl removes only proteins
that are associated with the surface of lactobacilli by electrostatic interactions (i.e.,
noncovalently bound proteins). Together, these findings indicate that inhibition of T.
vaginalis adhesion to host cells by lactobacilli involves multiple factors. In other words,
various surface proteins from lactobacilli contribute differently to the inhibition of T.
vaginalis adhesion to hVECs. In addition, our findings cannot exclude the possibility of
the involvement of nonproteinaceous molecules in this inhibition.

Lactobacilli are known for using both broad-spectrum molecules (e.g., lactic acid)
and pathogen-specific molecules that are inhibitory to pathogens (39, 61). Additionally,
lactobacilli can affect a pathogen directly by interfering with host cell attachment or
invasion but also indirectly by regulating pathways on the host mucosa (such as mucin
production, barrier function, and cytokine expression) which help with immune func-
tion (39, 61). Therefore, the observation here that various molecules and mechanisms
likely contribute to this protective phenotype against T. vaginalis is not surprising.

Notably, our experiments revealed that about one-third of the inhibition of
pathogen adhesion was derived from proteins that are noncovalently associated
with the surface of L. gasseri. The level of inhibition of T. vaginalis adhesion to hVECs
compared to that achieved by untreated lactobacilli decreased when lactobacilli
were treated with increasing concentrations of LiCl in a molar concentration-
dependent manner, reaching a saturation. This decrease in the level of inhibition
achieved by treating lactobacilli with LiCl was identical to the level of inhibition
achieved by the LiCl-extractable surface proteins alone. The level of inhibition by
these surface proteins alone (�30%) also reached saturation, which was equivalent
to the cell number used in our experiments. This is consistent with the findings from
our previous study, which showed that the concentration of lactobacilli used here,
similar to the one found in the vagina, provides the maximum level of inhibition of
T. vaginalis adhesion to hVECs (34).

Among possible noncovalently bound surface proteins of L. gasseri (68), the
aggregation-promoting factors (APFs) became our immediate candidate. APFs, similarly
to S-layer proteins, have been implicated in adhesive phenotypes (42, 69). Recently,
APFs of L. gasseri LG2055 were shown to confer aggregation phenotypes that contrib-
ute to the inhibition of C. jejuni colonization in poultry (42). Attempts to express the
APFs of L. gasseri ATCC 9857 in a soluble recombinant form in E. coli failed due to a lack
of expression or insolubility (data not shown). Attempts to express these APFs in L. lactis
could recover only the apf-2 transfectant. Expression was achieved using a nisin-
inducible system (64) and a vector that provides the elements necessary for anchoring
the protein of interest to the cell wall of L. lactis (70). This system proved to be inducible
but leaky, as previously observed (65, 66). By comparing cells to protoplasts (which are
devoid of cell walls and, hence, have no APF-2), it became evident that expression of
APF-2 on the surface of L. lactis promotes inhibition of T. vaginalis adhesion to hVECs,
particularly upon nisin induction. In conclusion, APF-2 is at least one of the noncova-
lently bound surface proteins of L. gasseri that has a role in the inhibition of adhesion
of the pathogen T. vaginalis to human vaginal cells.

This study is the first to reveal the protective nature of L. gasseri against T. vaginalis
with the description of the mechanisms and molecules involved in this microbial
interaction. In addition to the microbiota, T. vaginalis is often found hosting Trichomo-
nasvirus and mycoplasmas as endosymbionts. T. vaginalis endosymbionts modify host
responses and may even have an impact on the urogenital microbiome (71–73). Hence,
the microbiota, trichomonas, and its endosymbionts make up a singular microbial
entity which is influential to disease outcomes. The identification of health-promoting
factors derived from host-protective lactobacilli, the dominant species of the vaginal
microbiota, should have practical implications for the prevention and treatment of
sexually transmitted infections such as trichomoniasis.
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MATERIALS AND METHODS
Culture of microorganisms and human cells. Human vaginal ectocervical cells (hVECs; ATCC

CRL-2614), Lactobacillus gasseri ATCC 9857, and Lactobacillus gasseri ATCC 33323 were obtained from the
American Type Culture Collection. Highly adherent Trichomonas vaginalis strain B7RC2 was given to us
by Peter and Jacqui Upcroft from the Queensland Institute of Medical Research, Brisbane, Australia. T.
vaginalis was cultured in Diamond’s or TYM medium (74) supplemented with 10% horse serum, 10 U/ml
penicillin, and 10 �g/ml streptomycin (Invitrogen) with no agitation at 37°C. The hVECs were cultivated
in keratinocyte serum-free medium (K-SFM) complemented with growth factor and the same penicillin-
streptomycin mix described above under a 5% CO2 atmosphere at 37°C (75). These cells were grown to
80 to 90% confluence before using them in the adhesion assays. Lactococcus lactis strain NZ9000
(pepN::nisR nisK), kindly donated by Philippe Langella (INRA, France), was grown in SGM17 (3.75% [wt/vol]
M17, 10% glucose, 0.5 M sucrose) medium at 30°C overnight without agitation. E. coli strain DH5�

(Invitrogen) was grown in Luria-Bertani medium with agitation at 37°C.
Flow cytometry. Fluorescently labeled T. vaginalis cells were enumerated by flow cytometry as previ-

ously described (58), with some modifications here. T. vaginalis parasites (2.5 � 104 cells/ml, unless otherwise
stated) were stained with Invitrogen CellTracker Orange CMTMR (5-[and 6]{[(4-chloromethyl)benzoyl]
amino} tetramethylrhodamine) dye (1 �M) in serum-free Diamond’s medium and finally counted and
analyzed in a BD Accuri C6 flow cytometer. No liquid counting beads were used in the assays, as the
Accuri C6 flow cytometer accurately measures the volume of sample being analyzed, in addition to
the absolute number of cells being counted. Overnight cultures of Lactobacillus or Lactococcus cells were
stained using a BD cell viability kit containing thiazole orange (TO) and propidium iodide (PI) per the
manufacturer’s instruction and counted by the BD Accuri C6 flow cytometer before being used in the
adhesion assays.

Adhesion assays. The adhesion assays were performed as previously described (34). Overnight
cultures of L. gasseri were counted by flow cytometry, as described above, and diluted down to 2.5 � 107

cells/ml (unless otherwise stated) in antibiotic-free K-SFM. T. vaginalis cells, prestained with Orange
CMTMR dye (Invitrogen), were counted under a hemocytometer and diluted to appropriate dilutions in
antibiotic-free K-SFM. Following the aspiration of the medium from the confluent monolayer of hVECs
grown in a 48-well plate, lactobacilli were added and the plate was incubated for 30 min at 37°C under
a 5% CO2 atmosphere. The stained T. vaginalis cells were added, and incubation proceeded for another
30 min under the same conditions. Finally, the supernatant was discarded, and trichomonas cells that
remained bound to hVECs were removed by trypsinization and counted by flow cytometry (58). In this
standard mode of the assay (protection), the monolayers were precolonized with L. gasseri prior to
addition of T. vaginalis and without removal of the unbound bacteria (34). Where indicated, this assay
varied by changing the order in which the microbes were added to the hVECs, either with the microbes
being added simultaneously (competition) or with L. gasseri being added after T. vaginalis was added
(displacement). Incubation of hVECs with each microbe or both microbes was done for 30 min at 37°C
under a 5% CO2 atmosphere. The standard mode of incubation was also varied where indicated by
removing from hVECs the supernatant containing unbound L. gasseri prior to adding T. vaginalis.
Adhesion of T. vaginalis in the presence of L. lactis also followed the standard mode of the assay. In this
case, as described below, L. lactis was induced for expression, and entire cells and protoplasts were tested
in these experiments. Bacterial and T. vaginalis concentrations were 2.5 � 107 cells/ml and 2.5 � 104

cells/ml, respectively, unless stated otherwise.
Adhesion of T. vaginalis was measured in the presence of a culture supernatant and protein extracts,

and this assay also used the standard mode of incubation. In the first case, the culture supernatant was
prepared by incubating L. gasseri either alone or with hVECs in K-SFM under the same conditions used
for the adhesion assays. The supernatant was collected, spun down, and filtered through a 0.22-�m-
pore-size membrane to remove the cells. In the second case, extracts of noncovalently bound surface
proteins were obtained after LiCl treatment of L. gasseri cells, as described below. The supernatant
containing these proteins was extensively dialyzed (10-kDa exclusion) against deionized water with 5
water changes (�500 volumes of water in relation to the sample volume) for 24 h at 4°C. After dialysis,
the protein extracts were lyophilized and resuspended in water for use. Inhibition of T. vaginalis adhesion
to hVECs was always compared to that for a control without the presence of the inhibitory bacterium,
supernatant, or protein extract. Adhesion assays were done at least three independent times (i.e.,
biological replicas). For each time, a replica of three samples was carried along (i.e., experimental
replicas).

Chemical and enzymatic treatment of bacterial cells. Overnight cultures of L. gasseri ATCC 9857
were washed and resuspended in 1� phosphate-buffered saline (PBS; pH 7.4). Three types of treatments
were performed. First, to remove noncovalently associated surface proteins, these cells were treated with
a high molar concentration of LiCl as previously described (76, 77). The concentration of LiCl was 5 M
when preparing the protein extracts used in the adhesion assays. Otherwise, concentrations of 0.3, 0.6,
1.2, 2.5, and 5 M were tested to selectively strip these proteins off the surface of the L. gasseri cells.
LiCl-treated cells were washed, resuspended in K-SFM, and immediately used in the adhesion assays.
Second, proteinase K (in 50 mM Tris-HCl, 0.1% SDS, pH 8.0) was employed to digest the surface proteins
on these bacteria. Lactobacilli were digested with 25 �g/ml, 50 �g/ml, and 100 �g/ml of proteinase K
for 2 h at 37°C. Third, both treatments were combined in the order mentioned above. After the
treatments, the cells were washed three times in 1� PBS by centrifugation, resuspended in K-SFM, and
immediately used in the adhesion assays. Controls consisted of lactobacilli treated with PBS only or the
proteinase K buffer only without the enzyme (mock treatment).
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Cell wall extracts and protoplasts from bacterial cells were obtained as described previously (78), with
minor modifications here. Briefly, 1.5 ml of overnight cultures was centrifuged at 2,000 � g for 10 min,
resuspended in an equal volume of prewarmed culture medium, and incubated for 2 h. Cells were
washed once with Tris-buffered saline (TBS) buffer (25% [wt/vol] sucrose, 1 mM EDTA, pH 7.4) by
centrifugation and resuspended in 1 ml of TBS buffer containing 20 mg/ml lysozyme (Roche, New
Zealand) and 20 �g/ml mutanolysin (Sigma-Aldrich, New Zealand). After incubation for 1 h, 0.5 ml of 0.25
M EDTA was added and the mixture was incubated on ice for 5 min. This was applied to both L. lactis
and L. gasseri at their optimal incubation temperatures (30 and 37°C, respectively). For L. lactis, after
centrifugation, the supernatant containing the cell wall extracts was collected for Western blot analysis.
The protoplast pellets were washed, resuspended in K-SFM, and immediately used in the adhesion
assays. Controls consisted of bacteria treated with the buffer but in the absence of the enzymes (mock
treatment).

Coaggregation of Lactobacillus gasseri and Trichomonas vaginalis. Overnight cultures of L. gasseri
(ATCC 9857 and ATCC 33323) and T. vaginalis B7RC2 were washed in K-SFM by centrifugation. T. vaginalis
cells were labeled with CMTMR (Life Technologies) as previously described (58). The CMTMR-labeled T.
vaginalis and lactobacilli were resuspended in prewarmed K-SFM and mixed together to final concen-
trations of 1 � 106 and 1 � 109 cells/ml, respectively, in a final volume of 15 ml. These mixed cultures
were incubated at 37°C for up to 30 min in a 15-ml conical tube. At each time point (0, 10, 20, and 30
min), a volume of 0.5 ml was carefully pipetted out from the top of the mixed cultures. The number of
CMTMR-labeled T. vaginalis cells in these samples was quantified by flow cytometry (58). The experi-
ments were done in triplicate.

PCR and DNA cloning. Alignment of the nucleotide sequences of the apf genes from L. gasseri and
Lactobacillus johnsonii (including sequences upstream and downstream of the coding region), available
from the NCBI database, allowed us to perform PCR and sequence the full open reading frames of apf-1
and apf-2 of L. gasseri ATCC 9857. Primers specific for the coding regions of these apf genes were
designed to remove the secretion peptide, as this was provided in plasmid pVE5547 (kindly donated by
Philippe Langella at INRA, France). This plasmid also carries a C-terminal cell wall anchor domain in frame
with the gene of interest, allowing the protein product to be translocated and anchored on the cell wall
of L. lactis (70). These primers were apf-1 forward (GATAGTCGACCACCACCACCACCACCACGCAGAAGTTA
CTGTTGGTC), apf-1 reverse (GATAGATATCGCGTACCAGCCATTTGCTTGCC), apf-2 forward (GAGAGTCGAC
CACCACCACCACCACCACGCTACTATTGTTCAAAATGATAC), and apf-2 reverse (GATAGATATCGCGTACCAAC
CGTTAGTTTGCC). The underlined sequences correspond to the restriction enzyme sites used for cloning
in pVE5547 (70). The italicized sequences in the forward primers indicate the addition of a His tag for the
purpose of immune detection. PCR amplification of the apf genes from ATCC 9857 genomic DNA was
performed using high-fidelity Phusion DNA polymerase (Thermo Fisher). The amplicons from pVE5547
were cloned into E. coli DH5� and fully sequenced. The final plasmids carrying the apf genes were
electroporated into L. lactis NZ9000. Transformed L. lactis cells were selected by erythromycin and
induced for expression with nisin, as described previously (70).

Western blotting. Extracts of cell wall proteins were obtained from the same number of transformed
and nontransformed L. lactis cells, as described above. These extracts were resolved by electrophoresis
on a 12% SDS-polyacrylamide gel and blotted onto a 0.45-�m-pore-size polyvinylidene difluoride (PVDF)
membrane (Bio-Rad) using a Trans-Blot apparatus (Owl VEP-2), as recommended by the manufacturer
(Thermo Fisher). The blot was blocked and probed in TBS-Tween 20 (TBST; 20 mM Tris, 150 mM NaCl,
0.1% [vol/vol] Tween 20, pH 7.6) containing 5% (wt/vol) skim milk. Blocking was done for 5 to 6 h at room
temperature. Probing was done with a 1:10,000 dilution of the mouse anti-His antibody (Invitrogen) at
4°C overnight, followed by a 1:50,000 dilution of the goat horseradish peroxidase-conjugated anti-mouse
immunoglobulin antibody (Invitrogen) at room temperature for 1 h. Between the time of addition of
antibodies and before development, the blot was washed five times with TBST. At the end, the blot was
developed using a SuperSignal West Pico chemiluminescent substrate kit (Thermo Fisher), and the signal
was detected with an Amersham Imager 600 instrument.

Statistical analysis. One-way analysis of variance and Dunnett’s pairwise multiple-comparison tests
were used to statistically analyze the data via the software R (https://www.r-project.org/). Means were
considered significant when P values were less than 0.05 (P � 0.05) and highly significant when they
were less than 0.01 (P � 0.01).

Accession number(s). The homologues of hypothetical proteins LGAS_RS07600 and LGAS_RS07605
from Lactobacillus gasseri ATCC 33323 in vaginal strain Lactobacillus gasseri ATCC 9857 have been deposited
in the GenBank database under accession numbers KY778774 and KY778775, respectively.
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