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Comparative pangenomic analysis

of predominant human vaginal lactobacilli
strains towards population-specific
adaptation: understanding the role

in sustaining a balanced and healthy vaginal
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Abstract

The vaginal microenvironment of healthy women has a predominance of Lactobacillus crispatus, L. iners, L. gasseri,
and L. jensenii. The genomic repertoire of the strains of each of the species associated with the key attributes
thereby regulating a healthy vaginal environment needs a substantial understanding.

We studied all available human strains of the four lactobacilli across different countries, isolated from vaginal
and urinal sources through phylogenetic and pangenomic approaches. The findings showed that L. iners has the
highest retention of core genes, and L. crispatus has more gene gain in the evolutionary stratum. Interestingly, L.
gasseri and L. jensenii demonstrated major population-specific gene-cluster gain/loss associated with bacteriocin
synthesis, iron chelating, adherence, zinc and ATP binding proteins, and hydrolase activity. Gene ontology
enrichment analysis revealed that L. crispatus strains showed greater enrichment of functions related to plasma
membrane integrity, biosurfactant, hydrogen peroxide synthesis, and iron sequestration as an ancestral derived
core function, while bacteriocin and organic acid biosynthesis are strain-specific accessory enriched functions.

L. jensenii showed greater enrichment of functions related to adherence, aggregation, and exopolysaccharide
synthesis. Notably, the key functionalities are heterogeneously enriched in some specific strains of L. iners and L.
gasseri.
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dysbiosis for women'’s health.
Significance

health.

This study shed light on the genomic features and their variability that provides advantageous attributes to
predominant vaginal Lactobacillus species maintaining vaginal homeostasis. These findings evoke the need to
consider region-specific candidate strains of Lactobacillus to formulate prophylactic measures against vaginal

The vaginal microenvironment is dominated by Lactobacillus crispatus, L. iners, L. gasseri, and L. jensenii, which acts
as a gatekeeper in the vaginal ecosystem retarding the growth of pathogens. The species co-habits in the vaginal
microenvironment separating their niches, and bearing genomic repertoire for advantageous adaptive attributes in
the vaginal microenvironment such as plasma membrane plasticity, adherence, aggregation, and cell surface active
molecules such as exopolysaccharides and biosurfactants.

This study performed pangenomic analysis of predominant human vaginal lactobacilli strains in population-
specific adaptation. More importantly, the study shed light on genomic features and their variability that provides
advantageous attributes to predominant vaginal Lactobacillus species maintaining vaginal homeostasis. We found
that few Lactobacillus species have region-specific strains with gene cluster gain/loss for tentatively adapting to
the human population with diverse genomic repertoire. These findings reveal the genomic evolution of strains of
predominant human vaginal lactobacilli for population-specific adaptation and evoke the need to consider region-
specific candidate strains of Lactobacillus to formulate prophylactic measures against vaginal dysbiosis for women'’s

Keywords Gene ontology, GO functional enrichment, Pangenome, Vaginal microenvironment, Vaginal Lactobacillus

Introduction

Vaginal micro ecosystems undergo a continuous shift
throughout a woman’s life cycle. The colonization of
microbes in the vaginal microenvironment is shaped
by factors such as age, hormonal flux, ethnicity, sexual
behaviour, feminine hygiene, medication, and lifestyle
habits [1]. However, mounting pieces of evidence suggest
that a healthy vaginal microenvironment is mainly domi-
nated by Lactobacillus which act as vaginal gatekeepers
retarding the growth of pathogens [2—4]. Notably, vagi-
nal microbiomes across different populations around the
globe share four predominant clusters of lactobacilli viz.
L. crispatus, L. iners, L. gasseri, and L. jensenii [1, 5, 6].
This evokes the need to understand the genomic reper-
toire of these four species for their widespread coloniza-
tion in maintaining vaginal homeostasis.

The lactobacilli of the vagina bear many unique attri-
butes, which help in their dominance and to better com-
pete with pathogens in the vaginal microenvironment [7].
Most vital bacterial cell functions are attributed to the
plasma membrane to adapt to a wide range of environ-
ments such as control on the biophysical property of the
membrane, by synthesizing its major constituents like
protein, lipids, and phospholipids [8]. Adherence, which
is guided by the cell surface factors of the host and the
microbe, is another important attribute of vaginal lac-
tobacilli and they outperform pathogenic microbes for
adherence in vaginal epithelial cells [9]. Similarly, self-
aggregation is another important characteristic of vaginal
lactobacilli [10, 11] which allows them to form biofilm
by co-aggregation in the vaginal environment. Neverthe-
less, the lactobacilli also aggregate with the pathogen for

their lysis either by synthesis of bacteriocins, hydrogen
peroxide, etc., or by initiating NF-kB signal transduc-
tion pathway releasing cytokines [12—14]. Furthermore,
cell surface active molecules (SAMs) of vaginal lactoba-
cilli such as exopolysaccharides and biosurfactants (gly-
colipids, lipopeptides, lipopolysaccharide), are pivotal
attributes for dominance in the vaginal microenviron-
ment [15, 16]. Thus, it is very important to understand
the genomic signatures of these important attributes, and
their changing landscape across different species/strains
to shed light on the genomic basis of adaptation of a par-
ticular Lactobacillus species/strain in the vaginal micro-
environment of a particular population. Therefore, for
an in-depth understanding of their predominance in the
vaginal microenvironment, we performed a comparative
genomic analysis of the four Lactobacillus sp. based on
their pangenome.

Considering the key attributes of lactobacilli that exert
sustained dominance on the vaginal mucosa, previous
studies primarily focussed on genomic loci regulating
host and body-site specific adaptation [14], bacteriocin
production [17], carbohydrate-transport [18], probiotic
properties [19], glycosylation and glycogen degradation
[20] mostly in L. crispatus, and phosphate acquisition
mechanism unique in L. iners [21]. Notably, such studies
are very limited for the other vaginal Lactobacillus spe-
cies although the microbial community state types and
dominance of lactobacilli vary across populations. More
importantly, each of the key attributes involves a cascade
of biological processes but no study has explained the
changing landscape of the biological processes represent-
ing the key attributes in the four Lactobacillus sp. across
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populations. Furthermore, the studies have not related
the pangenome with phylogeny to critically discuss epi-
sodes of gene gain and loss during evolution.

The vivid approaches adopted for this study were
phylogenomic, comparative genomic, and pangenomic
reconstruction analyses. The gene ontology library of
microbes has been used to identify the genes involved
in key attributes and their variability to gain and loss has
been enumerated using the comparative genomic and
pangenomic landscape. The phylogeny served the pur-
pose to trace sequential characteristic changes across
diverse populations. This study aims to shed light on (i)
the genomic features and their variability that provides
advantageous attributes to predominant vaginal Lacto-
bacillus species maintaining vaginal homeostasis, (ii) the
reason for the co-habiting attributes of lactobacilli parti-
tioning and sharing the vaginal niche to bring out com-
bined protective functionality to the host, and (iii) the
need to consider region-specific candidate strains of Lac-
tobacillus to formulate an effective population-specific
vaginal probiotic as a prophylactic measure against vagi-
nal dysbiosis for women’s health.

Results

Dataset characteristics

In this study, the whole genome sequences (WGS) of L.
crispatus, L. iners, L. jensenii, and L. gasseri from vaginal
origin were downloaded from the NCBI database. The
dataset includes strains of each of the four species from
different populations of the world (Table 1, Additional
file 1: Table S1 sheets 1-4). For L. crispatus, we have col-
lected 82 WGS that covered populations from the USA
(30), Belgium (2), Brazil (4), China (1), France (2), India
(3), Italy (9), the Netherlands (28), Russia (1), South
Korea (1), and Thailand (1). Similarly, for L. iners we have
collected 25 sequences that covered the populations from
India (1), Korea (1), Sweden (2) and the USA (21). For L.
gasseri, we have collected 21 WGS that covered the pop-
ulations from Italy (1), South Korea (2), and the USA (18)
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For L. jensenii, we have collected 32 WGS from China (1),
South Korea (1), Thailand (1) and USA (29). The average
whole genome size for L. crispatus, L. iners, L. jensenii,
and L. gasseri is 2.03 Mb, 1.36 Mb, 1.59 Mb, and 1.87 Mb,
respectively and most of them are in the form of single or
multiple scaffolds.

Pangenome profile and phylogeny of the bacterial strains
Prokka’s pipeline critically annotated the bacterial genes
present in the genomes. Subsequently, Roary’s pipe-
line compared the annotated genes among the genome
sequences of a species. These steps provided a pange-
nome profile for L. crispatus, L. iners, L. jensenii, and L.
gasseri as shown in the Additional file 1: Table S1 sheet
5-8. A schematic representation of the hierarchical per-
centage presence of core, soft-core, shell, and cloud genes
among L. crispatus, L. iners, L. jensenii, and L. gasseri is
shown in Fig. 1. This data reveals that, among the four
dominant Lactobacillus species inhabiting the vaginal
microenvironment, the diversification of their strains
is associated with relatively high percentage retention
of core genes in L. iners and least in L. gasseri. Notably,
L. crispatus has the highest percentage of cloud genes
which reveals that during its evolutionary continuum,
new genes were added to the genome. Among the oth-
ers, L. jensenii and L. iners have the highest and lowest
percentage of soft-core genes, respectively. Whereas, L.
crispatus and L. jensenii have the highest and lowest per-
centage of shell genes, respectively.

Since the core genes represent the consensus genomic
region of all the strains of a species, the core gene align-
ment file from Roary’s output was used to deduce an ML
tree for each of the four species. Figures. 2a, 3a, ¢, and
e show the ML tree of L. crispatus, L. iners, L. jensenii,
and L. gasseri strains, and Figs. 2b and 3b, d, and f, show
their corresponding pangenome profile. Initially, we did
the phylogenetic reconstruction of the strains for each
of the species, and subsequently tried to understand the
episodes of gene cluster gain/loss (from the pangenome

Table 1 Country-wise distribution of lactobacilli genome datasets for pangenome analysis. The data were downloaded from NCBI.

Lactobacillus crispatus Lactobacillus gasseri Lactobacillus iners Lactobacillus jensenii
Country Processed genomes Country Processed genomes Country Processed genomes Country Processed genomes
Belgium 2 [taly 1 India 1 China 1

Brazil 4 South Korea 2 Korea 1 South Korea 1

China 1 USA 18 Sweden 2 Thailand 1
France 2 USA 21 USA 29
India 3

[taly 9

Netherland 28

Russia 1

South Korea 1

Thailand 1

USA 30
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Cloud genes

Fig. 1 Distribution of the percentage of core, soft-core, shell, and cloud genes among the predominant vaginal lactobacilli. Among the total genes in
each of the species, L. iners retained a relatively high percentage of core-genes and L. gasseri retained the least. L. crispatus showed a relatively high per-
centage of cloud genes which depicts the evolutionary diversification of its strains distributed across different geographic regions

profile) relating to the phylogenetic clades in the suc-
ceeding section.

It is evident from the ML tree that, for L. crispa-
tus (Fig. 2a), a few strains from the USA represents the
basal clade, and it is successively followed by a heteroge-
neous assemblage of USA strains in several small distinct
clades. The strains from the Netherlands formed five sis-
ter clades and one distinct clade. The strains from Italy
formed five clades and that from France formed a single
clade. The single strain from South Korea clustered as a
sister clade with one of the clades of Italy.

Among the three Indian strains, one clustered at the
basal, and the two other strains formed two distinct
clades close to a USA clade. The single strains from China
clustered within an Italian clade and one strain from
Thailand clustered within a USA clade. The Brazilian
strains and a Belgium strain clustered within the Nether-
lands clade, while another strain from Belgium clustered
basal with few USA strains. For L. iners (Fig. 3a), the

Sweden and the South Korean strains formed the basal
clade, and all USA and a single strain of India clustered
within a clade (Fig, 3c).

In L. gasseri(Fig. 3b), the USA strains are heteroge-
neously assembled into distinct clades. The strain from
Italy and South Korea clustered within separate distinct
clades of the USA strains. In L. jensenii (Fig. 3e), the USA
strains formed three distinct clades, and the other strains
from China, Thailand, and South Korea clustered within
either of the three clades of USA strains.

Gain-and-loss of major gene clusters in the predominant
Lactobacillus species of vaginal microenvironment

While we assessed the pangenome profile of the four Lac-
tobacillus species, we anticipate that any significant gain/
loss of gene cluster associated with a particular clade
(Figs. 2a and 3a and ¢, & e) will be concentrated on the
‘shell’ and the ‘cloud’ region of the pangenome (Figs. 2b,
3b, d, and f). L. crispatus (Fig. 2b) and L. iners (Fig. 3b)
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Fig. 2 (a) Maximum likelihood phylogenetic tree, and (b) corresponding pangenome profile based on whole genome sequences of L. crispatus. The
phylogeny revealed that for L. cripatus, the sequences from eleven countries assembled both cohesively (country-wise) and also as distinct clade. In many
cases sequences from two different countries clustered together. The pangenome corresponding to the phylogenetic arrangement of the sequences
showed no cases of clade-associated gene cluster gain/loss. The sequences with a colour code represents the sequences from a particular country

have no significant gene cluster gain/loss that may be
associated with a particular clade or sequences from a
particular region.

Notably, in L. gasseri (Fig. 3d), a clade having two
strains each from the USA and one strain from South
Korea showed a significant gene cluster loss/gain (Addi-
tional file 1: Table S1 sheet 9) compared to the strains in
two other clades, one having strains only from the USA
and the other having strains from the USA, Italy, and one
strain from South Korea. Similarly, in L. jensenii (Fig. 3f),
a clade represented by six USA strains showed significant
loss/gain of the gene cluster (Additional file 1: Table S1
sheet 10) compared to the other clades represented by
strains from the USA, China, Thailand, and South Korea.
The gain/loss of functions related to the gain/loss of gene
clusters is explained in the succeeding section.

Functional enrichment of pangenome of different
Lactobacillus species and gain-and-loss of key functions
The pangenome of each of the four species (Figs. 2b, 3b,
d, and f) have been subdivided into core, soft-core, shell,
and cloud genes based on the percentage of the strains
of a species having the genes. As such, the core, soft-
core, shell, and cloud genes represent the genes found

among 98 to 100%, 94 to 97%, 14 to 93%, and 1 to 13%
strains, respectively. Here, we have considered the clus-
ter of the genes under core, soft-core, shell, and cloud as
four groups of Gene Ontology (GO) and detailed results
of significant functional enrichment analysis of the GOs
using ClueGo, EnrichR, and ShinyGO search platform
is given in the Additional file 2: Figure S1 and S2 for L.
crispatus and L. iners respectively and the Additional file
2: Figure S3a and b, and S4 for L. gasseri and L. jensenii
respectively.

The core and the soft-core represent the genes primar-
ily present in all the strains of the respective species.
Figure 4a and b show the enriched GO terms of the core
and soft-core genes of the four predominant species of
lactobacilli. The figures depict that the biological func-
tions such as protein biosynthesis, DNA damage and
repair, binding activities related to nucleotide, ATP, ribo-
nucleotide, purines, and other small molecules and ions,
enzymatic activities such as hydrolase and transferase,
cellular and organic biosynthetic process, and some pri-
mary intracellular metabolic processes are the conserved
functions in all the strains of L. crispatus. Therefore,
these are the enriched GO terms based on the pange-
nomic core and soft-core genes of the species. These



Bhattacharya et al. BMC Genomics (2023) 24:565 Page 6 of 15

a b

GCF 011056715.1 ASM110S87101.GFF3 |
‘GCF 0001789751 ASM17997v1 GFF3 | H\ )
| II I

I \IH[H‘H“\I,IH‘I\”H‘ Il‘iw ﬂ l“llli I HIIJJW)I I\Il! I‘f 1] IHIII L} III‘ IR II |

GCF 0028923851 ASM289238v1. GFF3 1 | H‘ \I\‘ l{

S i s w(\

F 011058755.1 ASM1105875v1.GFF3 LI H
o Ao L ‘[”H‘"“‘H'J"|“‘ ”W
e : ,‘1
. i h,

L ———GCF 0110586051 ASM1105860v1 GFF3. ‘ l”
M\

h\uzim,ylml.w il s e
Hlmlh:hjﬂum“u ||||\”nul|uau u‘m ||“f Mﬂ””'

“
i

-GCF 011058775.1 ASM1105877v1.GFF3

Wnn'm |I‘l1 III‘I lI I
(]| |

Nl
|

GG 0TI 1 ASMITSSII GFFS | )
————GCF 002884705.1 ASM288470v1 GFF3. | Il
Gor ae106S 1 ASUTABOG1GFF3 il mm"\“H“‘ﬂ
o orseTes 10578 TS

ﬂh\\l\l |\|ﬂ|| i | . 1 ‘\HI‘II\ \II“ I Jl

|
F 000160875.1 ASM1608741.GFF3

00
¥ L 2
USA Core (536) Soft-core (82) Shell (319) Cloud (509)
B Korea (25 <= strains < 24) (24<=strains <23) (23 <= strains =<5) (strains < 5)
I India
Sweden

Lactobacillus iners
c d

(GOF 017565025.1 ASMA756562v1.GFF3
(GCA 0001769952 ASM17699v2.GFF3 | [
(GCF 007785965.1 ASM778596v1.GFF3
GCA 000175055.1 ASM17505v1.GFF3
GGF 002940965.1 ASM2940961.GFF3
GCA 0078269851 ASM782698v1.GFF3 | [}
GCA 002863425.1 ASM286342v1.GFF3
GCA 001546525.1 ASM154652v1.GFF3 [t T
(GCF 007735995.1 ASM778599v1.GFF3 !

‘GCA 009657935.1 ASMIB5TIN1.GFF3

I [N | “II\ ‘ I HI\II [ ! III | ‘ [} [ I I Il

IIHH\H\|| \{ | {

[N NI I
|

I M”' [ ‘Hlllr ‘llllu\ll\| IIII I“”Hjl ‘H ’II I.\ IIIIII.\ Im ]\II I.\I

| ] "o

i ."H'J’: g

1 I
|GCA 002863455 1 ASM286345v1 GFF3. | | [} HH’
‘GCF 0028647351 ASM283473v1.GFF3 o | !
\
\(} ‘

F 007785975.1 ASM77869701.GFF3

(R iy *\[1”.‘.‘..‘..aw|r.||.uq.ﬂlm
S 'l

oo e I
E R

GOF 000439915.1 V1.GFF3.
'GCA 000155935.2 MV-22 V2 GFF3

rmr 007786195 1 ASM778819v1 G
'Gc

M\I\I”I‘ IIH o oy

L 1 1 1
— A 2 v L 2 $
001 Core (_282) Sofl—f:ore (205) Shell (1103) Cloud (1278)
USA (21 <= strains <=20) (strains <=19) (18 <= strains =<5) (strains < 5)
EE  south Korea
= taly o .
Lactobacillus gasseri
e f
|GCF 011029225 1 ASM1102922v1. GFF3.
(GCF 008727025.1 ASM872702V1 GFF3. | [ 111 ,H I‘\ I II\ I J ! ! |
GO 0007265651 ASMO72656v1.GFF3 11 L)) ‘ |q LM F
(GCF 0087270851 ASMB72708v1 GFF3 I [} ‘ ||

I |

I | ‘ I'l I |
(GF 012030285.1 ASM1203028v1.GFF3

(GCF 008726325.1 ASME72632v1 GFF3 1

IIHH L]
(GCA 000162335.1 ASM16233v1 GFF3 1 \ [ [N S | H
GCF 002848045.1 ASM284804v1. GFF3. “ | | 1 | |

GCF 007786155.1 ASM778615v1 GFF3. | | I ‘ | |
|
(GCF 007785915.1 ASM778591v1.GFF3 I

IR
Hdl\ll‘ll‘ HHIH | e

(GCF 007786035.1 ASM778603v1.GFF3

\ \
GCF 007785825.1 ASM778582v1.GFF3 L HII‘M\ I\‘ L1 \IJHHHI\VH‘II\!\FK\'\H‘ ’
|

GGF 002063405.1 ASM206340v1.GFFD
\

GCF 007785935.1 ASM778593v1.GFF3 1M1

GO 011714625.1 ASH17146211,GFF3 |

GCF 008726405.1 ASM872640v1.GFF3 |
‘G0A 000162435 1 ASH1624311 GFFS (.

T \H' } ’“”‘ , l |

".l i .\ 1.

| DR
l [I I\{Hﬂ:;f’“‘r:l{“l [Hlllll \IIIIIIHIHIIIH IIHH “. Illm 1]

’ \ IR} |IH]I
111 \ Lo e

I 1 1 1|
¥ ¥ $ ¥
-Ev Core (.356) Soﬂ-cor»e (56) Shell (1182) Cloud (684)

(32 <=strains <= 31) (30<=strains <29) (29 <= strains =<§) (strains <5 )

G4 000161695 2 Lacto jen 27-2.CHN V2.GFF3 |
GG 00773809 1 ASHT 8800wt GFFS } |
‘GCA 007786225.1 ASMT78622v1.GFF3
‘GCF 008728115.1 ASM872811v1.GFF3
‘GCF 007786145.1 ASM778614v1 GFF3
GCF 007785135.1 ASMT78613v1 GFF3
GCF 008726355.1 ASMB72655v1 GFF3
GCA 007766055.1 ASMT78605v1.GFF3 i
GCF 012020675.1 ASM1202067v1 GFF3 QIR ] 1
GCF 012020775 1 ASM1202677v1 GFF3
(GCA 000175035.1 ASM17503v1 GFF3
GCA 000155915.2 Lacto jensenii 1153 V2 GFF3

| HI HIIIIHIIIII\\‘II\”I)H

HIIIH‘\”I‘ \f ! [
I

UsA
China

Thailand

South Korea Lactobacillus jensenii

Fig. 3 (a, ¢, & e) Maximum likelihood phylogenetic tree, and 3 (b, d, & f) corresponding pangenome profile based on whole genome sequences of L.
iners, L. gasseri, & L. jensenii. The phylogeny of L. iners is prepared by taking available representative sequences from four countries. The cladding of the
sequences is mostly country-wise. While L. crispatus sequences from South Korea clustered within a USA clade (Fig. 2a), L. iners from Korea clustered with
Sweden clade. The pangenome of L. iners showed a higher proportion of core-genes, which reveals high retention of ancestral genes.

Sequences from three countries represent the phylogeny of L. gasseri. The phylogeny of L. gasseri shows differential cladding within the sequences from
the USA and South Korea. While, the sequences from the other country clustered within separate clades of the USA. The pangenome profile reveals gene-
cluster gain/loss episodes in a clade represented by three sequences from South Korea and two sequences from USA.

Sequences from four countries represented the phylogeny of L. jensenii. The phylogeny of L. jensenii showed three distinct cladding of the USA strains
while, the representative sequences from other countries clustered separately within the USA clades. The pangenome profile showed gene-cluster gain/
loss episodes in one USA clade comprising six sequences from the USA
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Fig. 4 Functional enrichment (FDR cutoff 0.05) of the (a) core and (b) soft-core gene cluster of the predominant vaginal lactobacilli
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biological functions are also enriched GO terms based on
the core and soft-core genes of L. iners, L. gasseri, and L.
jensenii. Besides, there are other shared functions among
the Lactobacillus species such as chaperone-supported
protein folding (L. iners and L. jensenii), organonitrogen
compound biosynthesis (L. gasseri and L. crispatus), car-
bohydrate derivative binding (L. crispatus and L. gasseri),
and magnesium, zinc and growth-factor binding (L. iners
and L. jensenii).

The shell and the cloud mostly represent the genes
gained/lost among some of the strains of a species dur-
ing evolution or adaptation to a particular environment.
Figure 5a and b show the enriched GO terms of the shell
and cloud genes of the four predominant species of lacto-
bacilli. The enriched GO terms based on the shell-cloud
genes of L. crispatus relate to fatty acid biosynthesis, car-
boxylic acid biosynthesis, phosphate-linked compound
metabolic process, and organic substance metabolic pro-
cess. It is noteworthy to mention that some of the core
and soft-core gene-based functions such as heterocyclic
compound metabolic process, small molecule meta-
bolic process, ion binding and hydrolase activity are also
the enriched GO terms based on shell-cloud genes of L.
crispatus.

The above descriptions depict that while some of the
biological functions in L. crispatus are totally conserved
and some are strain-specific, many other functions as
explained below are partially conserved and partially
strain-specific. Similarly, for L. iners, functions related
to topoisomerase, helicase, pyrimidine biosynthesis and
bifunctional protein PyrR, cell cycle and penicillin-bind-
ing proteins, transpeptidase, GTP binding and homolo-
gous recombination are strain specific. While DNA
binding, hydrolase, transferase, DNA damage and repair
are partially core and partially strain-specific. The shell-
cloud genes showed enrichment of functions such as
DNA replication, translation and protein export, catalytic
activity, pyrophosphate and ATPase activity, and nucleic
acid-based metabolic process in L. gasseri, and nucleic
acid metabolic process and purine nucleotide binding
in L. jensenii. As such, we find that some of the core and
soft-core based gene functions such as hydrolase, hetero-
cyclic and aromatic compound metabolic process, and
nitrogen compound metabolic process are the additional
enriched GO terms in L. gasseri and L. jensenii based on
the shell-cloud genes.

As mentioned in the preceding section, we found gene
cluster gain/loss in L. gasseri and L. jensenii (Additional
file 1: Table S1 sheet 9 and 10). Here we have also checked
the functional enrichment related to those major gain/
loss of gene clusters and found that the region-specific
cluster in L. gasseri has a gain of functions such as amino
acid and ABC transporter protein like ArtM/GItK/GInP/
TcyL/YhdX, S1 domain and ribonuclease D, dead/deah
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box helicase domain, biosynthesis of siderophore group
nonriobosmal. However, no functional enrichment was
found with the cluster of genes lost in L. gasseri. Simi-
larly, L jensenii has region-specific cluster associated gain
of functions such as MafB19, cytidine, APOBEC/CMP
and deoxycytidylate like deaminase, zinc, and ATP bind-
ing domain, ABC transporter and macrolide export, and
hydrolase activity, and loss of functions such as binding
process associated with purine ribonucleotide, and meta-
bolic process associated with the nucleobase-containing
compound, carbohydrate derivative, cellular and hetero-
cyclic organic compound, and catalytic activity.

Variation of key functional attributes among the

four predominant Lactobacillus species of vaginal
microenvironment based on pangenome profile

The key attributes of lactobacilli that favour their domi-
nance for a balanced and healthy vaginal microenviron-
ment include plasma membrane integrity, adherence,
aggregation, synthesis of exopolysaccharide (EPS), bio-
surfactant, bacteriocins, hydrogen peroxide and organic
acids [1]. Many of the functionalities are correlated and
involve a network of biological processes and molecular
functions. Table 2 and Additional file 3: Table S2 provides
a detail of the GO terms that defines the biological pro-
cesses and molecular functions, including the associated
genes based on the genome being analysed, that relates to
the key attributes. Furthermore, it also shows the varia-
tions of the key attributes-related GO terms among the
four predominant Lactobacillus species based on pange-
nome profile.

Plasma membrane integrity is mostly associated with
the fatty acid biosynthesis (FAB) pathway [22], and the
pangenome profile reveals that the FAB pathway is a shell
gene-associated enriched term solely found in L. crispa-
tus. The adherence, aggregation, and EPS synthesis are
interrelated functions that involve several biological pro-
cesses such as, (i) carbohydrate derivative binding (CDB)
and protein binding (PB) linked with bacterial competi-
tive adhesion with the host’s receptor (ii) passive trans-
membrane transporter activity (PTTA) and transporter
activity linked with adhesins, (iii) galactose metabolism
(GM) linked with bacterial biofilm formation and floc-
culation, (iv) chaperone activity (CA) linked with fim-
briae assembly, (v) aminoglycan biosynthetic process
(AgBP) resulting in the formation of poly-N-acetyllac-
tosamine (PNAG), (vi) aspartate family amino acid bio-
synthetic process (AFABP) linked with microbial surface
components recognising adhesive matrix molecules
(MSCRAMM) and (vii) glycosaminoglycan biosynthetic
process (GaBP) linked with mucin secretion. Among
them, L. jensenii showed enrichment of PTTA, TA, CA,
and PB in core and soft-core genes, while CDB and GM
in shell and cloud genes. L. iners showed enrichment of
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Fig. 5 Functional enrichment (FDR cutoff 0.05) of the (a) shell and (b) cloud gene cluster of the predominant vaginal lactobacilli
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Table 2 Diversity of key attributes among the four predominant Lactobacillus species of vaginal microenvironment

Key functions GO terms involved

in L. crispatus

Characteristic pattern

Character-
istic pattern
in L. jensenii

Characteristic pat-
ternin L. iners

Characteristic pat-
tern in L. gasseri

Plasma membrane integrity FAB +(s)
Adherence, aggregation, and CDB +(sc/cl)
exopolysaccharide synthesis PB -

PTTA -

TA +(s)

GM +(s/cl)

CA -

AgBP AFABP -

GaBP +(cl)

Biosurfactant synthesis Hydrolase transferase  +(s)

(

GCMP +(0)

GcMP +(sc)

SM +(s0)

CMBP +(s/cl)

+(©)

Bacteriocin synthesis ABCT -

TTA -

nis +(s/cl)
Hydrogen peroxide, organic acid  pox +(s/cl)
biosynthesis, and D/L-lactate nox +(cl)
metabolic processes OSMP +(c)

Idh +(0)

+(cl) +(sc/cl) +(s/cl)
- - +(sc)
- - +©)
- +(0) +©
+(sc/s/cl) +(s)
+(0) - +(sc)
+(cl) +(sc/s) -
+(0) - -
+(cl) +(sc/9) -
+(sc/s) +(s) +(s)
+(@ - +(©)
- +(s0) -
- +(s0) -
+(sc/s/cl) +(c/sc/s/cl) +()
+(cl) +(s/cl) -
- +(Q) +(©)
- - +(cl)
+(cl) - -
+(s/cl) +(c/sc/s/cl) +()
+(c/s0) +(c/s0) +(0)

« FAB - Fatty acid biosynthesis; CDB — Carbohydrate derivative binding; PB - Protein binding; PTTA - passive transmembrane transporter activity; TA - Transporter
activity; GM - Galactose metabolism; CA - Chaperone activity; AgBP- Aminoglycan biosynthetic process; AFABP - Aspartate family amino acid biosynthetic process;
GaBP - Glycosaminoglycan biosynthetic process ABCT - ABC transporter; TTA - Transmembrane transporter activity; nis— nisin synthase; pox — pyruvate oxidase; Nox
- NADH oxidase; OSMP - Organic substance metabolic process; GCMP - Glycosyl compound metabolic process; GCMP - Glycosylceramide metabolic process; SM -
Sphingolipid metabolism; CMBP - Cellular macromolecule biosynthetic process; Idh - lactte dehydrogenase

::::::

CA and AFABP in core genes, while CDB, AgBP, and
GaBP in cloud genes. L. gasseri showed enrichment of
TA in core genes, while CDB, GM, AgBP, and GaBP were
among soft-core, shell, and cloud genes. Nevertheless, L.
crispatus showed enrichment of CDB in soft-core and
cloud genes, while TA, GM, and AFABP were in shell and
cloud genes (Table 2).

The microbial synthesis of biosurfactant is a complex
and biological process and has been associated with
hydrolase and transferase activities, glycosyl compound
metabolic process (GCMP) linked with glycolipids- bio-
surfactant synthesis, glycosylceramide metabolic process
(GeMP) and sphingolipid metabolism (SM) linked to
glycosphingolipids-biosurfactant synthesis, and cellu-
lar macromolecule biosynthetic process (CMBP) linked
to high-molecular weight glycoprotein complexes and
lipoproteins [23, 24]. Interestingly, L. crispatus pange-
nome showed enrichment of all biosurfactant-associated
GO terms mostly in core and soft-core genes and fewer
(hydrolase activity and SM) in shell and cloud genes. L.
gasseri showed enrichment of CMBP throughout the
pangenome profile, while GCMP and GcMP in soft-core
genes, and hydrolase activity in shell genes. L. iners and
L. jensenii only showed enrichment of hydrolase activ-
ity, transferase activity, and CMBP mostly in core and

soft-core genes in L. iners and core and shell genes in L.
jensenii (Table 2).

The biological processes associated with bacteriocin
synthesis include ABC transporter (ABCT) and trans-
membrane transporter activity (TTA) and the gene nisB
and nisC associated with the nisin biosynthesis protein
[25, 26]. While TTA is an enriched term based on core
genes of L. jensenii and L. gasseri, L. crispatus showed
enrichment of nisB and nisC genes in shell and cloud
cluster, and L. iners. showed enrichment of ABCT in
cloud genes.

Hydrogen peroxide (H,0,), D/L-Lactate metabolic
processes and organic acid synthesis induce antagonism
against the pathogenic microbes, and the biological pro-
cess associated with these functions includes the organic
substance metabolic process (OSMP) and the gene lac-
tate dehydrogenase (ldh) associated with lactic acid
synthesis. Similarly, two other genes, viz. pox and nox
associated with pyruvate oxidase and NADH oxidase are
linked to hydrogen peroxide synthesis [27, 28]. OSMP is
an enriched GO term mostly present in core genes of L.
crispatus, L. gasseri, and L. jensenii, while ldh is present
in core and soft-core gene cluster in all the lactobacilli.
pox is present among the shell and cloud gene clusters
of L. crispatus and L. jensenii, while nox is present in
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the cloud genes of L. crispatus and L. iners. Moreover,
pholl gene related to phosphate acquisition [21] is found
among the shell gene cluster of L. crispatus, and the core/
soft-core gene cluster in L. gasseri and L. jemnsenii, but
absent in L. iners.

Discussion

The human microbiome project focuses on understand-
ing the microbiota in several body parts such as oral, skin,
vagina, gastrointestinal, and respiratory sites, involved in
human health and diseases [29]. A unique attribute asso-
ciated with a healthy vaginal microenvironment is less
diversity of microbiota mostly dominated by lactobacilli
[2]. A consensus of the previous studies showed that L.
crispatus, L. iners, L. gasseri, and L. jensenii are dominant
vaginal Lactobacillus species in healthy adult women [2—
4]. The prevalence and sustenance of characteristic Lac-
tobacillus species in healthy vaginal microenvironments,
thereby acting as vaginal gatekeepers, need a compre-
hensive understanding. In particular, it is important to
understand the genomic profile of the strains represent-
ing the four Lactobacillus species from different regions
of the world and the key functionalities regulated by their
genome. [1, 30].

Among the four predominant vaginal Lactobacil-
lus species, the genome size is largest in L. crispatus
(2.03 Mb) [31, 32] and smallest in L. iners (1.36 Mb) [33],
while L. gasseri (1.87 Mb) and L. jensenii (1.59 Mb) have
intermediate genome sizes. The shorter genome size has
been previously linked with reduced metabolic capabili-
ties due to a limited number of proteins encoded by the
core and accessory genes of L. iners [18]. However, no
previous studies provided a cumulative genome-based
comparison among the four predominant Lactobacil-
lus species. Our pangenome analysis provided a sub-
stantial understanding of the causes of the difference in
lactobacilli genome size and reveals that the number of
the core and soft-core genes marginally varies among the
four species than the shell and cloud genes. However,
considering the total number of genes, L. iners has more
retention of core and soft-core genes, and L. crispatus
has more retention of cloud genes. This provided a bet-
ter understanding of population-exerted evolution in L.
crispatus in humans, aside from niche-exerted evolution
as defined previously [14].

Our study further revealed that alike L. crispatus, L.
jensenii and L. gasseri strain evolution has also a sig-
nificant link with varied human populations globally as
revealed by a high percentage of their shell genes. Never-
theless, L. iners has maintained an equilibrium among the
core and the cloud genes, which signifies its stable evolu-
tionary process in the vaginal niche across a diverse pop-
ulation [33]. The ML phylogeny based on the core genes
of all four species reveals that the although the clustering
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is population specific in some cases, there is also distinct
cladding among the regional strains of a species, and few
strains from diverse populations clustered cohesively.
This intraspecies evolutionary pattern of the core genes
is perhaps exerted by the stochastic factors in the vaginal
microenvironment such as endogenous hormone level,
sexual activity, hygiene practices, contraceptive and men-
strual products, stress, and regional ethnicity [6, 34, 35].

Gene ontology enrichment analysis based on the core,
soft-core, shell, and cloud genes revealed enrichment of
either the whole biological process as ‘parent’ GO terms,
or part of a biological process as ‘child GO term. We
found that the basic cellular functions are enriched GO
terms based on the core and soft-core genes of each of
the species. While, considering the enrichment of unique
key GO terms in a particular species, mention may be
made of the enrichment of ion binding functions in soft-
core, shell, and cloud genes of L. crispatus, which is likely
related to iron chelating and transport system that helps
in iron sequestering during menstruation [36]; a check-
point to retard vaginal pathogens [18]. This particular
feature is also evident as a major gain of function (biosyn-
thesis of siderophore) in a cluster of strains from South
Korea and the USA and therefore was found among the
shell genes of L. gasseri.

Due to the high level of endogenous oestrogen, gly-
cogen deposits maximally in the vaginal microenviron-
ment, which the lactobacilli metabolize to lactic acid
to induce a protective low pH condition [37]. Interest-
ingly, we found that positive regulation of glycogen is an
enriched function based on soft-core genes of L. iners
and L. jensenii, and this supports the view that L. cris-
patus either lacks enzymes to directly degrade glycogen
[38] or this trait may be strain-specific in L. crispatus [20]
and L. gasseri. In another case, we found that an enriched
function, divalent cation transport activity such as Mg**
is involved in maintaining intracellular pH homeostasis
in low pH vaginal microenvironment [39], and protec-
tion against oxidative stress [14, 40] is a core/soft-core
based gene function in L. crispatus L. iners, and L. gas-
seri, while strain-specific in L. jensenii. Nevertheless, the
enrichment of kinase/phosphorylase activity based on
core/soft-core genes in L. crispatrus, L. iners, and L. gas-
seri and in shell genes of L. jensenii tentatively relates to
a two-component system of bacteria involved in adapt-
ing to changing environmental conditions like oxida-
tive stress due to hydrogen peroxide synthesis and cell
envelope stress response [41, 42] that is common during
antagonistic activity in the vaginal environment.

The key attributes of the vaginal Lactobacillus spe-
cies that makes them a successful protecting habitant
in the vaginal environment against the pathogen have
been summarised in a previous study [1]; it includes
plasma membrane integrity, adherence, aggregation,
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EPS, biosurfactant, bacteriocin, hydrogen peroxide and
organic acid synthesis. A summarised representation of
the cellular processes associated with the key functional
attributes and their distribution among the pangenome
profile of the four predominant Lactobacillus species
is shown schematically in Figs. 6aand b. Fatty acid bio-
synthesis (FAB), which is related to plasma membrane
integrity and higher adaptability of a bacterial species to a
dynamic or stressed environment [43], is an enriched GO
term based on shell genes only in L. crispatus. Adher-
ence, aggregation, and EPS synthesis are interrelated
attributes and at least nine major cellular processes are
associated with these attributes. Clearly, irrespective of
the regional population, L. gasseri and L. jensenii carry
these attributes as core functions, while in L. crispa-
tus and L. iners these cellular functions are more strain
specific. The biological process related to biosurfac-
tant synthesis is a more common and mostly core func-
tion in L. crispatus with a single exception; sphingolipid
metabolism (SM), which is strain specific. Nevertheless,
a parent GO term “cellular macromolecule biosynthetic
process” associated with biosurfactant synthesis is a
common core function present in all four Lactobacil-
lus species. Furthermore, bacteriocin synthesis is a core
function in L. gasseri and L. jensenii and strain-specific
in L. crispatus and L. iners. Nevertheless, hydrogen per-
oxide synthesis is strain-specific in L. crispatus, L. iners,
and L. jensenii, while organic acid synthesis and D/L lac-
tate metabolic process is a core function in L. crispatus,
L. jensenii, L. gasseri, and L. iners. While a previous study
[21] showed that gene (pholl) related to phosphate acqui-
sition is uniquely present in L. iners strains of the vagina,
our study showed that phol gene is only present in L.
crispatus, L. gasseri, and L. jensenii), while absent in L.
iners. To cross compare this finding, we have checked the
gene annotation file (GFF) corresponding to the genome
assembly of L. iners (GCF_000149065, GCF_00149085,

L. iners

L. gasseri

L crispat -

L. jensenii

R - []
£ Biosurfactant synthesis i 16
1
""""""""" Bacteriocin synthesis R

Hydrogen peroxide, Organic
acid synthesis, and D/L-
Lactate metabolic process

Page 12 of 15

GCF_00149105, GCF_00149125,  GCF_00149145,
GCF_00185405, GCF_00191685, GCF_00204435), which
further confirms the finding. The presence of pholl gene
in L. crispatus, L. gasseri, and L. jensenii and its absence
in L. iners may be associated with the physiology of the
species in the vagina, however, it needs functional valida-
tion from future studies.

Overall, these findings reflect that neither a single
species of Lactobacillus nor a strain bear all the favour-
able attributes altogether in its genome. This probably
explains the reason for their co-habiting attribute of
partitioning and sharing the vaginal niche, as found pre-
viously [18], to bring out combined protective functional-
ity to the host. This further reflects the need to consider
region-specific candidate strains of Lactobacillus to for-
mulate an effective population-specific vaginal probiotic
as a prophylactic measure against vaginal dysbiosis for
women’s health.

Materials and methods

Data acquisition

For the exploration of various key features of predomi-
nant lactobacilli from different populations across the
globe, we curated datasets for four major abundant Lac-
tobacillus species, namely L. crispatus, L. iners, L. gasseri
and L. jensenii from the NCBI database (https://www.
ncbinlm.nih.gov/genome/browse). We examined all the
datasets and considered vaginal and urine sources from
human samples for further processing of the data. The
information on the assembly of the genomes of L. cris-
patus (82), L. iners (25), L. gasseri (21), and L. jensenii
(32) either as complete genome or as scaffolds or/contigs
are provided in Additional file 1: Table 1 sheet 1-4. The
nomenclature of the strains was based on the updated
taxonomy in NCBI. The pangenome analysis covered
publicly available lactobacilli genome datasets from
the USA, the Netherlands, Italy, Belgium, China, India,

L. iners L. gasseri

—--9 ABCT
\1 osmp

L. crispatus L. jensenii

Fig. 6 Schematic representation of the cellular processes associated with the key functional attributes and their distribution among the (a) core/soft-
core genes, and (b) shell/cloud genes of the four predominant Lactobacillus species
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Brazil, France, Ireland, Russia, South Korea, Japan, Thai-
land, and Sweden.

Preparation of pangenome for different Lactobacillus
species and phylogenetic reconstruction of the strains of
each of the Lactobacillus species

The genomes were scanned to annotate the genes using
a Prokka (versionl.14.5) pipeline [44]. Briefly, ARA-
GORN [45], Barrnap [46] and Prodigal [46] annotated
the genes related to tRNA, rRNA and protein-coding
sequences. For annotating the protein coding genes, the
minimum coverage on query protein was set at 80% with
a similarity e-value cut-off of 1e-09. The protein-coding
genes were further classified based on a domain-based
search through HMMER and pfam database [47, 48]. For
improved gene prediction, the minimum contig length
was set to 200 bp along with a similarity cut-off of 1e-09.
The annotated assemblies of each strain were used for the
construction of large-scale pangenome to calculate core
and accessory genes through Roary’s [49] pipeline. For
annotating the core and accessory genes shared by the
Lactobacillus strains, the Blastp percentage identity was
set to 99% and 95%, respectively as defined previously
[50]. The genomes were aligned through the progres-
sive alignment method in MEGA 11 [51]. The Maximum
Likelihood (ML) method and Tamura-Nei model [52]
were used for the construction of phylogenetic trees, fol-
lowed by tree refinement using Randomized Accelerated
Maximum Likelihood (RAxML) [53]. Phandango [54]
was used for proper visualization of the pangenome. This
strategy allowed us to deduce the phylogenetic classifica-
tion of the strains of each of the species and their corre-
sponding pangenome.

Functional enrichment analysis on the pangenome and
assessment of gain-loss of the key genes linked with
adaptability in the vaginal microenvironment

To understand the functional perspective of the genes,
we used combinatorial results from ClueGo [55], EnrichR
[56], and ShinyGO [57]. For ClueGo analysis, we selected
Lactobacillus sp. as a reference organism for the annota-
tion of the genes. The gene IDs were mapped automati-
cally as per the existing bacterial database available in
ClueGO. The visual style was selected based on node
size significance. We selected biological processes and
molecular functions for gene enrichment analysis against
the updated gene ontology database. For robustness of
the functional enrichments of the core and accessory
genes, we used gene set libraries of enrichR and ShinyGO
including GO biological process libraries 2021, and
molecular function libraries 2021. The statistically signifi-
cant GO terms (p-value<0.05) were further considered
for downstream analysis. Cytoscape [58], an open-access
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bioinformatics software was used for visualization of
gene cluster networks.

In this study, we primarily emphasized on the func-
tional exploration of genes associated with adaptability
in the vaginal microenvironment. Therefore, we curated
the enriched GO terms associated with key functions
like plasma membrane integrity, adherence, aggregation,
exopolysaccharide, biosurfactant synthesis, synthesis of
bacteriocins, hydrogen peroxide, and organic acids [1].
For this, we used the key functions and their associated
terms from the literature as the ‘search term’ in the bac-
terial gene ontology browser [57]. We critically curated
the GO term detail including the ‘parent, ‘synonymous,
and nested terms (child GO term) under each of the GO
terms to relate a particular GO term that represents the
cascade of biological processes or molecular function
associated with the key functionalities. Precisely, we
have curated only those key attributes-related GO terms
that are enriched based on the genomes analysed in this
study. A supplementary of key attributes-related parent
and child GO terms, associated genes, and the relevant
literature that relates the GO term with the key function-
alities is shown in Additional file 3: Table S2.
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