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ABSTRACT Gardnerella vaginalis is described as a common anaerobic vaginal bacte-
rium whose presence may correlate with vaginal dysbiotic conditions. In the current
study, we performed phylogenomic analyses of 72 G. vaginalis genome sequences,
revealing noteworthy genome differences underlying a polyphyletic organization of
this taxon. Particularly, the genomic survey revealed that this species may actually
include nine distinct genotypes (GGtypel to GGtype9). Furthermore, the observed
link between sialidase and phylogenomic grouping provided clues of a connection
between virulence potential and the evolutionary history of this microbial taxon.
Specifically, based on the outcomes of these in silico analyses, GGtype3, GGtype7,
GGtype8, and GGtype9 appear to have virulence potential since they exhibited the
sialidase gene in their genomes. Notably, the analysis of 34 publicly available
vaginal metagenomic samples allowed us to trace the distribution of the nine G.
vaginalis genotypes identified in this study among the human population, highlight-
ing how differences in genetic makeup could be related to specific ecological prop-
erties. Furthermore, comparative genomic analyses provided details about the G.
vaginalis pan- and core genome contents, including putative genetic elements in-
volved in the adaptation to the ecological niche as well as many putative viru-
lence factors. Among these putative virulence factors, particularly noteworthy
genes identified were the gene encoding cholesterol-dependent cytolysin (CDC)
toxin vaginolysin and genes related to microbial biofilm formation, iron uptake, ad-
hesion to the vaginal epithelium, as well as macrolide antibiotic resistance.

IMPORTANCE The identification of nine different genotypes among members of G.
vaginalis allowed us to distinguish an uneven distribution of virulence-associated ge-
netic traits within this taxon and thus suggest the potential occurrence of putative Citation Tarracchini C, Lugli GA, Mancabelli L,
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acid production that keeps low pH and provide protection to the host against patho-
genic bacteria (6-8).

In recent years, the composition of women'’s vaginal microbiota has been investi-
gated by means of next-generation DNA sequencing techniques, revealing that vaginal
bacterial communities, i.e., vaginal microbiota, can be classified from three to nine
ecotypes according to their specific microbial composition (9). In this context, it has
been proposed that the vaginal microbiota of asymptomatic women from four ethnic
groups could be clustered into five community-state types (CSTs) (9). Notably, CST |,
CST Il, CST lll, and CST V were dominated by various species of Lactobacillus, i.e.,
Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus iners, and Lactobacillus jense-
nii, respectively, while CST IV was mainly constituted by obligated anaerobic bacteria,
also including members of the Prevotella, Atopobium, and Gardnerella genera. Among
the latter genus, a single species has been so far described, i.e., Gardnerella vaginalis,
represented by Gram-positive, anaerobic, non-spore-forming bacteria commonly iden-
tified in the vaginal environment (10).

Great interest revolves around G. vaginalis since this microorganism was frequently
detected as a dominant microorganism in chronic and acute BV incidence (11), which
is an aberrant condition characterized by a shift of the vaginal microbiota composition
(Lactobacillus dominated) toward a more diversified microbial community (12). It has
been demonstrated that G. vaginalis cells possess the ability to adhere to the vaginal
epithelium and develop a characteristic microbial biofilm (13, 14), enabling it to
colonize the vaginal tract efficiently. In addition, G. vaginalis can produce other
virulence factors, such as sialidase, which has been strongly linked with microbial
biofilm production (15, 16), and cholesterol-dependent cytolysin (CDC) family toxin
vaginolysin (17). However, it has also been observed that presence of G. vaginalis in the
vaginal microbiota does not always imply BV (18). For this reason, several efforts were
made to highlight which genomic differences could discriminate pathogenic from
commensal strains (11, 19, 20). Nevertheless, the role of G. vaginalis in the pathogenesis
of BV is still far from being fully understood.

Since its discovery in 1955, G. vaginalis was named Haemophilus vaginalis (10), and
later, it was designated Corynebacterium vaginale (21). Afterward, taxonomic studies
confirmed the need to introduce the new Gardnerella genus, also showing its taxo-
nomic relatedness to the Bifidobacterium genus (22, 23). To date, G. vaginalis is
taxonomically placed within the Bifidobacteriaceae family, and it is considered the only
species of the Gardnerella genus. However, several studies have reported the existence
of genetic heterogeneity among the various members of this genus (24-26).

Here, we carried out an exhaustive comparative genome analysis based on 72
publicly available genomic sequences of G. vaginalis, aiming to investigate the genomic
variability of this taxon. Moreover, phylogenomics analyses were carried out to high-
light the phylogenetic relationships of G. vaginalis with the other members of the
Bifidobacteriaceae family. Finally, the screening of 34 publicly available vaginal
shotgun metagenomic data sets allowed us to investigate the distribution of the
here-identified G. vaginalis genotypes among the human population.

RESULTS AND DISCUSSION

General genome features of Gardnerella vaginalis. In order to perform an ex-
haustive comparative genomic analysis of the G. vaginalis species, all the publicly
available genome sequences of this taxon were retrieved from the NCBI database
(Table 1). Notably, chromosomes of G. vaginalis used in this work were carefully
selected, resulting in one of the largest high-quality databases developed to date,
encompassing 72 G. vaginalis genomes (see Materials and Methods). The predicted
average genomic GC content was 41.8%, a lower value than the other members of the
Bifidobacteriaceae family (60.2% for the bifidobacterial strains and 52.9% for other
genera of the Bifidobacteriaceae family) (27). Interestingly, the GC content showed low
variability among analyzed strains, except for the CMW7778B chromosome, which
deviates from the genomes of the other strains, with a GC content of 38%. As shown
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TABLE 1 General genome features of G. vaginalis
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Gardnerella vaginalis ENA Genome Genome GC No. of No. of No. of Virulence Isolation BioProject
strain assembly no. status size (Mb) content (%) CDS rRNA loci tRNA genes gene(s) source accession no.
5-1 GCA_000176495.1 Draft 1.6728 42.0 1,273 1 45 vly Vagina PRJNA40895
41V GCA_000165635.2 Draft 1.6594 413 1,277 1 45 vly Vagina PRJNA53893
PSS_7772B GCA_001546485.1 Draft 1.5967 429 1,169 1 44 vly Urine PRINA272100
KA00225 GCA_002896555.1 Draft 1.6700 40.8 1,187 2 45 vly Vagina PRIJNA338962
101 GCA_000165615.2 Draft 1.5275 434 1,163 2 45 vly NA“ PRIJNA53359
CMW7778B GCA_001563665.1 Draft 1.6026 38.0 1,150 1 44 vly Vagina PRINA272122
N165 GCA_003408785.1 Draft 1.7116 41.4 1,344 2 44 vly, sld Vaginal mucus PRIJNA310104
1400E GCA_000263495.1 Draft 1.7163 41.2 1,331 3 44 vly Vagina PRINA42445
1500E GCA_000263595.1 Draft 1.5482 43.0 1,157 3 45 vly Vagina PRINA42447
55152 GCA_000263475.1 Draft 1.6432 413 1,244 1 45 vly Vagina PRINA42443
GED7760B GCA_001546455.1 Draft 1.4892 433 1,123 1 45 sid Vagina PRINA272108
UGent 09.07 GCA_003397665.1 Draft 17238 41.1 1,293 1 47 vly Vagina PRINA474758
00703C2mash GCA_000263515.1 Draft 1.5467 423 1,185 2 45 vly Vagina PRINA42451
49145 GCA_003034925.1 Draft 1.7014 41.2 1,325 1 45 vly, sld Vagina PRINA437230
ATCC 49145 GCA_001913835.1 Draft 1.7069 41.2 1,361 2 45 vly, sld Vagina PRINA342481
GED7275B GCA_001546445.1 Draft 1.5079 425 1,139 1 45 vly Vagina PRINA272096
UMBO0061 GCA_002861165.1 Draft 17422 412 1,387 2 45 vly, sld  Catheter PRINA316969
0288E GCA_000263555.1 Draft 1.7088 41.2 1,338 1 45 vly Vagina PRINA42437
284V GCA_000263435.1 Draft 1.6508  41.2 1,280 2 45 vly Vagina PRINA42431
00703Bmash GCA_000263615.1 Draft 1.5661 42.3 1,227 1 45 vly, sld Vagina PRINA42449
JCM 11026 GCA_004336685.1 Draft 1.6571 413 1,225 1 45 vly, sld Vagina PRINA524873
6420B GCA_000263575.1 Draft 1.4936 42.2 1,122 1 45 vly Vagina PRINA42441
UMB0032B GCA_002862005.1 Draft 1.7451 41.2 1,382 1 45 vly, sld Catheter PRINA316969
315-A GCA_000214315.2 Draft 1.6533 414 1,298 1 45 vly, sld  Vaginal PRJNA52049
NRO10 GCA_003408845.1 Draft 1.6227 45.5 1,181 3 45 vly, sld Vaginal mucus PRINA310104
UMBO0833 GCA_002861885.1 Draft 1.6203 421 1,273 3 45 sld Catheter PRINA316969
6119V5 GCA_000263655.1 Draft 14996 433 1,117 1 45 vly Vagina PRINA42455
3549624 GCA_001049785.1 Draft 1.7323 41.4 1,298 2 45 vly, sld Vagina PRJNA288563
00703Dmash GCA_000263635.1 Draft 14908 434 1,121 1 45 vly Vagina PRINA42453
14018c¢ GCA_004336715.1 Draft 1.6578 413 1,232 1 45 vly, sld NA PRINA524879
UMBO0032A GCA_002862015.1 Draft 1.7455  41.2 1,383 2 45 vly, sld  Catheter PRINA316969
UMBO0770 GCA_002861945.1 Draft 1.6960 41.2 1,323 1 45 vly, sld Catheter PRINA316969
UMBO0775 GCA_002861925.1 Draft 1.7436 41.2 1,397 2 45 vly, sld Catheter PRINA316969
GS 9838-1 GCA_003397705.1 Draft 1.6221 419 1,231 2 45 vly Vagina PRINA474758
UMB1686 GCA_002884775.1 Draft 1.5106 433 1,124 2 45 vly, sld Catheter PRINA316969
DNF01149 GCA_002894105.1 Draft 17247 412 1,362 3 45 vly, sld  Vagina PRIJNA338971
N101 GCA_003369895.1 Draft 1.5430 424 1,205 1 45 vly, sld Vaginal swab PRINA265097
UMBO0233 GCA_002862045.1 Draft 1.6424 41.2 1,292 1 45 vly, sld Catheter PRINA316969
14019_MetR GCA_001278345.1 Draft 1.6611 413 1,317 1 45 vly, sld NA PRINA294071
W11 GCA_003369875.1 Draft 1.5667 423 1,213 1 45 sid Vaginal swab PRIJNA265103
N95 GCA_003369965.1 Draft 15225 424 1,183 2 45 vly, sld  Vaginal swab PRJNA265092
UMB0682 GCA_002862065.1 Draft 1.6013 421 1,234 1 45 vly Catheter PRINA316969
N153 GCA_003369935.1 Draft 1.5418 424 1,167 1 45 vly, sld Vaginal swab PRINA265102
N72 GCA_003408815.1 Draft 1.6429 419 1,249 1 45 vly Vaginal mucus PRINA310104
N160 GCA_003408775.1 Draft 1.5097 433 1,119 3 43 vly, sld Vaginal mucus PRINA310104
UGent 18.01 GCA_003397585.1 Draft 1.5143 42.5 1,144 1 45 sid Vagina PRINA474758
UMBO0768 GCA_002884835.1 Draft 1.6748 413 1,319 2 45 vly, sld Catheter PRINA316969
UMB1642 GCA_002884795.1 Draft 1.6288 41.8 1,233 2 45 vly Catheter PRINA316969
UMB0264 GCA_002884875.1 Draft 1.5151 423 1,155 2 45 vly Catheter PRINA316969
UMB0913 GCA_002861145.1 Draft 1.5136 421 1,140 1 45 vly Catheter PRINA316969
UMBO0170 GCA_002884855.1 Draft 15147 423 1,153 2 45 vly Catheter PRINA316969
UMB0912 GCA_002861125.1 Draft 1.5138 421 1,140 1 45 vly Catheter PRINA316969
UMBO0830 GCA_002861905.1 Draft 15592 423 1,224 1 45 vly, sld  Catheter PRINA316969
75712 GCA_000263535.1 Draft 1.6730 413 1,302 2 45 vly Vagina PRINA42435
UMBO0386 GCA_002861965.1 Draft 1.6757  41.2 1,323 2 45 vly, sld  Catheter PRINA316969
UGent 25.49 GCA_003397605.1 Draft 1.6586 41.2 1,246 2 45 vly, sld Vagina PRINA474758
GS 10234 GCA_003397745.1 Draft 1.5890 41.9 1,181 2 45 vly Vagina PRINA474758
UGent 09.48 GCA_003397635.1 Draft 14709 422 1,095 1 45 vly Vagina PRINA474758
UGent 21.28 GCA_003397615.1 Draft 1.5479 425 1,189 1 45 sid Vagina PRINA474758
UMB0298 GCA_002861975.1 Draft 1.6760 41.2 1,319 2 45 vly, sld  Catheter PRINA316969
ATCC 14018 GCA_003397685.1 Draft 1.6620 413 1,248 1 45 vly, sld Vagina PRINA474758
FDAARGOS_296 GCA_002206225.2 Draft 1.7710 413 1,375 2 45 vly, sld NA PRINA231221
N144 GCA_003408835.1 Draft 1.5824 42.3 1,217 1 45 vly, sld Vaginal mucus PRINA310104
GHO015 GCA_003408745.1 Draft 1.5756 41.0 1,173 1 43 vly, sld Vaginal mucus PRINA310104
JCM 11026 GCA_001042655.1 Complete 1.6674 413 1,244 2 45 vly, sld Vagina PRJDB63
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TABLE 1 (Continued)
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Gardnerella vaginalis ENA Genome Genome GC No. of No. of No. of Virulence Isolation BioProject
strain assembly no. status size (Mb) content (%) CDS rRNA loci tRNA genes gene(s) source accession no.
NCTC10287 GCA_900637625.1 Complete 1.6674 41.4 1,252 2 45 vly, sld Vagina PRJEB6403
GV37 GCA_001953155.1 Complete 1.7467 41.8 1,359 2 45 vly Blood culture PRJNA360037
HMP9231 GCA_000213955.1 Complete 1.7265  41.2 1,354 2 45 vly Endometrium PRINA51067
FDAARGOS_568 GCA_003812765.1 Complete 1.7166 413 1,368 2 45 vly, sld NA PRINA231221
ATCC 14019 GCA_000159155.2 Complete 1.6674 41.4 1,209 2 45 vly, sld Vaginal PRINA31473
409-05 GCA_000025205.1 Complete 1.6176 42.0 1,237 2 45 vly Vaginal PRJNA31001
UGent 06.41 GCA_003293675.1 Complete 1.5635 42.1 1,162 2 45 vly Vagina PRINA474758

aNA, not available.

by previous studies, these findings allowed researchers to suggest that the adaptation
to a limited niche complexity, along with a constant environmental temperature, may
have affected the GC content of G. vaginalis genomes (28). In fact, G. vaginalis strains
have been isolated so far only from the human urogenital tract, thus showing a
restricted ecological niche whose temperature is maintained to be almost constant. In
contrast, members of the Bifidobacterium genus that colonize a wide variety of eco-
logical niches, including the gut of homeothermic and heterothermic animals, exhib-
ited a higher GC content level (27).

G. vaginalis genome sequences considered in this study ranged in size from 1.47 Mb
(UGent 09.48) to 1.77 Mb (FDAARGOS_296), with an average of 1,241 coding DNA
sequences (CDS). Furthermore, these genomes had between 1 and 3 rRNA loci, and the
number of tRNA genes ranged from 44 to 47. These data results were consistent with
those of the genomes of nonbifidobacterial taxa of the Bifidobacteriaceae family,
exhibiting averages of 1,502 CDS and 2.6 rRNA operons per genome and numbers of
tRNA genes ranging from 45 to 48. Specifically, a statistical comparison between G.
vaginalis chromosomes and nonbifidobacterial genomes showed that, within this latter
group, the average numbers of CDS, rRNA operons, and tRNA genes were increased by
17.41% (P < 0.05), 40.10% (P < 0.05), and 2.53% (P < 0.05), respectively. Moreover, the
analogous comparison with members of the Bifidobacterium genus showed averages of
1,865 CDS and 3.2 rRNA loci and a tRNA content ranging from 40 to 79, revealing that
within the bifidobacterial group, the averages of these numbers were increased by
33.45% (P < 0.05), 50.37% (P < 0.05), and 14.99% (P < 0.05), respectively (27). Based on
the statistical comparisons of the number of CDS, rRNA, and tRNA, it seems at first that
the G. vaginalis species has undergone a selective pressure similar to nonbifidobacterial
members of the Bifidobacteriaceae family rather than members of the Bifidobacterium
genus. As mentioned above, G. vaginalis was correlated with BV incidence; neverthe-
less, it was also often found in healthy vaginal microbiota. It was supposed that certain
lineages or species of Gardnerella are natural commensals and others can act as
pathogens, triggering cases of symptomatic vaginal dysbiosis (29). To evaluate this
hypothesis, we assessed the distribution of the two most studied and described genes
that participate in the pathogenesis mechanism driven by G. vaginalis, i.e., those
encoding the pore-forming CDC toxin vaginolysin (vly) and sialidase (sld), also known
as neuraminidase (15, 17). Results showed that the genomes of 67 strains contained the
vly gene, whereas more than half of the total number of Gardnerella chromosomes (40
genomes) were shown to encode a sialidase enzyme (Table 1). Notably, the sialidase
enzymatic activity can reduce the protective vaginal mucosal layer, facilitating bacterial
adhesion to the vaginal epithelium and subsequent microbial biofilm development,
thus increasing the infectious capabilities of G. vaginalis strains (15).

The evaluation of the possible presence of mobile elements within G. vaginalis
chromosomes, followed by investigations of the genomic regions adjacent to both their
ends, allowed us to assess the occurrence of eight putative virulence genes in eight G.
vaginalis genomes. Each of these protein-encoding genes contained a domain resem-
bling the coding region for a virulence-related protein belonging to a member of the
Streptococcus genus and was found alongside a putative genomic prophage island (Fig.
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S1 in the supplemental material). Furthermore, 15 strains of G. vaginalis contained
noteworthy genes placed tightly adjacent to transposases predicted to belong to
members of the 1S256 and IS3 families. These genes included a sequence encoding a
RelE/RelB toxin-antitoxin system that is thought to exert toxic effects on both bacterial
and eukaryotic cell types (30), as well as a ribosomal protection protein (TetM) confer-
ring tetracycline resistance (31) and a collagen-binding protein (Fig. S1). These char-
acteristics may reflect how prophage-like sequences and insertion sequence (IS) ele-
ments can be responsible for genomic duplications, deletions, and rearrangements,
contributing to the genetic makeup and biodiversity of this bacterial taxon (32).

Pan-genome and core genome of the G. vaginalis species. Previous comparative
genomic studies involving much smaller numbers of G. vaginalis genome sequences
highlighted significant genomic differences between the chromosomes of this species
(19, 24, 33). In this context, pan-genome reconstruction can contribute to deciphering
the evolutionary dynamics, i.e., selection pressure of beneficial genes, as well as
species- and genus-level differences in overall gene content (34). In order to explore
genetic differences, the genomes of 72 G. vaginalis strains were submitted to gene
reannotation and subsequently analyzed from a pan-genome perspective, also unveil-
ing their core genome and unique gene sequences. The pan-genome size of G.
vaginalis has been shown to consist of 5,071 clusters of orthologous groups (COGs), and
plotting it on a logarithmic scale as a function of the total amount of involved genomes
revealed that the power trend line had not yet reached a plateau (Fig. 1). More
precisely, adding a new G. vaginalis genome is predicted to add about 38 or 39 new
genes to the G. vaginalis pan-genome.

As previously mentioned, the pan-genome analysis allowed the evaluation of the
core genome, defined as the set of gene families shared by all the organisms (34). In this
comparison, a total repertoire of 514 COGs (10.1%) has been identified as a constituent
of the core genome of G. vaginalis. Previous pan-genome analysis, including 60
Bifidobacterium pseudolongum genomes with an average genome size of 2.01 Mb,
revealed a pan-genome consisting of 6,172 COGs corresponding to a core genome of
1,069 COGs (17.3%) (35). Likewise, a pan-genome curve based on 33 Bifidobacterium
longum genomes with an average genome size of 2.35 Mb showed a pan-genome
consisting of about 6,000 COGs and a core genome formed by 1,145 COGs (about 19%)
(36). This evidence suggests that the G. vaginalis core genome could be considered
smaller than that of other species belonging to the closely related Bifidobacterium
genus.

Furthermore, through pan-genome analysis, we also identified the truly unique
genes (TUGs) of Gardnerella, which ranged from 7 for the strain UMB0386 to 143 for
KA00225. These findings showed that this species displays a modestly sized core
genome corresponding to a relatively sizeable dispensable genome, i.e., the subset of
genes shared by two or more strains (Fig. 1). Afterward, in silico analysis employing the
eggNOG database allowed us to investigate the functional annotation of core genes.
Excluding 14.9% that have no function, the large part of the encoded proteins belong-
ing to the core proteome of G. vaginalis was related to essential cell maintenance,
including translation (16.2%), carbohydrates, amino acids, and nucleotide metabolic
processes (7.3%, 6.8%, and 6.6%, respectively) as well as inorganic ion transport (6.4%)
(Fig. 1).

In addition, to get insights into specific genes supporting the adaptation of G.
vaginalis to the vaginal environment, the genes belonging exclusively to the core
genome of this species were further analyzed. A collection of 379 COGs, constituting
the specific core genome of G. vaginalis, were obtained from the total amount of 514
COGs following the exclusion of COGs shared with other members of the Bifidobacte-
riaceae family (see Materials and Methods). This set of genes was evaluated from a
functional annotation perspective. Such analysis revealed the ubiquitous presence of
genes encoding C69-family dipeptidase, previously recognized as responsible for col-
lagen molecule degradation (37), and a pullulanase, which seems to allow the efficient
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FIG 1 G. vaginalis pan-genome. (a) Pan-genome represented as a variation in size of the gene pool resulting from the
sequential addition of the 72 G. vaginalis genomes. (b) Pie chart of the number of core genes (green), dispensable genes

(orange), and unique genes (light blue) of G. vaginalis.

utilization of glycogen, i.e., the primary available carbon source in the vaginal lumen
(38). The mere presence of the latter genes within the G. vaginalis chromosomes cannot
demonstrate that these genes are still under selective pressure. Thus, further investi-
gations are requested to confirm their activity and functionality. However, their pres-
ence in the genomes of G. vaginalis may represent a clue to genetic adaptation to the
vaginal environment of this species.

The screening of G. vaginalis genomes revealed the presence of several common
features related to virulence, i.e., cytotoxicity/hemolysis mechanisms, biofilm produc-
tion, iron uptake, adhesion to the epithelium, and antimicrobial resistance. Specifically,
the ability of G. vaginalis to adhere to the vaginal wall is mediated by genes encoding
type IV Flp pili (Table S3). At the same time, the subsequent biofilm development seems
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to be related to type | glycosyltransferase, also involving sortase enzyme activity, which
was detected in each G. vaginalis genome analyzed as well (39). Furthermore, G.
vaginalis genomes contained genes associated with toxicity, including a CDC toxin,
vaginolysin, highly conserved among G. vaginalis strains (17), and a serralysin charac-
terized in Serratia marcescens annotated as serralysin (40). Finally, within the core G.
vaginalis genes, seven genes encoding putative drug resistance proteins were found,
including two genes that are predicted to confer resistance to macrolide antibiotics,
one major facilitator superfamily (MFS) transporter, as well as four unknown multidrug
efflux systems.

Phylogenomic analysis of G. vaginalis taxon. As previously mentioned, the
Gardnerella genus is currently considered to be composed of just one species, G.
vaginalis (41). Over time, since its discovery, G. vaginalis was renamed repeatedly. This
complicated taxonomic classification history provides an idea of the difficult challenge
faced due to considerable diversity within this species. In recent years, phylogenetic
analysis based on comparison of chaperonin-60 (cpn60) sequences identified four
subgroups within 112 G. vaginalis isolates (42). In contrast, analyses employing the
bacterial 16S rRNA gene sequences did not give reliable support for a species-level
resolution. To date, clear species identification events and the resultant presence of
different species within the Gardnerella genus remain undiscovered. In this context,
genomic comparisons represent a powerful in silico approach to highlight genomic
differences between G. vaginalis strains, also contributing to its taxonomic classifica-
tion. To infer the possible existence of phylogenomic-based clades within this species,
the set of genes representing the core genome of G. vaginalis species was employed to
perform a phylogenomic comparison. Specifically, we computed a phylogenetic tree
based on the concatenation of 334 amino acid sequences (Fig. 2). Selected orthologous
sequences were collected for previous genome comparison of all the chromosomes of
72 strains of G. vaginalis, together with the genome sequences of Scardovia inopinata
JCM 12537 as a representative outgroup (Fig. 2). Remarkably, the resulting tree showed
that most of the 72 G. vaginalis strains were grouped in two main clusters sharing the
same phylogenetic branch. Moreover, within each cluster, it was possible to identify
two additional groups, suggesting the existence of four putative different Gardnerella
taxa (Fig. 2). Interestingly, G. vaginalis KA00225 and G. vaginalis CMW7778B were placed
on separate branches with respect to other G. vaginalis strains, highlighting a polyphyl-
etic evolutionary history of this species.

In order to further explore the genomic differences among members of the G.
vaginalis taxon, the pairwise percent average nucleotide identity (ANI) was assessed,
resulting in values ranging from 99.9% to 81.5% (Table S4). Notably, previous studies
employing ANI analysis to taxonomically distinct species of the Bifidobacteriaceae
family identified an ideal ANI threshold value of 94% (27, 43). The analysis of ANI values
among members of G. vaginalis revealed that the collected genome sequences fall into
four main groups, within which ANI values were found above the species-level cutoff
threshold of 94%. Conversely, genomes belonging to G. vaginalis strains GED7760B,
PSS_7772B, CMW7778B, KA00225, and NRO10 exhibited ANI values lower than 92%
against each analyzed strain, highlighting another five putative different species of the
Gardnerella genus (Table S4). These findings, together with data generated from the
phylogenetic tree reconstruction, strongly support the existence of an extensive level
of genomic variability between G. vaginalis strains and would cast doubt on the
presence of a single species within this genus. Specifically, the calculation of ANI values
allowed us to identify nine Gardnerella genotypes (GGtypel to GGtype9), correspond-
ing to putative different Gardnerella taxa (Fig. 2). Moreover, combining the genomic
information related to the identified G. vaginalis virulence factors, we observed a
heterogeneous distribution across the phylogenomic tree. In particular, the sialidase
gene was detected almost exclusively in the genome sequences of G. vaginalis strains
belonging to GGtype7 and GGtype9, together with the strains GED7760B and NR010,
representative of GGtype8 and GGtype3, respectively (Fig. 2), suggesting these may be
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virulent genotypes. Conversely, the genomes of GGtype1, GGtype2, GGtype4, GGtype5,
and GGtype6 appeared to lack the sialidase gene, revealing that these may be less
virulent. Previous findings supported the existence of G. vaginalis strains that can
provoke severe damage to the vaginal integrity through their ability to develop
microbial biofilm and others that are linked with an asymptomatic medical condi-
tion (19). Thus, our results highlighted how G. vaginalis strains encoding sialidase
might be phylogenetically related, reinforcing the notion of a putative subdivision
in potentially pathogenic and commensal strains (Fig. 2).

Assessing the prevalence and the abundance of G. vaginalis genotypes among
the human population. Our genome-based analyses demonstrated that G. vaginalis
species consists of separate subgroups. In light of the above findings, we assessed the
composition of the vaginal microbiota of 175 women, aiming to investigate the
prevalence and the distribution of the nine G. vaginalis genotypes among the human
population. Specifically, a preliminary survey was performed to evaluate the overall
vaginal microbiota composition of the collected 175 vaginal samples, displaying an
abundance of G. vaginalis taxon above 5% in 20% of the samples (see Materials and
Methods). Samples that did not reach such threshold were discarded, resulting in a final
collection of 34 metagenomic data sets, showing an abundance of G. vaginalis genomic
reads ranging from 6.01% to 86.41%. Notably, six of the collected metagenomic data
sets were obtained from vaginal samples of healthy pregnant women. In contrast, for
the vast majority of the remaining 28 samples, it was not possible to get enough
information regarding the health conditions of the subjects since the corresponding
metadata were not available. Thereafter, these metagenomic data sets were assayed for
the presence of the nine genotypes of G. vaginalis identified above, employing genome
sequences belonging to strains KA00225, CMW7778B, NR010, UMB0264, 6119V5,
PSS_7772B, 00703Bmash, GED7760B, and FDAARGOS_568 as representatives of each
genotype. The minimum coverage of each gene was calculated based on the metag-
enomics reads with at least 99% full-length identity (see Materials and Methods). As
displayed in Fig. 3, considering the uneven distribution and abundance of the nine G.
vaginalis genotypes, it was possible to delineate four groups overall within the col-
lected vaginal samples. In particular, G. vaginalis communities with a predominance of
a single genotype were identified within 16 metagenomic data sets. More specifically,
the latter showed a predominance of GGtype4 in group C (n = 10) and GGtype3 in
group B (n = 6), with an average percentage of metagenomic reads of 66.03% and
74.91%, respectively. Moreover, group A (n =5) was mainly constituted by a combi-
nation of the latter two genotypes together with GGtype9 (Fig. 3). Interestingly,
GGtype9 and GGtype3 were identified as putative virulence genotypes; thus, their
presence in the vaginal microbiota could be linked with possible adverse health effects
(Fig. 2). Conversely, GGtype4, which was found dominant in group C, seems to have less
virulence potential since it does not contain the sialidase gene.

These findings allowed us to observe that different genotypes can be found
within the female population, postulating their different impact on the vaginal envi-
ronment. Moreover, these results may be consistent with the notion that G. vaginalis
species can lead to a symptomatic unbalanced state of the vaginal microbiota in some
instances and behave as natural commensal in others (18). Nevertheless, the involve-
ment of specific genotypes in the development of significant clinical conditions should
be investigated more in-depth in future metagenomic analyses that also include
BV-positive vaginal microbiota samples.

Notably, all the metagenomic data sets from pregnant women fall in the same
group (group D), characterized by the absence of a single predominant genotype. In
fact, our results showed that the vaginal microbiota of pregnant women harbors a
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FIG 3 Metagenomic abundance of the different G. vaginalis genotypes. (a) Prevalence and distribution of the nine G. vaginalis genotypes observed in the 34
metagenome vaginal samples. (b) Average abundance of reads of each G. vaginalis genotype in the individuated four groups.

greater G. vaginalis biodiversity than that typical of nonpregnant women. It is known
that during the late gestational period, the microbiome undergoes significant strain-
level variation, and the physiological state of pregnancy may have an impact also on
the structure of G. vaginalis communities (44).

Phylogenomic evaluation of G. vaginalis within Bifidobacteriaceae. To date, G.
vaginalis is considered a member of the Bifidobacteriaceae family since close relation-
ships among this species and Bifidobacterium spp., based on 16S rRNA gene sequenc-
ing, were observed (45). Aiming to investigate the positioning of G. vaginalis within the
Bifidobacteriaceae family, we performed a further phylogenetic analysis, including one
representative strain for each genotype of G. vaginalis identified above by means of
ANI values calculation, i.e., strains KA00225, CMW7778B, NR0O10, UMB0264, 6119V5,
PSS_7772B, 00703Bmash, GED7760B, and FDAARGOS_568. These strains, together with
the 96 type strains of the Bifidobacteriaceae family (bifidobacterial as well as nonbifi-
dobacterial taxa) and Cutibacterium acnes KPA171202 as an outgroup, were employed
to perform a comparative genomics analysis aimed to identify ubiquitously conserved
protein sequences. The concatenation of 91 amino acid sequences shared between all
considered genomes was used to construct the phylogenetic tree of the Bifidobacteri-
aceae family (Fig. 4). This analysis showed that most of the nodes were supported by
100% of the bootstrap values, validating the reliability of the phylogenetic tracing and
robustness of the results. In accordance with a previous study, the obtained tree
showed that Bifidobacterium spp. are separated from nonbifidobacterial taxa, belong-
ing to the genera Scardovia, Parascardovia, and Alloscardovia (27). Furthermore, these
latter represent the deepest branches of the Bifidobacteriaceae family tree and there-
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fore evidenced a very early separation in the evolution of this family. Focusing on the
G. vaginalis genotypes, this phylogenetic investigation highlighted its evolutionary
positioning within the Bifidobacterium genus. More specifically, Bifidobacterium tsuru-
miense was identified as the phylogenetically closest-related taxon to G. vaginalis.
Furthermore, the type strain G. vaginalis ATCC 14019 exhibits tight phylogenetical
grouping with strains belonging to GGtype9, consistently with our ANI-based findings
(see above). Interestingly, the nine G. vaginalis strains representative of the many
related putative species are grouped, giving rise to a new cluster located alongside the
previously described Bifidobacterium boum group (46). Overall, these findings clearly
showed that employing a robust phylogenomic based approach, the G. vaginalis
species resulted in being identified along with some currently classified Bifidobacterium
species, thus suggesting the need for a reevaluation of the currently known taxonomy
of the Bifidobacterium genus.

In conclusion, the high degree of genetic heterogeneity observed among members
of Gardnerella vaginalis has been investigated, suggesting inaccuracy in the current
taxonomic classification that consists of a single species within the Gardnerella genus.
In this study, through an exhaustive phylogenomic and comparative genomic analysis
employing 72 publicly available G. vaginalis genome sequences, we identified nine
different Gardnerella genotypes (GGtypel to GGtype9). Notably, within the Bifidobac-
teriaceae family, G. vaginalis is phylogenetically located alongside the Bifidobacterium
boum group (46), casting doubt on its current taxonomic classification due to the
relatedness with other bifidobacterial species. Furthermore, the characterization of the
pan-genome of G. vaginalis allowed us to obtain insights into the adaptation mecha-
nisms to the vaginal environment. Our data showed that genes encoding collagen and
glycogen utilization functions were ubiquitous genetic elements, while virulence-
associated ones exhibited an uneven distribution among genotypes. Notably, among G.
vaginalis genes encoding virulence factor, sialidase is especially noteworthy due to its
involvement in the degradation of the vaginal mucosal layer as well as microbial biofilm
formation (15). The latter gene was identified between members of four genotypes, i.e.,
GGtype3, GGtype7, GGtype8, as well as GGtype9, allowing to discern those genotypes
with the highest putative virulence capability and potentially linked with major adverse
health outcomes. Interestingly, the microbial profiling of the vaginal microbiota of 34
women allowed us to identify GGtype3 and GGtype9 as sialidase positive, as well as
GGtype4, which conversely lacks the sialidase gene, as the most abundant genotypes
among the human population. These findings are in line with previous studies since
both pathogenic and commensal G. vaginalis strains have been previously described

(11).

MATERIALS AND METHODS

Gardnerella vaginalis and Bifidobacteriaceae genome sequences. Genome sequences of G.
vaginalis strains were retrieved from the National Center for Biotechnology Information (NCBI) public
database, resulting in 107 available genomes. Moreover, incomplete genomes (genome size less than
1.4 Mb) as well as genome sequences that exhibited low sequencing quality (genome coverage lower
than 30X or containing unspecified nucleotide bases in conformity to IUPAC nomenclature), were
discarded. Furthermore, a comparison of the G. vaginalis genome sequences was performed to evaluate
the average nucleotide identity (ANI) values for each genome with respect to the genome of G. vaginalis
ATCC 14018, which is the type strain of this species. Based on this analysis, there were inconsistencies
in the predicted taxonomy of two strains belonging to the Lactobacillus genus, i.e., G. vaginalis UMB0388
and G. vaginalis MGYG-HGUT-00021. Finally, collected high-quality genome sequences of 72 G. vaginalis
(Table 1) were compared to each other. Additional genomic and phylogenomic analyses were performed
employing 96 type strains of the Bifidobacteriaceae family retrieved from the NCBI database, including 84
bifidobacterial genome sequences and 12 nonbifidobacterial genome sequences (27, 46) (Table S1 in the
supplemental material).

Genome annotation. In order to obtain comparable quality standards for the analyzed genomes, the
72 G. vaginalis genome sequences retrieved from the NCBI database were submitted to annotation
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employing the MEGAnnotator pipeline (47). Protein-encoding open reading frames (ORFs) were pre-
dicted using Prodigal (48). tRNA genes were detected using tRNAscan-SE v1.4 (49), while rRNA genes
were identified using RNAmmer v1.2 (50). Outcomes of the gene-finder program were combined with
data from RAPSearch2 analysis (Reduced Alphabet based Protein similarity Search) (51) of a nonredun-
dant protein database provided by the NCBI and hidden Markov model profile (HMM) search (http://
hmmer.org/) in the manually curated Pfam-A protein family database (52). Results were examined by
Artemis (53), which was used for validating predicted genes and, where required, for genome manual
editing consisting of removal or addition of coding regions as well as a redefinition of gene starts.

Virulence gene identification. In order to perform a screening among genomes of the 72 G.
vaginalis strains, amino acid sequences of nonredundant WP accessions, i.e., a CDC vaginolysin and 26
exo-alpha-sialidases, were retrieved from the Identical Protein Groups (IPG) resource of the NCBI
database (https://www.ncbi.nlm.nih.gov/ipg/). Then, putative CDC vaginolysin and sialidase genes were
identified through BLASTP analysis (E value cutoff of TE~5) (54). A subsequent manual inspection of the
resulting aligned proteins based on their amino acid sequence identity (greater than 42%), combined
with the alignment length (more than 500 amino acids), allowed us to discard false positives from the
prediction (Table 1). In addition, careful scrutiny of G. vaginalis core genes and the genomic regions
adjacent to both ends of the identified mobile elements allowed us to discover further virulence traits.
Such outcomes were subsequentially validated through the cross-examination of the virulence factor
database (VFDB) (55).

Prophages and IS element identification. The 72 G. vaginalis genomes were screened for
prophage-associated genes using a custom database employing BLASTP analysis (54) (E value cutoff of
1E~%). The custom database was assembled through previously bifidoprophage-validated sequences
retrieved from 60 bifidoprophages previously described (56). Then, a manual examination of the DNA
region surrounding a putative prophage-encoding gene was performed, allowing the identification of
complete prophage-like sequences (Table S2). Moreover, the same G. vaginalis genomes were also
screened for the presence of IS elements (57) through the IS Finder online tool (https:/isfinder.biotoul
fr/) (Table S2).

G. vaginalis pan-genome analysis. A pan-genome calculation employing 72 genomes of G.
vaginalis was performed using the PGAP (pan-genome analysis pipeline) (58). Predicted ORFs were
organized into functional clusters employing the GF (gene family) method, which consists of a similarity
search between each protein pair through BLAST analysis (cutoff E value of 1 X 10~ and 50% identity
over at least 80% of both protein sequences). Following this, a clustering in protein families of
orthologous genes was performed using MCL (graph theory-based Markov clustering algorithm) (59). A
pan-genome profile was built using an optimized algorithm integrated into PGAP software, based on a
presence/absence matrix that included all protein families of orthologous genes identified in the
analyzed genomes. Subsequently, the unique protein families for each of 72 G. vaginalis genomes were
identified. Protein families shared between all genomes allowed us to build the core genome of the G.
vaginalis species, defined by selecting the families that contained at least one protein member for each
genome. A different pan- and core- genome analysis was performed on the 96 Bifidobacteriaceae type
strains as described above, including G. vaginalis ATCC 14018, identifying 135 COGs belonging to the
core genome of this family. Afterward, in order to obtain the core genes of G. vaginalis that were not
shared with other members of the Bifidobacteriaceae family, the 135 gene sequences attributed to G.
vaginalis ATCC 14018 were used to remove the corresponding COGs from the core genome of G.
vaginalis species.

Phylogenomic comparison between G. vaginalis strains and their positioning within the
Bifidobacteriaceae family. In order to assess genome differences between G. vaginalis strains, a
phylogenetic comparison involving the 72 genome sequences retrieved from NCBI was performed. For
this purpose, the concatenated core genome sequences were aligned using MAFFT (60), and the
resulting phylogenetic tree was constructed using the neighbor-joining method in Clustal W v2.1 (61). A
visual core genome tree was developed using FigTree software (http://tree.bio.ed.ac.uk/software/figtree/). A
value for the average nucleotide identity (ANI) was calculated for each genome pair using the fastANI
software (62).

A further phylogenomic analysis, aiming to evaluate the phylogenetic position of G. vaginalis within
the family Bifidobacteriaceae, was executed on 72 G. vaginalis genome sequences together with 96
Bifidobacteriaceae type strains as described above.

Whole-genome sequencing data collection and analysis. The publicly available vaginal metag-
enomic data sets were retrieved from NCBI (BioProject accession no. PRJEB24147, PRINA352475,
PRINA361427, PRINA576566, and PRINA379120). Specifically, we selected lllumina whole-genome shot-
gun (WGS) sequencing data concerning vaginal samples from midvagina and cervix swabs of fertile
pregnant, as well as nonpregnant, women. The resulting 175 vaginal metagenomic data sets were
analyzed through a shallow shotgun metagenomics approach (63), allowing us to achieve high taxo-
nomic resolution at the species level. In order to reconstruct the microbiota composition of vaginal
samples, the fastq files of the paired-end reads were used as input for the genome assemblies through
the METAnnotatorX pipeline (64). The SPAdes software was used for de novo assembly of each genome
sequence (65). To assess the distribution of the different G. vaginalis genotypes among the human
population, the samples showing a relative abundance of this species below 5% were discarded. In fact,
it was observed that below this threshold level, the number of G. vaginalis reads within samples was not
enough to ensure a reasonable mapping accuracy of genotypes (see below). Afterward, the genome
sequences belonging to the nine strains representative of as many G. vaginalis genotypes identified in
this study were aligned with WGS reads. Metagenomics data sets were filtered by use of the fastq-mcf
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script (https://expressionanalysis.github.io/ea-utils/) (minimum mean quality score, 20; window size, 5 bp;
quality threshold, 25; and minimum length, 80 bp) to obtain high-quality reads. Collected reads were
aligned against the human genome using the Burrows-Wheeler Aligner program (66) (BWA-MEM
algorithm with trigger reseeding, 1.5; minimum seed length, 19; matching score, 1; mismatch penalty, 4;
gap open penalty, 6; and gap extension penalty, 1) and processed with the SAMtools software package
(67), aiming to remove human reads. The final mapping against the genome sequences of the G.
vaginalis genotypes was performed using Bowtie 2 (68) through multiple-hit mapping and “very-
sensitive” policy. The mapping was performed using a minimum score threshold function (-score-min
C,—13,0) to limit reads of arbitrary length to two mismatches and retain those matches with at least 99%
full-length identity. HTSeq software (69) (running in union mode) was employed to calculate read counts
corresponding to the G. vaginalis genotypes.
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