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among Gardnerella Species
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Gardnerella vaginalis has been considered a pivotal player in the progression of bacterial vagi-
nosis (BV), a condition associated with serious health complications. However, G. vaginalis is
also commonly found in asymptomatic or BV-negative women. This has generated interest in
the question of whether genetic differences among isolates might distinguish pathogenic
from commensal isolates. G. vaginalis was the only recognized species in its genus for four de-
cades, but recently an emended description of G. vaginalis and descriptions of three new species
- Gardnerella leopoldii, Gardnerella piotii, and Gardnerella swidsinskii - have been proposed.
This review provides background on the heterogeneity and diversity within the genus Gardner-
ella, highlighting the main features that distinguish species and clades, and how these features
may impact BV development.

Clinical Relevance of Gardnerella in BV

Worldwide, BV is the most common gynecological disorder among women of childbearing age,
affecting approximately 29% of women in the general population and 50% of African American
women [1-5]. Microbiologically, BV is characterized by a dramatic shift in the vaginal microbiota
from the dominant lactic acid and H,O»-producing bacteria (mainly lactobacilli) to a more taxonom-
ically rich microbiota, consisting of strict and facultative anaerobes [6-8].

Gardnerella spp. have been studied more than any other species in the vaginal ecosystem because it
is the dominant microorganism in the vaginal microbiome of many women with BV [6,9]. BV is asymp-
tomatic in half of the cases, but can be associated with malodorous vaginal discharge, increased
vaginal pH, and the presence of clue cells [10,11]. Swidsinski and colleagues [12], using fluorescence
in situ hybridization (FISH) (see Glossary) specific for Gardnerella spp., were the first to show that
these species are able to form biofilms on vaginal epithelium in women with BV, explaining the nature
of clue cells, that is, cells covered with a biofilm predominantly formed by Gardnerella spp., and as
such providing convincing evidence for the etiological role of Gardnerella spp. in this condition.
Importantly, even when BV is asymptomatic, it is associated with increased risks for preterm delivery
[13], postpartum endometritis [14], pelvic inflammatory disease [15], and infOection with human im-
munodeficiency virus [16].

Over the last four decades, the role of Gardnerella spp. as a pathogen has been disputed because
women in whom BV has been clinically ruled out are often colonized with Gardnerella spp. [17,18].
Here, we discuss the possibility that confusion about the role of Gardnerella spp. in BV pathogenesis
has been exacerbated by prior insufficient taxonomic fine-tuning, and that different species with
distinct ecological and/or pathological properties have all been lumped together within the species
G. vaginalis. As such, in this review, we refer to G. vaginalis only in historical context, and all references
to more recent papers are described with the term Gardnerella spp.

Focusing on Heterogeneity and Diversity within Gardnerella

The original discovery of the genus Gardnerella dates back to 1953, when Leopold described this
microorganism as a novel ‘Haemophilus-like' species associated with prostatitis and cervicitis [19].
Two years later, Gardner and Dukes described this microorganism in relation to nonspecific vaginitis
(a classical name for BV), renaming this bacterium Haemophilus vaginalis [20]. Afterwards, this bacte-
rium was reclassified within the genus Corynebacterium [21]. Later, two large taxonomic studies
demonstrated the lack of similarity between this bacterium and other established genera, which re-
sulted in the emergence of the new genus Gardnerella, with its closest relatives found in the genus
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Bifidobacterium [22,23]. At that time, G. vaginalis was the only recognized species in this genus and
was described as nonencapsulated, non-spore-forming, pleomorphic rods with an average size of 0.5
to 1.5 um [24]. Despite the fact that it often stains red by the Gram stain, the envelope architecture was
definitively shown to be Gram-positive as it lacks an outer membrane [25]. G. vaginalis often produces
fimbriae, the role of which may be to mediate its attachment to vaginal epithelial cells [26].
G. vaginalis was commonly known as a facultative anaerobic microorganism and was also described
as fastidious, as it grew better at 370C in complex media in an atmosphere with 5-10% of carbon di-
oxide (CO,) or in a candle flame extinction jar [24,27]. Nevertheless, it was demonstrated that certain
G. vaginalis strains were strict anaerobes [28]. Finally, biochemical tests revealed that G. vaginalis was
catalase-, oxidase-, and B-glucosidase-negative [24].

The terms heterogeneity and diversity are often used interchangeably; however, heterogeneity refers
to variability within an integrated entity, whereas diversity implies an entity in which the components
diverge or members of different groups occur together [29]. Therefore, if the genus Gardnerella is
composed of distinct species, then the genus would be more accurately described as both heteroge-
neous and diverse. Recently, developments in molecular genetics have shed new light on the genetic
heterogeneity and taxonomic diversity within the genus Gardnerella. Notably, experiments on whole-
genome sequence analysis were carried out in 81 Gardnerella strains by Vaneechoutte and col-
leagues in 2019 [30]. These researchers pointed out the existence of at least 13 groups distinct
enough to be classified as separate species, within the taxon formerly known as G. vaginalis [30]. It
was an important breakthrough in the field that resulted in an emended description of G. vaginalis
and, for the first time, the inclusion of more Gardnerella species, namely G. leopoldii, G. piotii,
and G. swidsinskii [30]. Table 1 shows the common features among the species as well as the main
differences, as described by the authors. Interestingly, in blood plates, all colonies were found to
be indistinguishable, but the authors described differences relative to B-galactosidase activity, siali-
dase activity, and DNA G+C content. Importantly, similar to what is observed for other species [31],
Gardnerella spp. cannot be delineated based on the 16S rRNA gene since the 81 genomes analyzed
by Vaneechoutte et al. indicated that none of these sequences showed less than 98.5% similarity [30].
Of note, while 97% similarity within the 16S rRNA sequence is often considered the cut-off for distin-
guishing bacterial species, the 16S rRNA gene sequence is not a component of the formal definition
of a species [32].

The Dilemma of Vaginal Colonization by Gardnerella spp. in Asymptomatic or
BV-Negative Women

The strong correlation between BV and Gardnerella spp. has sometimes been taken as direct evi-
dence of causation of BV [33]. Nevertheless, Gardnerella spp. vaginal colonization does not always
lead to BV [34]. In fact, Gardnerella spp. often form a constituent of the vaginal microbiota of healthy,
asymptomatic women of all ages [35,36]. Therefore, the question of how, as an opportunistic path-
ogen, Gardnerella spp. can exist in healthy asymptomatic women needs resolution so that the role
of Gardnerella spp. in BV pathogenesis can be properly understood. One possibility is that only
certain lineages or species of Gardnerella are pathogenic and others are natural commensals.
Another nonexclusive hypothesis is that some Gardnerella spp. are virulent only when specific condi-
tions arise [37]. To examine these hypotheses, many efforts have been made to decipher the features
associated with virulence, using a variety of techniques that characterize the diversity within Gardner-
ella spp., analyzing the phenotypic properties, genotyping differences, pangenome, ecotypes, and
in vitro functional properties.

Biotyping of Gardnerella spp.

For more than 30 years, the scientific community has been conducting a wide variety of bacterial
typing assays, in order to find the possible factors which might lead to different virulence traits among
isolates of Gardnerella spp., as described in Table 2.

The phenotypic diversity of the isolates of Gardnerella spp. is well established and has been used as
the basis for classification systems whereby isolates were divided into biotypes based on their
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Glossary

Amplified ribosomal DNA re-
striction analysis (ARDRA): a
technique based on the DNA
sequence variations present in the
PCR-amplified 16S rRNA genes. In
ARDRA analysis, the PCR product
amplified from environmental
DNA is generally digested with
tetracutter restriction endonucle-
ases, and restricted fragments are
resolved on agarose or poly-
acrylamide gels. Patterns ob-
tained from several restriction
enzymes can be compared with
those obtained from reference
strains to assign a particular
isolate to a genotype group.
Biofilms: communities of adhering
bacteria forming robust layers on
abiotic and biotic surfaces. The
adherent cells are surrounded by
a self-produced matrix of extra-
cellular polymeric substances.
Biofilm formation is a major clin-
ical issue because microorgan-
isms within biofilms are difficult to
eradicate.

Ecotype: a subgroup within a
species that has adapted geno-
typically and/or phenotypically to
the conditions unique to its
habitat.

Fluorescence in situ hybridization
(FISH): a technique that uses
fluorescent-labeled probes to
target species-specific rRNA se-
quences in a highly sensitive and
specific fluorescence in situ hy-
bridization assay.

Lysogenic phage: a bacterio-
phage that is integrated in the
bacterial genome, without
causing cell lysis.

Lytic phage: a bacteriophage that
has the ability to cause bacterial
cell lysis.

Pangenome: the entire gene set
of all strains of a species; it in-
cludes genes present in all strains
(core genome) and genes present
in only some strains of a species
(variable or accessory genome).
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Table 1. Main Features of Known Gardnerella spp. According to Vaneechoutte et al. [30]°

Feature Gardnerella Gardnerella Gardnerella Gardnerella
vaginalis leopoldii piotii swidsinskii

B-galactosidase Positive Negative Negative Negative

activity

Sialidase activity Positive/negative Negative Positive Negative

DNA G+C content 41.0 mol% to 41.9 mol% 41.1 mol% to 41.4 mol% to
42.8 mol% to 43.2 mol% 42.3 mol% 42.3 mol%

Colonies Pinpoint white- Pinpoint white- Pinpoint white- Pinpoint white-
grayish with grayish with grayish with grayish with
smooth surface smooth surface smooth surface smooth surface

*The reclassification of the Gardnerella species was performed by matrix-assisted laser desorption/ionization (MALDI)-
TOF (time of flight) protein profiling [30].

biochemical properties, namely, production of B-galactosidase, lipase, and hippurate hydrolysis [38—
41]. Attempts have been made to correlate these biotypes with BV, with one study finding that lipase-
positive isolates were more frequently isolated from women with BV than from those without BV [41].
However, other studies found no association between any specific biotype and BV [38,39].

Genotyping of Gardnerella spp.

Attempts at genotypic differentiation of Gardnerella spp. by amplified ribosomal DNA restriction
analysis (ARDRA) into biotypes with specific virulence factors have also yielded variable results and
fail to consistently implicate a particular biotype with BV [42,43]. Overall, there has been little success
in reconciling the genotypic and phenotypic characteristics with each other, or in identifying patterns
of association of any genotype or phenotype with demographic or clinical characteristics [42-44].

More recently, the advent of culture-independent methods for determining the composition of the
vaginal microbiome, based on whole-genome sequencing, has provided an unprecedented opportu-
nity to investigate the diversity of Gardnerella spp. [45]. Efforts to exploit whole-genome sequencing
of isolates of Gardnerella spp. showed disparities in virulence potential among the isolates [46-48].
Although the results of these comparative genomics studies revealed some evidence regarding the
distribution of genes responsible for virulence-associated traits, such as cytotoxicity [47] and degra-
dation of mucus [46], conclusions were limited by the small number of isolates studied. As far as we
know, vaginolysin and sialidase have been the most extensively studied virulence factors in Gardner-
ellaspp. [49-51]. Vaginolysin is a pore-forming toxin that is able to induce lysis of human erythrocytes,
epithelial cells, and polymorphonuclear leukocytes [52,53], whereas sialidase is associated with the
degradation of diverse key mucosal protective factors, such as mucins, and also contributes to the
exfoliation and detachment of vaginal epithelial cells [54,55]. Importantly, very recently, new insights
into the enzymes responsible for sialidase activity have shown that Gardnerella spp. can possess three
sialidases: sialidase A (also named neuraminidase or NanH1), NanH2, and NanH3 [56]. Of note is that
NanH2 and NanH3 seem to be the primary sources of sialidase activity in Gardnerella spp. [56].

In an early study of the vaginal microbiome, based on PCR amplification and sequencing of the "uni-
versal target’ region of the gene encoding the 60 kDa chaperonin (cpné0), Hill and colleagues [57]
described four different subgroups of Gardnerella spp. The same four subgroups were observed
in a much larger study of vaginal microbiomes of African women [58]. Jayaprakash et al. [42] subse-
quently reported that whole-genome average nucleotide identity values between cpné0-defined
subgroups were less than 95% [42]. Confirmation that cpné0-based subdivisions of Gardnerella
spp. were not the result of a PCR artifact was supported by a whole-genome sequencing study of
17 strains of Gardnerella [48]; this study revealed that Gardnerella is highly heterogeneous and taxo-
nomically diverse, with only 52% of the genome of each isolate consisting of conserved genes [48].
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Table 2. Studies of Gardnerella spp. Differentiation Using Biotyping Approaches

Technique Number (n) of Main conclusion Refs
isolates

Biotyping

Detection of hippurate n =359 8 biotypes were found [38]

hydrolysis, B-galactosidase No significant differences in

and lipase; fermentation of biotype distribution

arabinose, galactose and xylose )
n=197 17 biotypes were found [39]

No significant differences in
biotype distribution

n= 140 33 biotypes were found [40]
Significant differences in
biotype distribution, suggesting
that some biotypes were
associated with BV

Detection of hippurate hydrolysis, n=261 Significant differences in biotype [41]
B-galactosidase activity; lipase distribution, with the lipase-positive
activity with oleate as a substrate biotypes (biotypes 1, 2, 3, and 4) being

more predominant in women with BV

Based on these findings, isolates of Gardnerella spp. were clustered into four subgroups/clades with
distinct genomic properties. Notably, the reconciliation of the cpné0 typing [42] and the four sub-
groups/clades [48] was further proposed in a recent study carried out by Schellenberg and colleagues
[59], where cpnb0subgroups A, B, C, and D were shown to correspond to clades 4, 2, 1, and 3, respec-
tively. However, Janulaitiene and colleagues showed that some isolates of Gardnerella spp. did not
belong to any clade detectable by clade-specific PCR [60]. Importantly, the establishment of pheno-
typic properties that differentiate the four subgroups is so far limited to the observation that all sub-
group B isolates (and only some subgroup C isolates) are sialidase-activity positive [54,59]. Curiously,
the subgroup C isolates might also exhibit lipase activity [42]. Very recently, Vaneechoutte and col-
leagues [30] showed that clade 1 described by Ahmed et al. [48] contains two species, of which
they described one as G. vaginalis but the second species was not further characterized. According
to the same study, clade 2 also contains two species, one being described as G. piotii, while the other
was also undefined. Clade 3 contains three undefined species, while clade 4 contains two species,
which they described as G. leopoldii and G. swidsinskii. Figure 1 shows the association between
data provided by these whole-sequencing genome studies. Of note, the different conclusions ob-
tained from the studies developed by Ahmed et al. [48] and Vaneechoutte et al. [30] might be ex-
plained by the fact that Ahmed and colleagues’ analysis was based upon visual inspection of a phylo-
genetic tree constructed from core gene allelic data, whereas Vaneechoutte and coworkers based
their conclusions on full genome similarity statistics.

Importantly, the development of cpné0-based molecular profiling, as well as the clade-specific PCR
assays, allowed investigation of the prevalence of each subgroup in vaginal specimens [17,61-64]. In
this regard, a study employing multitarget quantitative PCR with subgroup-specific primers detected
multiple subgroups in 70% of 60 vaginal samples examined [17]. This is particularly relevant given that
multiclade communities of Gardnerella spp. showed a positive association with BV, suggesting that
women with BV were colonized with multiple strains of Gardnerella spp. [60,63,65].

Prophage Increases the Breadth of the Gardnerella spp. Pangenome

The development of advanced genomics tools has provided a great opportunity to analyze the entire
gene set of all strains of a species, which is defined as the pangenome [66,67]. Interestingly,
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{ Cpn60 Subgroup A H Clade 4 H G. leopoldii and G. swidsinskii }

{ Cpn60 Subgroup B H Clade 2 H G. piotii and other undefined Gardnerellaspecies }
~ G. vaginalis and other undefined Gardnerella

[ Cpn60 Subgroup C H Clade 1 ]—{ e J

{ Cpn60 Subgroup D H Clade 3 ]—{ Three other undefined Gardnerella species }

Trends in Microbiology

Figure 1. Association between Data Provided by Whole-Genome Sequencing. Classification of Gardnerella
spp. based on cpn60 subgroups [59], on the clade system [48], and, lastly, the description of novel
species [30].

congruent to the genomic characterization of Gardnerella spp. from the reproductive tract, isolates
from bladders of women with symptoms of urgency urinary incontinence reveal a large pangenome
[68]. Notably, Malki and colleagues showed that prophage gene sequences were found to be abun-
dant amongst Gardnerella isolated from the bladder and from the vagina and endometrium [48].
Interestingly, examination of the coding sequences for all the investigated genomes failed to detect
genes that were exclusive to the isolates from the bladder. These findings have highlighted indica-
tions that strongly suggest substantial horizontal gene transfer. In addition, bioinformatic evidence
indicated that prophage acquisition is ongoing within both vaginal and bladder Gardnerella popula-
tions. Phages have been found to play a crucial role in the structuring of microbial communities,
including those residing within the human body [69], driving bacterial genetic diversity [70] and adap-
tation to changes in the environment [71]. It has been postulated that lysogenic lactobacilli phages
could enter the lytic cycle, contributing to a shift in the vaginal microbiota leading to BV [72,73]. Simi-
larly, the abundance of prophage sequences within the analyzed Gardnerella strains suggests that
phages could play an important role in the evolutionary history of the species, and in its interactions
within the complex communities found in the female urinary and reproductive tracts. However, to
date, no lytic phage specific for Gardnerella has been isolated.

Gardnerella spp. Ecotypes

It is critical to embrace the diversity of Gardnerella spp. to gain meaningful insight into its ecology
[74]. An ecotype is a subspecies group in which the constituents are ecologically distinct from other
members of the species [75]. Ecotypes thus represent lineages within species that possess unique
adaptations and ecological capacities [74,75]. Noticeably, Cornejo and colleagues pointed out the
existence of three major ecotypes of Gardnerella spp. based on the phylogenetic structure of their
core and accessory genes and the cohesiveness in functional gene composition with ecotypes. Inter-
estingly, only the genomes of isolates belonging to ecotype 1 encode several glycosidases (e.g., ga-
lactosidases, glucosidases, and fucosidases) and have expanded capabilities for galactoses and
pentose sugar metabolism. Ecotype 2 is better characterized by the possession of at least two distinct
genes encoding sialidase. Conversely, the majority of the genomes in ecotype 3 lack genes for any of
these enzymes [74]. This is especially noteworthy considering the observations of Balashov and col-
leagues [17] that isolates identified as lineages showing an under-representation of sialidases were
more prevalent among asymptomatic subjects. Taken together, these findings could be useful to
more accurately identify and characterize lineages of Gardnerella spp. associated with symptoms
of BV, ultimately improving diagnostic procedures for the disease.

Functional Analysis of Virulence Potential of Gardnerella spp. Based on in vitro
Assays

Despite the recent findings provided by employing higher-resolution approaches, a considerable
number of culture-based studies have shown the wide variety of functional features observed for
Gardnerella spp. isolates in terms of ability to displace beneficial Lactobacillus spp., antimicrobial
tolerance, biofilm formation, cytotoxicity, and adhesion to epithelial cells, as summarized in Table 3.
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Table 3. In vitro Studies of Functional Virulence Properties of Strains of Gardnerella Isolated from Women
with a Clinical Diagnosis of BV versus Women in Whom BV Has Been Clinically Ruled Out

Type of assay

Displacement of beneficial lactobacilli

Gardnerella spp. ability to
induce displacement of lactobacilli
preadhered to epithelial cells

Antimicrobial tolerance

Minimal inhibitory concentration
(MIC) assays

MIC assays

Biofilm formation

Biofilm formation in 96-well

plates

Biofilm formation in 96 well-
plates

Cytotoxicity

Cytotoxicity to Hela

epithelial cell

Number of
isolates (n)

n=14
n=43
n=6
n=34
n=9
n=6

Main conclusion

BV isolates had a stronger
ability to cause displacement of
Lactobacillus crispatus than

asymptomatic/non-BV

Isolates from asymptomatic/
non-BV women were also resistant

to metronidazole

Isolates from both asymptomatic/

Refs

(81]

(44]

[86]

non-BV and BV women were tolerant

to host immune components

The differences found in biofilm
formation between BV and
asymptomatic/non-BV isolates

were not statistically different

Isolates from all four subgroups
produced biofilm

Gardnerella strains isolated
from women with BV were able
to induce more extensive
damage on the HelLa monolayer
than strains isolated from

asymptomatic/non-BV women

Adherence, cytotoxicity, biofilm formation, and antimicrobial tolerance

Adherence/cytotoxicity to ME-180
epithelial cells

MIC assays and biofilm formation

Adherence/cytotoxicity to Hela

epithelial cells

n=2

BV isolate was able to adhere
to larger numbers and cause
more cytotoxic effects

to ME-180 epithelial cells

Both isolates exhibited similar
antimicrobial tolerance to the
12 antibiotics tested; BV
isolates showed a high biofilm-

forming capacity

BV isolates were able to adhere
to larger numbers and cause
more cytotoxic effects to

Hela cells;

[51]

[42]

(85]

[42]

(81]

(Continued on next page)
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Table 3. Continued

Type of assay Number of Main conclusion Refs
isolates (n)

MIC assays and biofilm formation Both isolates exhibited similar
antimicrobial tolerance to
the 12 antibiotics tested; no
statistical differences were
found in biofilm formation

As stated at the beginning of this review, a hallmark of BV is the presence of a thick biofilm on vaginal
epithelial cells [12,76-78]. The association of the biofilm phenotype to BV development raised an
important question: do all Gardnerella spp. have the ability to develop a biofilm? In other biofilm-
associated diseases it has been already established that not all strains within the same species
form biofilms [79]. Evaluation of the biofilm-forming ability of two strains of Gardnerella spp., one iso-
lated from a woman with a clinical diagnosis of BV and the other from a woman in whom BV had been
clinically ruled out, showed that the biofilm-forming ability was significantly higher in the BV isolate,
which would reasonably be consistent with greater ability to tolerate antimicrobial treatments [47].
The authors of the study found that the sequences of a putative biofilm-associated protein (BAP) fam-
ily gene were quite disparate in both isolates and that could potentially explain the differences in bio-
film formation [47]. BAP proteins are large, cell-wall-anchored adhesins that can mediate both adher-
ence to host cells and intercellular adherence, thus contributing to biofilm formation [80]. The analysis
of this phenotypic feature in a larger array of Gardnerella spp. isolated from both groups of women
would be needed to support its role and to understand such variations. In this sense, our research
group carried out a study which analyzed the biofilm-forming capacity of a higher number of isolates,
using the same in vitro model described by Harwich and colleagues [47]. However, contrary to their
findings, we did not observe significant differences in the in vitro biofilm-forming capacity between
the isolates belonging to both groups [81]. The biofilm-forming ability of isolates belonging to the
four Gardnerella subgroups, as proposed by Ahmed and colleagues [48], was also tested [42,51].
These studies also demonstrated no statistical differences in biofilm-forming capacity between the
subgroups [42,51]. While microtiter plate assays have greatly increased our understanding of the
biology of vaginal biofilms, it is becoming increasingly apparent that the in vitro methods do not
accurately represent in vivo conditions and are highly sensitive to technical variability [42,47,81].
In vitro models have some drawbacks and shortcomings owing to the fact that the growth medium
might not contain all the factors found in vivo, and some in vivo cues may turn on expression of bio-
film-related genes. As such, by using such in vitro models, the process involved in the initial attach-
ment to the substratum, which corresponds to the first stage of the biofilm formation, might be
different from what happens in vivo [82-84].

Trying to overcome the limitations of the in vitro models and to better understand the differences be-
tween the isolates from asymptomatic/BV-negative or BV-positive women, our research group car-
ried out some experiments using epithelial cells that could mimic the vaginal epithelium. Remarkably,
using these conditions, Gardnerella spp. isolated from women with BV revealed a higher ability to
cause cytotoxic effects on epithelial cells, as well as a higher ability to displace preadherent healthy
vaginal lactobacilli, and, subsequently, achieving higher initial adhesion rates [81]. Biofilm formation
under these conditions was unsuccessful due to strong cytotoxicity of Gardnerella that induced the
death of the cell lines within 3 h of contact. Taken together, these findings support the most recent
model of BV development [78], which suggested that the virulent Gardnerella spp. might be respon-
sible for the trigger for BV development during the early stages of biofilm formation [47,81,85].

Apart from the findings related to the different pathogenicity of Gardnerella spp. isolates [44,47,81],

another important insight providing evidence that not all strains have the same virulence potential
was derived from a work conducted by Swidsinski and colleagues. They highlighted the importance
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of Gardnerella spp. biofilms when they observed that only biofilm-forming isolates were present in
the sex partners of women with BV [76]. These findings led them to propose that the mere presence
of loosely adherent Gardnerella spp. on the vaginal epithelium had a lesser clinical significance and
that BV was sexually transmissible only in the presence of high-density clusters (biofilms) of Gardner-
ella spp. [76], which correlates with our findings [81]. In sum, all these studies support the hypothesis
that certain members within the genus Gardnerella are less likely to induce BV, whereas others are
more virulent and more likely to cause BV [78]. A weakness of such studies, however, is that the whole
metagenomic community profiles from which samples tested in vitro are isolated, are often not
analyzed. Whole metagenomic analysis would reveal the presence of strains that were not isolated.
In the absence of whole metagenomic analysis, the possibility cannot be ruled out that clinical
outcome is related to a strain of bacteria that was not isolated from the sample.

Concluding Remarks

This review summarizes current knowledge concerning the Gardnerella spp. physiology and molecular
biology, and highlights the need to revise the bulk of original research of the past decades that considered
all Gardnerellaisolates as belonging to G. vaginalis. There remains a great deal of work to be done in eluci-
dating the basic biology and metabolism of different Gardnerella species and their impact in BV develop-
ment. It has been suggested that the functional role played by Gardnerella spp. within the vaginal micro-
biota could differ significantly depending on the subgroup(s) or species dominating the BV-type microbiota
[30,37]. Therefore, there are gaps in knowledge regarding the role of Gardnerella spp. in the vaginal micro-
biome in eubiotic and dysbiotic states (see Outstanding Questions). Furthermore, itis also essential to carry
out an array of phenotypic and genotypic studies to facilitate the correct classification of Gardnerella iso-
lates and to find markers that are associated with BV. Research using a robust animal model could advance
our understanding of BV pathogenesis, especially with regard to factors such as the role of biofilms, trans-
mission mechanisms, and adverse pregnancy outcomes.
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Outstanding Questions

Do certain lineages or species of
Gardnerella vary in their virulence
potential according to the BV sta-
tus? Can Gardnerella spp. be
opportunistic pathogens, present
in the vaginal microbiota that, un-
der specific conditions, might turn
into a more virulent state? Are bac-
teriophages involved?

Do ecological interactions between
different Gardnerella species that
colonize the same woman enhance
virulence potential and, conse-
quently, clinical outcome?

Relative to Gardnerella isolates
from women in whom BV has been
clinically ruled out, do isolates
from women with a clinical diag-
nosis of BV differ in their suscepti-
bility to antimicrobial agents, and
is this related to the recurrence of

BV?
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