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ABSTRACT The vaginal microbiota is defined as the community of bacteria residing
in the human vaginal tract. Recent studies have demonstrated that the vaginal
microbiota is dominated by members of the Lactobacillus genus, whose relative
abundance and microbial taxon composition are dependent on the healthy status of
this human body site. Particularly, among members of this genus, the high preva-
lence of Lactobacillus crispatus is commonly associated with a healthy vaginal envi-
ronment. In the current study, we assessed the microbial composition of 94 healthy
vaginal microbiome samples through shotgun metagenomics analyses. Based on our
results, we observed that L. crispatus was the most representative species and corre-
lated negatively with bacteria involved in vaginal infections. Therefore, we isolated 15
L. crispatus strains from different environments in which this species abounds, ranging
from vaginal swabs of healthy women to chicken fecal samples. The genomes of these
strains were decoded and their genetic content was analyzed and correlated with
their physiological features. An extensive comparative genomic analysis encom-
passing all publicly available genome sequences of L. crispatus and combined with
those decoded in this study revealed a genetic adaptation of strains to their re-
spective ecological niche. In addition, in vitro growth experiments involving all iso-
lated L. crispatus strains, together with a synthetic vaginal microbiota, reveal how
this species is able to modulate the composition of the vaginal microbial consortia
at the strain level. Overall, our findings suggest that L. crispatus plays an important
ecological role in reducing the complexity of the vaginal microbiota by depleting
pathogenic bacteria.

IMPORTANCE The vaginal microbiota is defined as the community of bacteria residing
in the human vaginal tract. Recent studies have demonstrated that the high preva-
lence of Lactobacillus crispatus strains is commonly associated with a healthy vaginal
environment. In the current study, we assessed the microbial composition of 94 pub-
lic healthy vaginal samples through shotgun metagenomics analyses. Results showed
that L. crispatus was the most representative species and correlated negatively with
bacteria involved in vaginal infections. Moreover, we isolated and sequenced the
genomes of new L. crispatus strains from different environments, and the compara-
tive genomics analysis revealed a genetic adaptation of strains to their ecological
niche. In addition, in vitro growth experiments display the capability of this species
to modulate the composition of the vaginal microbial consortia. Overall, our findings
suggest an ecological role exploited by L. crispatus in reducing the complexity of the
vaginal microbiota toward a depletion of pathogenic bacteria.

CitationMancabelli L, Mancino W, Lugli GA,
Milani C, Viappiani A, Anzalone R, Longhi G, van
Sinderen D, Ventura M, Turroni F. 2021.
Comparative genome analyses of Lactobacillus
crispatus isolates from different ecological
niches reveal an adaptation of this species to
the human vaginal environment. Appl Environ
Microbiol 87:e02899-20. https://doi.org/10
.1128/AEM.02899-20.

Editor Johanna Björkroth, University of Helsinki

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Francesca Turroni,
francesca.turroni@unipr.it.

Received 26 November 2020
Accepted 3 February 2021

Accepted manuscript posted online
12 February 2021
Published 26 March 2021

April 2021 Volume 87 Issue 8 e02899-20 Applied and Environmental Microbiology aem.asm.org 1

ENVIRONMENTAL MICROBIOLOGY

https://orcid.org/0000-0002-5062-3164
https://orcid.org/0000-0003-1823-7957
https://orcid.org/0000-0002-4875-4560
https://orcid.org/0000-0001-5363-0231
https://doi.org/10.1128/AEM.02899-20
https://doi.org/10.1128/AEM.02899-20
https://doi.org/10.1128/ASMCopyrightv2
https://aem.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.02899-20&domain=pdf&date_stamp=2021-2-12


KEYWORDS lactobacilli, vaginal microbiota, comparative genomics

The human vaginal environment hosts a community of bacteria, also known as the
vaginal microbiota (VM), which plays an important role in maintaining vaginal

health (1, 2) and in protecting this environment from several urogenital diseases, such
as bacterial vaginosis (BV) and viral infections (3–5). In detail, various studies have dem-
onstrated that the presence of members of the Lactobacillus genus in the VM is associ-
ated with a positive health status (3, 6–11). The VM has been classified into five distinct
community state types (CSTs) obtained through statistical associations and based on
specific compositional profiles (6). Four CSTs are characterized by a Lactobacillus-preva-
lent VM, in which Lactobacillus crispatus, Lactobacillus iners, Lactobacillus gasseri, or
Lactobacillus jensenii species dominate the vaginal tract. Furthermore, a fifth CST is
composed of different anaerobic bacteria, including Gardnerella vaginalis species and
members of the Lachnospiraceae, Leptotrichiaceae, and Prevotellaceae families (6, 12,
13). Notably, the VM is frequently dominated by L. crispatus, commonly associated
with a healthy status of the vaginal tract by protecting the host from viral, bacterial,
and fungal infections (11, 14–16) due to the production of various antimicrobial com-
pounds, such as hydrogen peroxide, lactic acid, and bacteriocin-like products (17–19).
Strains belonging to L. crispatus are commonly isolated from two ecological niches, the
human vaginal tract and the gastrointestinal tract (GIT) of certain birds, i.e., chicken
and turkey (20, 21), though a small number of strains belonging to this species have
been isolated from the human GIT, human oral cavity, and human eyes (22–24). In the
latter case, it is not clear if such isolates originated from their true ecological origin or
were the consequence of an external contamination during the isolation procedures.
Comparative genome analysis of these strains may allow identification of genetic ele-
ments that are specifically linked to a particular ecological origin. Furthermore, L. crisp-
atus was reported to be easily replaced by anaerobic bacteria and had shown signifi-
cant genomic and metabolic differences between strains (25). Nonetheless, several
studies have demonstrated that this species regulates the vaginal homeostatic envi-
ronment and immune barrier functions for the maintenance of a healthy vaginal status
(26, 27). For these reasons, L. crispatus is considered to be a probiotic candidate for the
prevention of vaginal tract infections and for the reinstatement of a healthy VM envi-
ronment (28–30).

In this study, we assessed the VM composition of 94 publicly available shotgun
metagenomic data sets corresponding to vaginal samples of healthy women. Our find-
ings show that L. crispatus is a highly prevalent bacterial species of the VM.
Furthermore, this species negatively correlates with the main bacteria involved in vagi-
nal infections. For this reason, we decided to isolate and characterize novel L. crispatus
strains from vaginal swabs of healthy women and also from chicken fecal samples,
which represent the two ecological niches for L. crispatus species (20, 21). The genomes
of these isolates were decoded and subjected to comparative genome analyses, facili-
tating the discovery of putative genetic correlations between members of these two
distinct ecological origins. Finally, in order to identify novel isolates with high growth
capability in an environment resembling vaginal conditions, i.e., mimicking the micro-
bial composition and pH, we performed a comparative in vitro growth experiment
among L. crispatus strains isolated from human VM in a simulated vaginal fluid (SVF)
(31) with three other typical vaginal Lactobacillus species, L. gasseri, L. iners, and L. jen-
senii. Our results highlighted the existence of phenotypic strain-specific differences,
revealing the superior competitive ability of L. crispatus strain PRL2021 compared to
other Lactobacillus species under simulated in vivo conditions employing a simplified
human vaginal environment. Moreover, cocultivation experiments using L. crispatus
PRL2021 with enteric microbiota revealed that this strain is able to influence the com-
position of the microbial consortia by provoking a simplification of the overall micro-
bial biodiversity.
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RESULTS AND DISCUSSION
Evaluation of vaginal microbiota composition of healthy women. In 2011, Ravel

et al. (6) identified and classified the vaginal microbiota (VM) in five community state
types (CSTs). In detail, four CSTs were dominated by different species of Lactobacillus,
i.e., L. crispatus (CST 1), L. gasseri (CST 2), L. iners (CST 3), and L. jensenii (CST 5), whereas
the fifth (CST 4) possesses a lower proportion of lactic acid bacteria and a higher propor-
tion of strictly anaerobic organisms. Subsequent studies, mostly based on 16S rRNA gene-
based amplicon sequencing, have confirmed the presence of these CSTs (1, 32–35).

Metagenomic shotgun techniques, i.e., whole-metagenome sequencing (WMS),
overcome some of the limitations of 16S rRNA gene-based amplicon sequencing, such
as issues with DNA amplification and primer pair efficiency. Furthermore, WMS allows
acquisition of functional information and evaluation of bacterial communities at spe-
cies level in a more precise manner compared to 16S rRNA gene-based amplicon
sequencing. Consequently, in order to assess the VM composition of healthy women,
we decided to perform a comprehensive literature search for vaginal shotgun metage-
nomic data sets based on Illumina sequencing technology. In detail, we collected pub-
licly available data sets corresponding to metagenomic sequencing of 94 vaginal sam-
ples of healthy women based on three studies (36–38) performed in two different
countries (Table S1 in the supplemental material). We reanalyzed these data sets using
a shallow shotgun metagenomics approach (39), thereby achieving an accurate taxo-
nomic cataloguing of the VM at species level resolution. The metagenomic analysis
included a total of 2,361,660 reads with an average of 25,1246 23,730 reads per sam-
ple (Table S1). Bacterial species analysis showed that 60.64% of the samples repre-
sented a vaginal microbiota dominated by Lactobacillus species (Table S2), confirming
that in the majority of women a healthy vaginal microbiota is dominated by
Lactobacillus species (40). Interestingly, 32.98% and 28.72% of the samples showed L.
crispatus and L. iners, respectively, as the most abundant vaginal bacterium. In addition,
29.79% and 23.40% of the samples showed a relative abundance of.40% of L. crispa-
tus and L. iners, respectively. Furthermore, we evaluated the presence of CSTs in the 94
samples collected through hierarchical clustering (HCL) analysis (Fig. 1). The HCL analy-
sis of these publicly available data sets showed the presence of all previously identified
CSTs, confirming the predominance of CST1 and CST3, which represented 30.85% and
22.34% of the samples, respectively. Furthermore, 19.15% of the samples displayed a
microbial profile corresponding to CST4, characterized by the presence of reads
belonging to Gardnerella spp. In order to detect the main bacterial taxa belonging to
CST1, CST3, and CST4 identified in this study, taxonomic profiling at species level was
assessed to reconstruct the core microbiota members, i.e., core microbiota of the VM
of each CST (41). For this purpose, we reconstructed the core microbiota by selecting
bacterial species that occur with a prevalence greater than 80% among the collected
samples of a particular CST (42, 43) (Fig. 1b). Interestingly, the CST1 and CST3 types
showed a core microbiota characterized by bacteria belonging to the Lactobacillus ge-
nus, while CST4 showed a more complex core microbiota characterized by the
Gardnerella genus, L. iners, Streptococcus cristatus, and potential vaginal pathogens,
such as Atopobium vaginae. Furthermore, the identification of the accessory micro-
biota, i.e., bacterial species different from core microbiota and with prevalence greater
than 30% and an average relative abundance greater than 0.5% (44), revealed a lower
biodiversity of the CST1 microbiota. In detail, comparison of the accessory microbiota
of CST1 with those of CST3 and CST4 showed a 50% and 76.9% decrease in the number
of species, respectively. Moreover, the observed concurrence of L. iners and the
Gardnerella genus prompted us to investigate possible correlations between various
characteristic vaginal bacteria. Consequently, the relative abundances of CST4-associ-
ated Lactobacillus species and the most common vaginal pathogens, such as
Atopobium vaginae, Streptococcus agalactiae, and Prevotella bivia, found in the 94 sam-
ples were employed in a covariance analysis based on Kendall tau rank (Fig. 1c).
Interestingly, L. crispatus, L. jensenii, and L. gasseri correlated negatively with at least
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FIG 1 Evaluation of vaginal microbiota composition of healthy women. (a) Circular cladogram of the 94 publicly available samples
based on hierarchical clustering (HCL) analysis. The samples were subdivided according to the most representative taxa and CST. (b)

(Continued on next page)
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50% of the assessed potential vaginal pathogens, suggesting that these microorgan-
isms are able to outcompete and outnumber bacteria involved in vaginal infections.
Particularly, these results could reinforce the hypothesis that the L. crispatus species
reduces the biodiversity of VM and consequently protects this environment from viral
and bacterial infections (11, 14, 15, 28–30).

Isolation of L. crispatus strains from human and chicken samples. In order to iso-
late L. crispatus strains, we collected seven vaginal swab samples from adult Italian
women without symptoms of vaginal infections and ten feral chicken fecal samples,
following a protocol for the isolation of members of the Lactobacillus genus (see the
Materials and Methods section). We decided to screen presumed healthy vaginal swabs
and chicken fecal samples based on the previously described high prevalence of L.
crispatus strains in these environments (18, 24, 45). Chicken fecal samples were
selected to identify possible differences between strains of the same species yet iso-
lated from distinct ecological niches. In total, 18 different strains were isolated, all
belonging to the genus Lactobacillus. In this context, 15 strains were determined to
represent L. crispatus species, two were shown to be L. jensenii species, and one isolate
was demonstrated to belong to the L. gasseri species. Moreover, strain L. crispatus
M247 was isolated from a commercial vaginal probiotic product (46) (Table 1).
Regarding the novel L. crispatus strains isolated, seven were isolated from poultry fecal
samples, whereas eight were isolated from vaginal fluid (Table 1). The relative ease by
which such a high number of L. crispatus strains were isolated is consistent with the
high abundance level of this species in the human VM and in the gastrointestinal
tract of chickens, highlighting its ecological specialization for these environments
(18, 24, 45).

Evaluation of novel L. crispatus strains to vaginal environment challenges. In
order to evaluate the ecological adaptation of the isolated strains to the vaginal envi-
ronment, all identified L. crispatus strains were subjected to growth experiments in the
presence of environmental stress condition, i.e., acidic stress, simulating those naturally
occurring in the vaginal tract (1, 47–51). Interestingly, these isolates do not tolerate
harsh acidic conditions, displaying survival rates of,20% when exposed to a pH 2.0 or
pH 3.0 for 48 h. Conversely, six strains (PRL2021, LB57, LB61, LB62, LB63, and LB66)
reached a survival rate of.85% when the pH of the growth medium was 4.0. Notably,
also under this growth condition, strain PRL2021 reached the highest survival rate
compared to other assessed L. crispatus isolates (ANOVA P value, 0.05), with a per-
centage of 94.81% (Fig. 2a). Interestingly, five of the strains mentioned above that
were shown to elicit the highest survival rate at pH 4.0 had been isolated from vaginal
fluid, suggesting an adaptation of these strains to their natural ecological niche due to
the acidic conditions of the vaginal environment (52).

Different studies have previously shown that the presence of luminal glycogen in
the vaginal tract of healthy women is associated with a high prevalence of lactobacilli
(53, 54). In order to investigate the utilization of glycogen by Lactobacillus strains, in
vitro cultivation assays were performed in growth medium, i.e., semisynthetic MRS
without sugar, containing glycogen as the unique carbon source. The control assay
was carried out with MRS medium supplemented with lactose and the cultures were
monitored for 48 h (see the Materials and Methods). Interestingly, L. crispatus strains
isolated from vaginal swabs were shown to grow significantly better compared to
strains of poultry origin (t test P value, 0.01), indicating that these strains are adapted
to utilize a carbon source naturally present in their ecological niche (Fig. 2). Among
strains of vaginal origin, PRL2021 and LB63 showed the highest growth performance,
reaching optical density at 600 nm (OD600) values of.0.42 after 12 h of growth (Fig. 2).

FIG 1 Legend (Continued)
Prevalence and average abundance of the bacteria that correspond to CST1, CST3, and CST4. The values that represent the core
microbiota are highlighted in green. (c) Results of Kendall tau rank covariance analysis based on the fourth CST Lactobacillus species
and the most common vaginal pathogens. The significant positive correlations are highlighted in green (P value ,0.05), while
significant negative correlations are depicted in red (P value ,0.05).
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In contrast, strains of poultry origin were not able to use glycogen as a carbon source,
showing low OD600 values (average OD600 0.336 0.15) even after 48 h of growth (Fig.
2b and c). In addition, other tested Lactobacillus strains belonging to L. gasseri, L. jense-
nii, and L. iners species displayed growth levels 1.5-fold lower compared to L. crispatus
strains (t test P value, 0.05) (Fig. 2b and c).

Production of H2O2 by Lactobacillus strains. Hydrogen peroxide production is
generally considered to be a key selective factor allowing Lactobacillus spp. to domi-
nate the vaginal environment (55–57). Moreover, it has been demonstrated that
women vaginally colonized by lactobacilli producing hydrogen peroxide were less
exposed to bacterial vaginosis compared to women colonized by Lactobacillus strains
that do not produce H2O2 (58, 59). For these reasons, in order to investigate the pro-
duction of hydrogen peroxide, 21 Lactobacillus strains, including L. crispatus, L. iners, L.
jensenii, and L. gasseri species (Table 2), were tested by the qualitative tetramethylben-
zidine (TMB)-plus peroxidase assay (see the Materials and Methods) (18, 56).
Interestingly, all the L. crispatus strains tested, except for L. crispatus LB63, produced
variable levels of hydrogen peroxide without any correlation to their ecological origin.
The colony-associated blue color intensity of H2O2 producers was different in the
examined L. crispatus strains. In particular, four strains, L. crispatus PRL2021, L. crispatus
LB58, L. crispatus LB65, and L. crispatus LB66, produced colonies with an intense dark
blue color, suggesting strong H2O2 production (Table 2). In contrast, other H2O2-pro-
ducing strains produced colonies with less blue intensity (Table 2). Furthermore, 60%
of the strains of other typical vaginal Lactobacillus species tested did not produce H2O2

(Table 2), reflecting data reported in previous studies and highlighting that L. crispatus
species is one of the most potent H2O2-generating species among typical vaginal lacto-
bacilli (18, 60). The H2O2-producing feature is a strain-specific feature, as demonstrated
by our results and by previously published studies (18, 60). Strains producing hydrogen
peroxide could display a higher ecological fitness (56) and their presence may be im-
portant in the modulation of the VM.

General genome features of isolated L. crispatus. Genome sequences of the 15
newly isolated L. crispatus strains were decoded through whole-genome sequencing
employing an Illumina MiSeq platform. Additionally, DNA extracted from L. crispatus
PRL2021 was also subjected to whole-genome sequencing using a MinION (Oxford

TABLE 1 Lactobacillus strains used in this study and general genome features

Strain Size (bp)
No.
ORFs

No. rRNA
loci

No. tRNA
genes

Fold coverage
depth

No.
contigs Origin BioSamplea

L. crispatus PRL2021 2,329,621 2,340 6 64 126 43 Vaginal swab SAMN15357510
L. crispatus LB56 2,160,961 2,215 3 55 137 195 Vaginal swab SAMN15357362
L. crispatus LB57 2,382,340 2,496 3 65 132 259 Vaginal swab SAMN15357363
L. crispatus LB58 2,236,149 2,232 3 65 184 199 Vaginal swab SAMN15357364
L. crispatus LB59 2,135,374 2,172 3 66 182 189 Vaginal swab SAMN15357365
L. crispatus LB61 2,081,602 2,087 3 66 228 140 Vaginal swab SAMN15357366
L. crispatus LB62 2,160,518 2,235 3 63 165 172 Vaginal swab SAMN15357367
L. crispatus LB63 2,132,629 2,178 4 60 141 182 Vaginal swab SAMN15357368
L. crispatusM247 2,098,939 2,083 3 57 256 156 Vaginal probiotic product Not deposited
L. crispatus LB64 2,051,142 2,040 3 57 259 36 Chicken fecal sample SAMN15357369
L. crispatus LB65 2,061,272 2,035 3 61 156 44 Chicken fecal sample SAMN15357370
L. crispatus LB66 2,041,845 2,006 3 56 209 44 Chicken fecal sample SAMN15357371
L. crispatus LB67 1,967,651 1,912 3 60 193 60 Chicken fecal sample SAMN15357372
L. crispatus LB68 1,966,006 1,921 2 56 73 111 Chicken fecal sample SAMN15357373
L. crispatus LB69 1,977,839 1,959 3 55 79 95 Chicken fecal sample SAMN15357374
L. crispatus LB70 2,021,157 1,988 3 54 76 199 Chicken fecal sample SAMN15357375
L. gasseri V105C Vaginal swab Not sequenced
L. gasseri ATCC 9857 ATCC collection Not sequenced
L. jensenii V79H Vaginal swab Not sequenced
L. jensenii V94G Vaginal swab Not sequenced
L. iners LMG 14328 LMG collection Not sequenced
aM247 was not deposited, as it is a commercial strain. V105C, ATCC 9857, V79H, V94G, and LMG 14328 were not sequenced, because they were used only in the
physiological experiments and not the genetic experiments.
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FIG 2 Physiological features of isolated strains and growth curves of Lactobacillus strains with glycogen as the sole carbon source. (a) Effect
of the conditions that simulate the vaginal tract for isolated L. crispatus strains. The heat maps represent the survival rate of each L. crispatus

(Continued on next page)
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Nanopore, UK). The achieved genome sequences were analyzed to evaluate the
genetic content of these isolates. In this context, genome sequences ranged in size
from 2,382,340 bp of L. crispatus LB57 to 1,966,006 bp of L. crispatus LB68 (Table 1).
Interestingly, the genome sizes of novel isolates from vaginal fluid samples were larger
than the genome sizes of the isolated strains from poultry fecal samples (average size
2,190,904 bp6 104,068 bp and 2,012,416 bp6 41,196 bp in vaginal and poultry iso-
lates, respectively; t test P value, 0.001), suggesting increased genomic complexity of
the strains from human origin. Remarkably, a similar difference in size was also identi-
fied in those genomes that are publicly available, confirming that vaginal L. crispatus
strains possess an expanded genetic makeup compared to those of poultry origin (av-
erage size 2,297,590 bp6 163,268 bp and 2,056,164 bp6 7,026 bp in vaginal and poul-
try origin isolated genomes, respectively; t test P value, 0.001) (Table S3). Moreover,
the open reading frame (ORF) prediction revealed that the ORF number ranged from
2,496 in the case of L. crispatus LB57 to 1,912 for L. crispatus LB67 (Table 1).
Interestingly, 15 sequenced genomes encompass a similar set of rRNA loci and tRNA
genes, which were shown to consist of three or four rRNA operons and between 66
and 54 tRNA genes distributed across the genome (Table 1), except for L. crispatus
PRL2021, which harbors six rRNA operons in its genome (Table 1). Notably, functional
classification of the L. crispatus ORFeome based on the eggNOG database (61) was pos-
sible for the 82.1% of the predicted ORFs. In particular, 15.2% of the predicted proteins
are involved in cellular process and signaling (categories D, M, O, T, U, and V), 26.4%
referred to proteins related to information storage and processing (categories J, K, and
L), and 31.6% described proteins involved in metabolic processes (categories C, E, F, G,
H, I, P, and Q) (Fig. 3a). These data underlined the high number of proteins related to
carbohydrate and amino acid transport and metabolism, in accordance with the wide
range of sugars metabolized by members of this species (31, 62) and with the apparent
inability of lactobacilli to synthetize most amino acids (63). Recently, an orthologue of
the Escherichia coli glgX gene, which is involved in glycogen metabolism, was identified
in L. crispatus genomes (54). Different studies have demonstrated the correlation
between high abundance of lactobacilli in the vaginal environment and the presence
of high levels of luminal glycogen in the vaginal tract of healthy women (53, 54, 64).
Interestingly, we identified three orthologues of this gene in each L. crispatus genome
of vaginal origin, whereas genomes of L. crispatus from poultry origin encompassed
one or two copies of this gene (Table S4). The presence of glgX orthologues in vaginal
isolates suggests the genetic adaptation of these strains to glycogen metabolism.

Prediction of bacteriocin-encoding genes in L. crispatus species. The production
of antimicrobial compounds by lactobacilli, including hydrogen peroxide, organic
acids, low-molecular-weight antimicrobial substances, and bacteriocins, is considered
an important feature of these microorganisms for counteracting pathogenic bacteria
(18, 19). For this reason, in order to predict bacteriocin-encoding genes, the genomes
of isolated L. crispatus strains were screened for bacteriocin-encompassing gene clus-
ters by means of the BAGEL3 software and associated database (65). Notably, all tested
genomes were predicted to contain bacteriocin-encoding loci, ranging from three
genes of L. crispatus LB56 to nine genes of L. crispatus LB57 and L. crispatus LB70 (Table
S5). Interestingly, according to BAGEL-mediated classification, all predicted bacterio-
cin-encoding genes were shown to belong to classes II and III (65) (Table S5).

FIG 2 Legend (Continued)
strain to NaCl and acidic conditions. (b) Growth curves of tested strains. On the y axis OD values are reported at a wavelength of 600 nm,
whereas the x axis shows times (h). Each Lactobacillus strain is depicted with a different color line as indicated. (c) Box and whiskers plot
based on Lactobacillus growth with glycogen as the sole carbon source. The boxes represent the three groups characterized by vaginal L.
crispatus isolates, chicken L. crispatus isolates, and the other Lactobacillus species tested. The y axis represents the OD600, while the x axis
shows the times (h); the boxes represent 50% of the data set, distributed between the first and the third quartiles. The median divides the
boxes into the interquartile range, while the “X” represents the mean. The dots inside the boxes display the data points that lie
between the lower whisker line and the upper whisker line, while the dots outside the boxes show the outlier points that are
positioned either below the lower whisker line or above the upper whisker line. Statistical analysis between groups were performed
through ANOVA analysis. Moreover, we calculated the post hoc analysis LSD (least significant difference) for multiple comparisons.
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Specifically, all poultry-derived strains, except for LB67 and LB70, only encoded class III
bacteriocins (Table S5), whereas vaginal-isolated strains were predicted to produce
bacteriocins of both class II and class III (Table S5). The presence of bacteriocin-encod-
ing genes belonging to classes II and III in vaginal-isolated strains suggests a wider
range of antimicrobial activity compared to strains of chicken origin. Intriguingly, all
isolated strains presented at least one gene predicted to encode a bacteriocin known
as helveticin J (Table S5). This bacteriocin was first identified in Lactobacillus helveticus
strain 481 (66). Moreover, M23 family metallopeptidase-encoding genes were identi-
fied in all sequenced genomes (Table S5). This peptidase family includes proteins that
act as bacteriocins that degrade the peptidoglycan of other bacteria (67). Notably,
three strains, PRL2021, LB57, and LB70, were shown to contain two adjacent genes in
their genome encoding a two-component bacteriocin known as bacteriocin LS2 (68)
(Table S5). Interestingly, the genome of strain L. crispatus PRL2021, which exhibits a ro-
bust production of other antimicrobial compounds, such as H2O2 (see above), harbors
two distinct loci each encoding helveticin J (Table S5), suggesting that this strain pro-
duces a high level of antimicrobial activity, which may allow this strain to occupy and
be highly competitive in particular ecological niches, such as the human vaginal tract.
Moreover, two poultry-isolated strains, LB67 and LB70, harbor a garvicin-encoding
gene. Garvicin is a broad spectrum, nonlantibiotic bacteriocin, previously characterized
in the Lactococcus garvieae species (69–71). Finally, L. crispatus strain LB70 was the only
strain that encodes a lactacin F bacteriocin (Table S5). In order to explore if L. crispatus
species exhibit superior antimicrobial activity compared to other Lactobacillus species
that are typically present in the human vagina, bacteriocin-encoding genes were pre-
dicted also in 94 publicly available L. crispatus genomes and in 116 publicly available
genomes belonged to L. gasseri, L. jensenii, and L. iners species (Table S6). This analysis
indeed showed that L. crispatus strains are predicted to harbor the highest number of
bacteriocin-encoding genes in their genomes, ranging from four genes in five different
strains to 10 genes in four different strains (Table S3). Notably, no bacteriocin-encoding
genes were detected in 56% and in 74% of L. jensenii and L. iners genomes, respectively
(Table S6). Moreover, 67% of the investigated L. gasseri strains encompass one or two
bacteriocin-encoding genes in their genomes (Table S6). Interestingly, the number of
bacteriocin-encoding genes presented in L. crispatus genomes is significantly higher

TABLE 2 H2O2 production by lactobacilli isolated in this study

Strains H2O2 production RGB code colora

L. crispatus PRL2021 1 0-0-100
L. crispatus LB56 1 0-0-215
L. crispatus LB57 1 0-0-160
L. crispatus LB58 1 0-0-115
L. crispatus LB59 1 0-0-175
L. crispatusM247 1 0-0-195
L. crispatus LB61 1 0-0-255
L. crispatus LB62 1 0-0-200
L. crispatus LB63
L. crispatus LB64 1 0-0-230
L. crispatus LB65 1 0-0-130
L. crispatus LB66 1 0-0-150
L. crispatus LB67 1 0-0-190
L. crispatus LB68 1 0-0-190
L. crispatus LB69 1 0-0-245
L. crispatus LB70 1 0-0-240
L. jensenii V79H 1 0-0-105
L. jensenii V94G 1 0-0-121
L. gasseri ATCC 9857
L. gasseri V105C
L. iners LMG 14328
aRGB, red, green, and blue color mode.
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FIG 3 Functional classification of the proteome, bacteriocin-encoding genes, and the pangenome and core genome of L. crispatus species. (a) Functional
assignment of the isolated L. crispatus proteome based on the eggNOG database. (b) Number of bacteriocin-encoding genes predicted in L. crispatus, L.
gasseri, L. jensenii, and L. iners species. (c and d) The pangenome (c) and core genome (d) of the L. crispatus species represented as variation in their gene
pool sizes upon sequential addition of the 110 genomes analyzed, respectively.
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(t test P value, 0.01) compared to those identified in other analyzed vaginal
Lactobacillus species, i.e., L. iners, L. gasseri, and L. jensenii (Fig. 3b, Table S5, and Table
S6). The in silico prediction of bacteriocin-encoding genes indicates the production of
extensive antimicrobial activity by L. crispatus strains, in particular compared to other
vaginal Lactobacillus species, perhaps supporting a superior ecological fitness of this
species.

Pangenome and core genome analysis of Lactobacillus crispatus species. In
order to investigate the genomic differences between L. crispatus strains, we per-
formed an extensive comparative genome analysis that not only encompassed the
genomes of the 16 isolated L. crispatus strains, i.e., the 15 new isolates and L. crispatus
M247, but also the 94 publicly available L. crispatus genomes (Table S3). For this pur-
pose, we performed a reannotation of all publicly available L. crispatus chromosomes
using the same bioinformatics pipeline applied for the genomes of the 16 newly iso-
lated strains. The reconstructed genomic data sets of the L. crispatus species, encom-
passing a total of 110 genomes sequences (i.e., 16 isolated in this study and 94 publicly
available), represents the largest reconstructed genetic database for this Lactobacillus
species so far. These data were used to predict the pangenome of the L. crispatus spe-
cies, i.e., the collection of genes of all strains of a species based on the cluster of orthol-
ogous groups (COGs) (72). Furthermore, these data were also used to predict the core
genome, i.e., the collection of gene families shared between members of a given spe-
cies, in this case the L. crispatus taxon (73). Plotting on a log-log scale as a function of
the number of analyzed genomes, the pangenome size was determined to consist of
20,247 COGs, suggesting that the power trend line has not reached a plateau (Fig. 3c).
The number of new genes discovered by sequential addition of genome sequences
decreased from 594 COGs for the first two genomes, to 123 COGs for the final addition.
These data suggest the existence of an open pangenome within the L. crispatus species
(Fig. 3c and d), as already noted for other Lactobacillus species, including L. gasseri,
Lactobacillus paragasseri, and L. helveticus (74, 75). Moreover, the 110 L. crispatus
genomes were examined to identify shared orthologous genes, as well as unique
genes. In silico analyses revealed 452 ORFs shared among all L. crispatus genomes ana-
lyzed, representing the core genome of this taxon. In addition, we identified a variable
number of truly unique genes (TUGs), which ranged from 233 of L. crispatus LR31 and
L. crispatus LR33 to 29 of L. crispatus MGYG-HGUT-02348 and L. crispatus EM-LC1 (Fig. 4
and Table S3). Notably, due to the low quality of some genome sequence data, strains
presenting more than 250 TUGs were not considered for this analysis (Table S3).
Furthermore, an in silico approach was used to calculate the average nucleotide iden-
tity (ANI) values, defined as a measure of nucleotide-level genomic similarity between
two genomes (76). This analysis showed a highly syntenic genome structure among
members of the L. crispatus species, with associated ANI values ranging from 95.57% to
99.87%. Interestingly, different range of ANI values were recognized between L. crispa-
tus strains isolated from vaginal fluid and from poultry fecal samples. In this context,
the lowest ANI value between vaginal isolated strains was 95.57%, while for poultry
isolated strains was 97.64%. These data suggest that differences exist between L. crisp-
atus strains isolated from different ecological niches, underlining highly syntenic ge-
nome structures among L. crispatus strains of poultry origin.

Phylogenetic analyses of the Lactobacillus crispatus species. Recently, a taxo-
nomic reclassification of the Lactobacillus genus has resulted in a more robust clade of
this bacterial taxon, including microorganisms with shared metabolic and ecological
features (77). Notably, these analyses revealed the presence in the Lactobacillus genus
of species adapted to vertebrates or invertebrates, including L. crispatus species and
typical human vaginal lactobacilli, such as L. iners, L. jensenii, and L. gasseri species (77).
The availability of genome sequences of members of L. crispatus species (Table S3)
allowed a more robust phylogenetic reconstruction of this taxon. As already men-
tioned above, in silico analyses identified 452 ORFs shared among analyzed L. crispatus
genomes, representing the core genome of this species. A concatenated protein
sequence that included the product of each of these core genes was used to build
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a L. crispatus supertree (Fig. 4). This supertree showed that all 16 L. crispatus strains iso-
lated in this study coclustered with other publicly available L. crispatus genomes.
Interestingly, the supertree gave rise to two clades, the first one comprising L. crispatus
strains isolated from chicken as well as turkey GIT and the human GIT, while the second
one included L. crispatus strains isolated from vaginal swabs and human urine samples
(Fig. 4). Interestingly, the L. crispatus DISK12 strain, which was isolated from the human
oral cavity, and the type strain L. crispatus DSM20584, which was isolated from human
eye (22), coclustered with strains isolated from the gastrointestinal tract of animals and
humans (Fig. 4). Notably, strains CIP104459, C037, and OAB24-B, which were isolated
from vaginal swabs (78, 79), did not cluster with other vaginal-isolated strains (Fig. 4).
Moreover, three strains isolated from human urine samples, L. crispatus UMB0824, L.
crispatus UMB0085, and L. crispatus UMB0040 (80), coclustered with strains of animal
and human GIT origin (Fig. 4). Despite some exceptions, due to the very low phyloge-
netic distance among members of L. crispatus species, these analyses showed different
evolutionary developments among the strains analyzed, likely reflecting the ecological
adaptation of such strains to their ecological niches.

Coculture experiments in simulated vaginal fluid. In order to investigate the
behavior of vaginal-isolated L. crispatus strains in a simplified human vaginal environ-
ment composed of other typical vaginal-Lactobacillus species, we performed growth
experiments on simulated vaginal fluid (SVF) that mimics the nutritional and chemical-
physical conditions of the vaginal environment, as previously performed by Pan et al.

FIG 4 Phylogenomic tree of L. crispatus species. A proteomic tree was built on the concatenation of 452 L. crispatus core genes identified in the core
genome analysis. This tree was constructed by the neighbor-joining method, and the genome sequence of L. acidophilus DSM 20079 was used as the
outgroup. Bootstrap percentages of.70 are shown at node points, based on 1,000 replicates. Circles surrounding the tree represent the isolation origin of
the strains and the number of truly unique genes (TUGs) (violet circles).
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(31). We assessed nine different parallel in vitro experiments for each L. crispatus iso-
lated from human vaginal samples, i.e., PRL2021, LB56, LB57, LB58, LB59, LB61, LB62,
and LB63, and a strain originating from a vaginal probiotic product, i.e., M247. In each
parallel in vitro experiment, a single vaginal-isolated L. crispatus strain was inoculated
(1% vol/vol) with other representative Lactobacillus species of vaginal CSTs exemplified
by L. gasseri ATCC 9857, L. iners LMG 14328, and L. jensenii V94G at 1% (vol/vol) each.
After 12 h of growth, shallow-shotgun metagenomics was independently performed
for each batch culture. Sequencing analyses resulted in a total of 837,443 reads with
an average of 93,0496 8,520 reads per sample (Table S7).

Notably, after 12 h the average relative abundance of L. iners LMG 14328 corresponded
to 0.60%6 0.26% (Fig. 5a). This low abundance of L. iners LMG 14328 was probably due to
the suboptimal growth conditions for this strain, perhaps as a result of its nutritional needs
(81). Interestingly, L. gasseri ATCC 9857 seemed to outgrow other strains in seven out of
the nine experiments (Fig. 5a) and, in five cases, the relative abundance of this strain was
higher than 65% (Fig. 5a). Moreover, in one case L. crispatus PRL2021 was shown to have
grown better compared to the other lactobacilli, with a relative abundance of 77.4% (Fig.
5a). Other L. crispatus strains (LB57, LB58, LB59, and M247) were shown to be dramatically
outnumbered by other lactobacilli after 12 h of cultivation (Fig. 5a). These data and previ-
ous findings (Table 3) suggest that L. crispatus PRL2021 possesses superior ecological fit-
ness compared to the other assessed L. crispatus strains, and its growth performance high-
lights excellent adaptation to the vaginal environment.

Coculture experiments using L. crispatus PRL2021 and human feces. The VM
composition may be influenced by fecal/rectal bacteria since it is the closest anatomi-
cal site characterized by a complex microbiota. In this context, the fecal/rectal micro-
biota may act as a source or reservoir of microorganisms (82). In fact, transmission of
microorganisms from the rectum to the vagina may change the equilibrium of the vag-
inal microbiota or stimulate local inflammatory responses predisposing women to local
infections, such as BV (83). Notably, recent studies have suggested that oral ingestion
of Lactobacillus-containing products may play a possible role in the treatment or pre-
vention of genital infections, acting as a gut reservoir for vaginal (re)colonization by
lactobacilli (84, 85).

In order to evaluate the ecological effects of L. crispatus PRL2021, which was shown to
have properties that were superior among the L. crispatus strains tested here, in shaping
the vaginal microbiota, we performed a coculture experiment of PRL2021 with human
feces. In detail, we cultivated L. crispatus PRL2021 with four different fecal samples with an
inoculum consisting of 1% (wt/vol) or 5% (wt/vol). The growth experiments were per-
formed using both SVF and fecal medium. Control growths were carried out without L.
crispatus PRL2021. The ecological effects of strain PRL2021 on the fecal microbiota in the
coculture experiments were investigated through a shallow shotgun metagenomics
approach followed by an absolute quantification of the identified bacteria through flow
cytometry assays. Sequencing analyses resulted in a total of 1,566,052 reads with an aver-
age of 43,5016 15,086 reads per sample (Table S8). As expected, the metagenomic analy-
sis highlighted the absence of L. crispatus in all four fecal samples and in control growths.
In detail, samples grown in SVF and fecal medium with 1% of stool sample showed an av-
erage abundance of L. crispatus of 12.33% 6 8.00% and 25.08% 6 21.27%, respectively.
Similarly, the samples cultivated with 5% of human stool sample indicated an average
abundance of L. crispatus of 4.46%6 3.83% and 7.40%6 9.04% in SVF and fecal medium,
respectively.

A quantitative microbiome profiling approach, employing flow cytometry enumeration
of microbial cells present in each sample, allowed the identification of the microbial load
of coculture and control growths (86, 87). The comparison between each coculture experi-
ment with its own control showed a decrease in the number of microbial cells in all sam-
ples enriched with L. crispatus PRL2021 (Fig. 5b). More specifically, flow cytometric results
showed a drop in cell number in the coculture samples ranging from a thousand- to a hun-
dred thousand-fold (Fig. 4), highlighting the ability of L. crispatus PRL2021 to provoke a
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FIG 5 Growth experiment in simulated vaginal fluid (SVF) and feal medium. (a) The bacterial composition of batch cultures based on shallow
shotgun metagenomics profiling. The x axis represents the different analyzed batch-cultures, indicated with the L. crispatus strain name tested in
each experiment. The y axis represents the absolute percentage of operational taxonomic units (OTUs) for each sample. (b) The taxonomic absolute
abundances and the comparisons between the coculture experiment and its own control.
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simplification of the bacterial community, such as the fecal or vaginal microbiota.
Moreover, these results support the notion that L. crispatus PRL2021 is able to grow in a dif-
ferent and more complex environment than that of the vaginal ecosystem, such as the in-
testinal environment, making this strain an interesting candidate for the development of
Lactobacillus-containing probiotic products. Certainly, further investigations based on in
vivo preclinical interventions are needed to fully clarify the beneficial role of L. crispatus
PRL2021 in women with vaginal dysbiosis.

In conclusion, the human vaginal microbiota (VM) is represented by bacteria that colo-
nize the human vaginal tract and that are assumed to play an important role in supporting
a healthy host status. In the current study, we analyzed the VM composition of healthy
women and observed that L. crispatus is one of the most representative species and corre-
lates negatively with bacteria involved in vaginal infections. Moreover, this species seems
to be able to modulate the VM and appears to play a role in reducing VM biodiversity.
However, in this metagenomics analysis, 49% of the samples are of Chinese origin and this
could represent a limitation of this study because it can introduce a geographical bias.
Certainly, a more in-depth investigation that includes multiple samples of different geo-
graphic origins could expand and refine the knowledge on the composition of CST and
the healthy vaginal microbiota. Furthermore, the isolation of 15 L. crispatus strains from
vaginal swabs and chicken fecal samples confirmed that these two ecological niches are
frequently and abundantly colonized by members of this Lactobacillus species. The ge-
nome sequencing of the new isolates allowed construction of the largest genomic data
set of the L. crispatus taxon, including 94 publicly available L. crispatus genomes.
Phylogenomic analyses based on the core genome sequences showed the existence of
two different clades in which, with just a few exceptions, L. crispatus strains reflect the
ecological niche from which they were isolated, suggesting a genetic adaptation to dif-
ferent environments. Furthermore, VM-simulating in vitro experiments revealed that L.
crispatus, and in particular strain PRL2021, is able to outgrow other typical vaginal
Lactobacillus species. These experiments also showed how this species exhibits good
growth in a fecal environment, thereby highlighting the ability of this microbial
taxon to decrease the complexity of a bacterial community. This analysis and in silico
prediction of an extensive putative antimicrobial activity of this species suggests that
L. crispatus PRL2021 is an interesting strain with an ability to prevent vaginosis and
vaginal dysbiosis.

MATERIALS ANDMETHODS
Selection and metagenomics analyses of public data sets. In this study, we performed a metage-

nomics analysis based on three publicly available whole-metagenome sequencing (WMS) data sets
based on Illumina sequencing technology, corresponding to a total of 94 vaginal samples (Table S1).
Specific metadata regarding age, diet, and any therapies was not available. In order to classify the reads to
the lowest possible taxonomic rank, the downloaded fastq files were analyzed with the METAnnotatorX bio-
informatics platform (88).

Isolation of new L. crispatus strains. In order to investigate the occurrence of L. crispatus in vaginal
microbiota and in poultry fecal samples, seven human healthy vaginal fluid samples from adult Italian
women without symptoms of vaginal infections or local diseases and 10 feral chicken fecal samples
were explored. Vaginal samples were collected through vaginal swabs mixed with 4ml of phosphate-
buffered saline (PBS) (pH 6.5), while fecal samples were composed of 10 g of fresh fecal material, which
is a sufficient quantity to represent the whole biodiversity of fecal microbiota, as reported in a previous
study (89). Serial dilution and subsequent plating were performed using MRS agar supplemented with
1% lactose (wt/vol). Morphologically different colonies that developed on MRS plates were picked and
streaked in order to isolate purified bacterial strains.

Taxonomic identification of new isolated strains. Identification of each isolate was performed
by PCR amplification of a portion of the 16S rRNA gene through primer pair P0 (59-GAAGAGT
TTGATCCTGGCTCAG-39) and P6 (59-CTACGGCTACCTTGTTACGA-39). Each 16S rRNA gene thus gener-
ated from individual strains was sequenced and was analyzed by BLAST against the GenBank data-
base. Moreover, the genomes of the L. crispatus strains identified were also characterized using L.
crispatus species-specific primers: Lbc_fw: 59-AGGATATGGAGAGCAGGAAT-39 and Lbc_rv: 59-CAACT
ATCTCTTACACACGCC-39 (90–93). Each sample was subjected to the following thermal cycling con-
ditions: 5 min at 94°C for one cycle, then 20 s at 94°C, 30 s at 57°C, and 40 s at 72°C for 30 cycles, fol-
lowed by a 5-min elongation period at 72°C. The L. crispatus isolated strains are listed in Table 1.

pH and sodium chloride tolerance tests. The ability of isolated strains to tolerate various pH levels or
NaCl concentrations was evaluated by monitoring optical density (OD) values on 96-well plates. In different
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wells, MRS medium enhanced with 1% lactose was supplemented with 2%, 6%, or 10% NaCl (wt/vol). In addi-
tion, isolated strains were also cultivated in MRS medium supplemented with 1% lactose and set to pH 2.0,
pH 3.0, or pH 4.0 by the addition of HCl. Microtiter plates were incubated under aerobic conditions for 48 h
at 37°C. Cell density was monitored by OD measurements at OD600 using a plate reader (BioTek, VT, USA).
The resistance level to the imposed sodium chloride or pH stress was calculated in each case by comparing
the maximum OD600 reached in a particular medium with that of the control medium (MRS1 1% of lactose).
Assays were performed in triplicate as independent experiments.

Glycogen growth assays. Lactobacillus strains were cultivated on semisynthetic MRS medium without
sugar supplemented with 1% (wt/vol) of glycogen (Merck, Germany) as the sole carbon source. OD measure-
ments at a wavelength of 600nm were detected using a plate reader (BioTek, VT, USA). The plate reader was
read in intermittent mode, with absorbance readings performed at 3 min intervals for three times after 12,
15, 18, 24, 36, 40, and 48 h of growth, where each reading was ahead of 30 s shaking at medium speed.
Cultures were grown in biologically independent triplicates in aerobic conditions at 37°C. The resulting
growth data were expressed as the mean of these replicates. Control growth experiments were carried out
with strains growth in MRS medium supplemented with 1% lactose (wt/vol).

Detection of hydrogen peroxide production. Lactobacillus strains were tested for the production of
H2O2. Each strain was plated on TMB-plus agar, as previously described (56). In brief, lactobacilli were
plated on TMB-plus agar and incubated for 48 h at 37°C in anaerobic conditions (2.99% H2, 17.01% CO2,
and 80% N2) in a chamber (Concept 400, Ruskin). After 30 min of exposure to ambient air, the blue color
colony morphology of hydrogen peroxide-producing bacteria was evaluated, as previously described (18).
Color intensity was defined based on the transposition of the intensity of the colonies blue color on
Adobe Photoshop software (Adobe Incorporated, CA, USA) after photography of each plate. The color
grade was designated with the combination of the red, green and blue (RGB) color method lights, main-
taining the R and the G grade to 0. Each experiment was performed in triplicate.

Genome sequencing and assemblies. DNA extracted from lactobacillus isolates was subjected to
whole-genome sequencing using MiSeq (Illumina, UK) at GenProbio srl (Parma, Italy) according to the
supplier’s protocol (Illumina, UK). Furthermore, DNA isolated from L. crispatus PRL2021 was also sub-
jected to whole-genome sequencing using a MinION (Oxford Nanopore, UK) at GenProbio srl (Parma,
Italy) according to the supplier’s protocol (Oxford Nanopore, UK). Fastq files of the paired-end reads
obtained from targeted genome sequencing of isolated strains were used as input for genome assem-
blies through the MEGAnnotator pipeline (94). SPAdes software was used for de novo assembly of each
L. crispatus genome sequence (95, 96), while protein-encoding ORFs were predicted using Prodigal (97).
The coverage depth of these newly isolated 16 L. crispatus chromosomes ranged from 73- to 259-fold,
which upon assembly generated 36 to 259 contigs (Table 1).

Comparative genomics. A pangenome calculation was performed using the pangenome analysis
pipeline PGAP (98), including each L. crispatus genome collected from this study and 94 public available
L. crispatus genomes (NCBI database) (Table S1). Each predicted proteome of a given L. crispatus strain
was screened for orthologues against the proteome of every collected L. crispatus strain by means of
BLAST analysis (99) (cutoff at E value of,1� 1024 and 50% identity over at least 80% of both protein
sequences). The resulting output was then clustered into protein families by means of MCL (graph
theory-based Markov clustering algorithm) (100), using the gene family method. A pangenome profile
was built using all possible BLAST combinations for each genome being sequentially added. Using this
approach, unique protein families encoded by the analyzed L. crispatus genomes were also identified.
Protein families shared between analyzed genomes allowed us to identify the core genome of the L.
crispatus species. Each set of orthologous proteins belonging to the core genome was aligned using
Mafft software (101) and phylogenetic trees were constructed using ClustalW (102). Based on these com-
parative analyses, an L. crispatus supertree was visualized using FigTree (https://github.com/rambaut/
figtree/releases). The average nucleotide identity (ANI) values among L. crispatus genomes analyzed was
calculated with fastANI software (103). Functional annotation of each protein of L. crispatus strains was
performed employing the eggNOG database (61).

Prediction of putative bacteriocin-encoding genes. The genome sequences of the 16 isolated and
94 publicly available L. crispatus genomes were screened for bacteriocin-encoding genes. Moreover, 116
genomes publicly available belonging to L. iners, L. jensenii, and L. gasseri species were explored for the
bacteriocin prediction. The screening was carried out using the BAGEL3 database (65) through BLASTP
analysis (E value cutoff of 1e25) (99). Afterward, a manual examination of the sequences predicted to
encode a bacteriocin-like protein was performed. The predicted bacteriocin genes were classified
according to the bacteriocin classification reported in the BAGEL3 database (65).

Growth experiment of the isolated vaginal L. crispatus in simulated vaginal fluid and shallow
shotgun metagenomics. The simulated vaginal fluid (SVF) was prepared as described by Pan et al. (31).
For growth experiments, overnight lactobacillus cultures were diluted to an OD value of 1.0. Each culture
was inoculated at 1% (vol/vol) into SVF. We performed nine different experiments in which were inocu-
lated L. gasseri ATCC 9857, L. iners LMG 14328, and L. jensenii V94G (isolated in this study), together with
one new vaginal-isolated L. crispatus strain or the vaginal probiotic product strain L. crispatus M247.
Batch cultures were incubated under aerobic conditions for 12 h at 37°C. After 12 h of growth, the cul-
tures were centrifuged at 3,000 rpm for 8 min and the pellets were harvested. The pellets were subjected
to DNA extraction using the GeneElute bacterial genomic DNA kit (Sigma, Germany) following the man-
ufacturer’s instruction. The extracted DNA was prepared following the Illumina Nextera XT protocol.
Briefly, DNA samples were enzymatically fragmented, barcoded, and purified involving magnetic beads.
Then, samples were quantified using fluorometric Qubit quantification system (Life Technologies, USA),
loaded on a 2200 Tape Station instrument (Agilent Technologies, USA), and normalized to 4 nM.
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Sequencing was performed by paired-end reads using an Illumina NextSeq 500 sequencer with NextSeq
High Output v2 kit chemicals (Illumina Inc., San Diego, USA). The retained reads were analyzed with the
METAnnotatorX bioinformatics platform (88).

Growth experiments employing L. crispatus PRL2021 in SVF and fecal medium. An overnight L.
crispatus PRL2021 culture was diluted to reach an OD600 value of 1.0 and was then inoculated at 1% (vol/
vol) into SVF and fecal medium. The SVF was prepared as described by Pan et al. (31), whereas the fecal
medium was prepared as described by Macfarlane et al. (104). We performed four different experiments
for each growth medium in which were inoculated a woman’s fecal sample at 1% (wt/vol) or 5% (wt/vol)
together with L. crispatus PRL2021. Control growth experiments were carried out without L. crispatus
PRL2021. After 12 h of growth, the cultures were centrifuged at 3,000 rpm for 8 min and the pellets were
harvested. The pellets were subjected to DNA extraction using the QIAamp DNA stool minikit (Qiagen)
following the manufacturer’s instructions. The extracted DNA was prepared following the Illumina
Nextera XT protocol as mentioned previously for coculture experiments.

Evaluation of cell density by flow cytometry assay. For bacterial cell counting, 500ml of batch cul-
ture was diluted in physiological solution (phosphate-buffered saline, PBS). Subsequently, bacterial cells
were stained with 1ml of SYBR Green I and incubated in the dark for at least 15min before measurement.
All count experiments were performed using an Attune NxT Flow flow cytometer (Invitrogen,
ThermoFisher Scientific) equipped with a blue laser set at 50 mW and tuned to an excitation wavelength
of 488 nm. Multiparametric analyses were performed on both scattering signals (FSC, SSC) and SYBR
Green I fluorescence was detected on FL1 channel. Cell debris and eukaryotic cells were excluded from
acquisition analysis by a sample-specific FL1 threshold. All data sets were statistically analyzed with
Attune NxT flow cytometer software. Utilizing these cell counts to normalize the sequencing data into
absolute abundance of each profiled taxon, we were able to perform quantitative microbiome profiling
using a previously described method (86, 87).

Statistical analysis. The hierarchical clustering (HCL) of samples was obtained using bacterial com-
position at the species level and was calculated through TMeV 4.8.1 software using Pearson correlation
as a distance metric based on information at the genus level. The data obtained were represented by a
cladogram. SPSS software (IBM, Italy) was used to perform statistical analysis by Student’s t test, ANOVA,
and by Kendall tau rank cooccurrence. Moreover, we calculated the post hoc analysis LSD (least significant
difference) for multiple comparisons. The figures were generated through Microsoft Excel (Microsoft 365)
software.

Data availability. Raw sequences of the shallow shotgun metagenomics profiling experiments are
accessible through SRA study accession number PRJNA641015. Newly isolated Lactobacillus genomes
were sequenced and deposited with the BioSample numbers reported in Table 1.
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