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ABSTRACT

Lactobacillus crispatus is a common inhabitant of
both healthy poultry gut and human vaginal tract,
and the absence of this species has been asso-
ciated with a higher risk of developing infectious
diseases. In this study, we analyzed 105 L. crispa-
tus genomes isolated from a variety of ecological
niches, including the human vaginal tract, human
gut, chicken gut and turkey gut, to shed light on
the genetic and functional features that drive evo-
lution and adaptation of this important species. We
performed in silico analyses to identify the pan and
core genomes of L. crispatus, and to reveal the ge-
nomic differences and similarities associated with
their origins of isolation. Our results demonstrated
that, although a significant portion of the genomic
content is conserved, human and poultry L. crispa-
tus isolates evolved to encompass different genomic
features (e.g. carbohydrate usage, CRISPR—-Cas im-
mune systems, prophage occurrence) in order to
thrive in different environmental niches. We also ob-
served that chicken and turkey L. crispatus isolates
can be differentiated based on their genomic infor-
mation, suggesting significant differences may exist
between these two poultry gut niches. These results
provide insights into host and niche-specific adapta-
tion patterns in species of human and animal impor-
tance.

INTRODUCTION

During the past decade, the composition and diversity of
the human microbiota have been studied to understand how
various members thereof impact human health and disease,
and more recently special attention has been focused on
microbiota-mediated animal health (1,2). The microbiota,
defined as a complex microbial community, which exceeds
the number of cells of the host and contains a gene pool that

carries out many functions not encoded in the host genome
(3), is now considered as another organ of a human being
with significant roles in the physiology and metabolic path-
ways that impact our bodies (4,5). The gut microbiota has
been of particular focus of interest with a clear dysbiosis de-
scribed in certain inflammatory and immune diseases (6,7)
but also linked with other diseases like autism (8) and with
a key influence in the effect of drug metabolism (9). Re-
cently, special attention has been focused on the other hu-
man microbiomes: oral, skin and vaginal microbiomes (10—
12). Whereas the gut microbiome presents a high diversity
of bacterial genera and species, the vaginal microbiome is
typically low in diversity and commonly dominated by Lac-
tobacillus genus. Among these, Lactobacillus crispatus has
been described as one of the predominant species that plays
a key role in women’s health. Lactobacillus crispatus is also
closely associated with animal health, particularly in poul-
try (chicken and turkey) gut health (13,14). The absence of
L. crispatus has been correlated with higher risk of infec-
tious diseases and sexually transmitted diseases in women
(15,16). Remarkably, L. crispatus has become an emerg-
ing probiotic for both women and poultry health due to
the capability to interfere with pathogenic bacteria, through
the colonization, competitive exclusion and production of
antimicrobial compounds and exopolysaccharides (EPSs)
(17,18). However, only limited information has been eluci-
dated on the genetic basis to explain how L. crispatus plays
a key role in two distinctly different environments such as
the poultry gut and the human vaginal niche.

Recent advances in next-generation sequencing tech-
nologies coupled with the development of bioinformatics
tools have dramatically increased the capability of com-
putational biology analyses to provide insights into the
genetic contents of every way of life. In this regard, ge-
nomic comparative analyses can be performed on large-
scale datasets, thanks to the notably increased number of
bacterial genomes available, encouraging researchers to eas-
ily, speedily and conveniently analyze the data for a better
understanding of the genomics and the biology thereof, al-
lowing more accurate predictions to be made. Indeed, in-
terrogating large datasets can provide insights into the ge-
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netic content and structure of bacterial genomes, together
with the relationship within different isolates and with the
ecological niche of isolation. In this regard, comparative ge-
nomic analyses, including pan genome reconstruction (19)
at the species or genus level, have become crucial to under-
mine gene content, metabolomic capabilities, taxonomic re-
lation and even the environmental niches of isolation and
associated features.

Here, we performed comparative genomic analyses to
investigate, in silico, how niche-specific adaption occurs
across 105 L. crispatus strains isolated from different hosts
(human and poultry) and body sites (mainly gut and vagi-
nal isolates). We demonstrated that (i) the pan genome size
varies between ecological niches, (ii) genomes cluster ac-
cording to host and body site isolation source, and (iii) spe-
cific genetic features may affect colonization and probiotic
efficacy with tissue specificity.

MATERIALS AND METHODS
Bacterial strains and growth conditions

The L. crispatus strains from our North Carolina Klaen-
hammer (NCK) collection (Supplementary Table S1) were
propagated from —80°C MRS glycerol (15%, v/v) stocks in
MRS (de Man Rogosa and Sharpe, Difco) broth or in MRS
agar (1.5%, w/v) plates, both at 37°C under anaerobic con-
ditions.

DNA extraction, genome sequencing and assemblies

The DNA preparation, genome sequencing and genome as-
semblies were performed at CoreBiome (Saint Paul, MN,
USA). Briefly, DNA extraction was performed from 16 h
broth culture (see earlier) using MO Bio PowerFecal (Qi-
agen) automated for high throughput on QiaCube (Qia-
gen), with bead beating using 0.1 mm glass bead plates.
DNA quantification was performed on Qiant-iT Picogreen
dsDNA Assay (Invitrogen). Library preparation was per-
formed with a procedure adapted from the Nextera Library
Prep Kit (Illumina). Then, libraries were sequenced on Il-
lumina NextSeq using paired-end 2 x 150 reads with a
NextSeq 500/550 High Output v2 Kit (Illumina). The re-
sulting DNA sequences were filtered for low quality (Q-
score <20) and length (<50), and adapter sequences were
trimmed using Cutadapt (v.1.15). For genome assemblies,
the fastq files of the filtered pair-end reads obtained for each
bacterial strain were used as input for genome assemblies
using SPAdes v3.11.0. Contigs >1000 bases in length were
used in a QUAST v4.5 analysis.

Genome annotation

We retrieved complete and partial sequences of L. crispatus
genomes available at NCBI database in May 2019 avoiding
any repeated genome (n = 88), in addition to the private se-
quenced strains of our NCK collection (n = 17), to reach
a total of 105 strains for the comparative genomic analyses
(Supplementary Table S1). For consistency in the annota-
tions and open reading frame (ORF) predictions during the
analyses, the 105 genomes were reannotated using Prokka
v1.13.3 (20).

Pan genome analyses

The aforementioned set of 105 L. crispatus genomes was
subjected to pan genome analyses using Roary v3.12.0 (19).
Briefly, the predicted ORFs of each genome were used
to perform the pan genome analyses to identify the to-
tal genes present in the pan genome, core genes, unique
genes and new genes. The functional analyses of the core
genes and unique genes were performed using eggNOG
5.0 (http://eggnog5.embl.de/#/app/home) (21). The result-
ing pan genome analysis output files were used to depict the
corresponding plots in RStudio v1.1.463 (22).

Phylogenomic analyses

The 465 core genes shared among the 105 L. crispatus
strains were aligned using the PRANK algorithm imple-
mented in Roary v3.12.0 (19). The resulting multi-FASTA
alignment file was used as input in ClustalW v2.1 (23)
to infer the phylogenomic tree using the neighbor-joining
clustering algorithm, including Lactobacillus acidophilus
NCFM as an outgroup to root the tree. The core genome
tree was depicted with FigTree v1.4.4 (http://tree.bio.ed.ac.
uk/software/figtree/).

Functional genomic analysis

RPS-BLAST was performed using conserved domain
database (CDD) to identify the protein domains present
in each genome of the L. crispatus strains (24). The iden-
tified protein domains were then classified into different
functional clusters of orthologous groups (COGs) (25). The
COG information of each stain was used to perform a dis-
criminant analysis of principal components (DAPC) (26)
with prior group information (based on isolation sources)
implemented in the R package adegenet v2.0.1 (27). The
most contributing COGs (contributions above a threshold
0f 0.0025) to the group membership were extracted and dis-
played in a heatmap.

Prophage identification

Prediction of prophage genes and regions in the 105
L. crispatus genomes was performed using PHASTER
(www.phaster.ca) (28,29). The prophage regions were de-
tected by blasting query sequences against bacterial and
phage/prophage databases in GenBank. A completeness
score was assigned to each detected prophage region based
on whether (i) the region contains known phage sequence;
(i1) >50% of the proteins in the detected regions are as-
sociated with known phage sequences; and (iii) <50% of
the proteins in the detected regions are associated with
known phage sequences. The predicted prophage region is
considered intact if the score is >90, questionable if the
score is between 60 and 90, and incomplete if the score
is <60. For the detailed explanation of the score system,
please refer to original PHASTER publication (28,29).
The schematic representation of intact prophage region of
the genomes NCK2514 and CTV-05 was directly exported
from PHASTER website. Then, the signature proteins in
the prophage regions were exported and depicted using
‘pheatmap’ package V1.0.12 in RStudio v1.1.463 (22).
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CRISPR—Cas system identification

CRISPR-Cas systems were detected using CRISPRdisco
using the 105 annotated genomes as input (30). After iden-
tification and manual curation of each CRISPR-Cas lo-
cus, the immediate downstream and upstream regions were
extracted for each strain to check for conservation of nu-
cleotide sequences. Then, certain strains were selected as
representatives for each CRISPR subtype to manually de-
pict the CRISPR loci. The CRISPR spacers were automat-
ically extracted, for each strain and CRISPR subtype, and
aligned using CRISPRyviz for genotyping purposes (31).

Identification of features of interest

Different features of interest within L. crispatus genomes
were investigated using local BLAST v2.7.1. Briefly, a local
blastx was performed using previously identified amino acid
sequences as queries. The results were hand curated to omit
results with <40% identity at amino acid level. Finally, the
number of positive hits for each protein was used to depict
the heatmaps in RStudio v1.1.463 (22).

The ‘glycogen synthesis’ proteins were screened using
proteins identified in L. acidophilus NCFM as database. The
‘glycogen hydrolase’ glg X amino acid sequence in RLO3 was
used as the database.

The ‘autolysin’ proteins were screened using 11 previ-
ously identified autolysins in L. acidophilus NCFM (32).

The ‘trehalose’ operon was screened using three previ-
ously identified proteins in L. acidophilus (33).

The ‘EPS’ operon was screened using 16 proteins identi-
fied in the strain NCK 1350 in this study.

RESULTS AND DISCUSSION
Lactobacillus crispatus pan genome determination

We first determined the pan genome across 105 L. crispatus
genomes (Supplementary Table S1), including 88 publicly
available genomes at NCBI (March 2019) and 17 newly se-
quenced from our bacterial collection (NCK series). From
this large dataset, 67 of the genomes correspond to hu-
man isolates, whereas 13 correspond to chicken isolates,
and 25 to turkey isolates (Supplementary Table S1). The
initial genome screening did not display significant differ-
ences in the size (2.21 + 0.18 Mb) (mean + SD) or the GC
content (36.95 4+ 0.27%) related to the isolation source of
the strains (Supplementary Figure S1A and B, Supplemen-
tary File S1). The number of genes detected in each genome
varies by 9.5% (2144 + 204.35) (mean + SD), but no cor-
relation was observed between the number of genes and
the number of contigs or the contig length, indicating the
genome quality was not an influencing factor in the analyses
(Supplementary Figure S1C and D). It is worth noting that
the L. crispatus genome is bigger than other well-known
vaginal Lactobacillus species such as Lactobacillus gasseri (2
Mb), Lactobacillus iners (1.3 Mb) and Lactobacillus jensenii
(1.7 Mb) (34). The comparative genomic analyses resulted
in the identification of 12 114 genes that represent the pan
genome of the 105 L. crispatus genomes (Figure 1A, middle
panel). Moreover, we identified 465 core (conserved) genes
that were shared among the strains and 4275 unique genes
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that are strain specific (Figure 1A, right panel). Both core
and pan genomes are significantly larger than those previ-
ously reported for smaller datasets of L. crispatus analy-
ses (35). However, the pan genome representation against
the number of L. crispatus genomes revealed that it did not
reach the plateau, as the addition of the last genome still
increased the number of total genes (Figure 1A). Accord-
ing to these data, the pan genome of L. crispatus cannot
be considered closed. The number of genomes included in
this study is certainly biased by the number of isolates corre-
sponding to each ecological niche of isolation. Then, to fur-
ther analyze this dataset, we performed pan genome analy-
ses in L. crispatus human isolates and poultry isolates inde-
pendently, to understand the pan genome size regarding the
isolation source and the number of genomes involved. The
analyses of L. crispatus human isolates (n = 67) displayed
a pan genome that is more complete (red) than the poultry
pan genome (n = 38) (blue) (Figure 1B, middle panel), with
10 198 and 5250 genes, respectively. Indeed, the number of
unique genes was distinct with 3706 and 1499 unique genes
identified for human and poultry isolates, respectively (Fig-
ure 1B, right panel). The number of available genomes for
each isolation host can partially account for these dramatic
differences. However, with a cutoff of 38 genomes, the pan
genome size of human L. crispatus isolates (8402 genes) was
significantly bigger than the aforementioned poultry pan
genome constituted by 5250 genes, partially accounted for
by the higher number of unique genes present in human iso-
lates.

The functional categories of the COGs displayed that, be-
sides the uncharacterized proteins, the majority of the core
genes for the 105 strains were related to basic biological
function such as translation, replication and repair, and cell
wall/envelope biosynthesis, as expected (Figure 2A). When
the isolation host (human versus poultry) is considered, the
number of core genes in each functional category was dif-
ferent, mainly as a consequence of the number of genomes
used for each host (Figure 2B). The unique genes identi-
fied during the pan genome analyses drive the differentia-
tion between strains. In this regard, the number of unique
genes on each functional category varied among the isola-
tion host, with a higher number of unique genes on the hu-
man isolates (Figure 2C). To avoid misinterpretation due
to the different number of genomes available for each iso-
lation source, we calculated a ratio that represents the rela-
tive number of unique genes per genome (number of unique
genes in specific category/number of genomes). Indeed, L.
crispatus strains isolated from human origin tend to higher
number of unique genes for every single functional category
analyzed (Figure 2D), even if there are no differences in
genome size (Supplementary Figure S1). The large reper-
toire of novel genes in L. crispatus indicated by this study
along with other studies illustrated an abundance of undis-
covered opportunities of applying L. crispatus for human
and poultry health.

The ecological niche of L. crispatus is relatively restricted
to the female lower genital tract and poultry gut, with few
exceptions of human isolates from human eye, human gut
and human oral cavity. This is the largest comparative ge-
nomic analysis for this species to date, but the genomic di-
versity in L. crispatus has not been fully described. The
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Figure 1. The core and pan genomes of Lactobacillus crispatus. The core genome decreases and the pan genome increases as a function of the number of
genomes included in the analysis. (A) The core and pan genomes of 105 L. crispatus genomes. (B) The overlay of the core and pan genomes of L. crispatus

human isolates (red, » = 67) and poultry isolates (blue, n = 38).

pan genome for L. crispatus remains open in our analy-
ses; the results indicated that pan genome analyses with
larger dataset would not introduce dramatic changes to the
pan genome of L. crispatus described here, unless genomes
of new L. crispatus strains isolated from novel ecological
niches are added.

Phylogenomic analyses

Historically, 16S rRNA gene sequence has been used to
identify bacterial species and to perform phylogenetic com-
parative analyses. However, 16S rRNA provides relatively
little or no information to distinguish closely related strains
within the same species. Other conserved genes such as
glycolysis enzyme(s) have been proposed as alternative for
more accurate phylogenetic analyses (36,37). The recent de-
mocratization of next-generation sequencing technologies
along with the rapid development of bioinformatics tools
enables the use of pan genome analyses and thereof core
genome-based phylogenomic trees to unearth the taxon-
omy. The phylogenomic tree based on the 465 core genes
of the 105 L. crispatus displayed a clear segregation be-

tween the poultry isolates (blue-violet shadow) and the hu-
man vaginal isolates (red shadow) (Figure 3A). However,
this phylogenomic tree also displayed a nonclearly delimited
group with strains belonging to different isolation sources
(according to the origin disclosed) combining human vagi-
nal isolates, human gut isolates, and the unique human eye
and unique human oral isolate together with two poultry
isolates (Figure 3A). This mixed group can be related to
cross-contaminations, misannotation on the origin of iso-
lation or that the origin of isolation is not the real ecolog-
ical niche of the strain. In this regard, Lactobacillus plan-
tarum food isolates clustered closely together and mixed
with human fecal isolates, suggesting these human fecal
isolates may truly originate from food ingested (38). It is
worth noting that phylogenomic analyses have been pre-
viously applied to understand the evolutionary history of
bacterial isolates and to perform taxonomy analyses fo-
cused on strain and species level, as previously reported for
commensal bacteria such as Lactobacillus (39), Bifidobac-
terium (40) and also for the main human pathogens such as
Salmonella or Clostridium (41-43), among others. Our re-
sults showed that phylogenomic analyses represent a pow-
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erful methodology to elucidate the real ecological niche of
the strains, being able to differentiate among isolates from
closely related niches (e.g. different body sites in human iso-
lates). Understanding the origin of isolation of each strain
and their niche-specific adaptation can be of particular rel-
evance for their further applications to improve probiotic
efficacy and industrial workhorses. When a comprehensive
dataset has been generated, like in this case, new isolates
can be included in the pipeline, and based on their clus-
tering on the phylogenomic analyses, their real ecological
niche can be elucidated and their performance under cer-
tain environments can be predicted. Moreover, comparative
genomics, pan genome analysis and phylogenomic analysis
could help battle with mislabeling and misidentification of
probiotic strains in commercial products, which are com-
mon problems in the probiotic industry (44). Indeed, these
analyses will also help with a better understanding of mi-
crobial pathogens to elucidate their origin and evolution,
specially at infection outbreaks.

Diverse protein domain occurrence in L. crispatus

Protein function characterization in silico is usually per-
formed by comparing the conserved protein domains
against NCBI’'s CDD (24). In fact, mere presence or ab-
sence of protein domains in sequenced genomes can pro-
vide information regarding the phylogeny and evolution-
ary changes (45). To investigate the diversity of the pro-

tein function present in L. crispatus strains and their cor-
relation with the isolation sources, we compared the pro-
tein domains from the 105 L. crispatus genomes used in
this study. A clear distinction between human and poultry
isolates was identified based on the protein functional do-
mains using DAPC (Figure 3B), being consistent with the
phylogenomic analysis performed with core genes (Figure
3A). Moreover, the L. crispatus isolates from different hu-
man body sites grouped closer and clearly distinct from the
turkey and chicken isolates. Previous genomic and protein
domain comparison analysis revealed that the functional
capacities of microbiota present in the bladder and vaginal
tract were distinctively different from gastrointestinal mi-
crobiota (46). There were only four human gut isolates in-
cluded in our analysis. We believe that a larger number of
human gut isolates will significantly increase the separation
between the vaginal and gut L. crispatus isolates, regard-
ing their protein functions. Nonetheless, the vaginal and gut
isolates demonstrated clear separation in protein functions,
although not to the extent present between poultry and hu-
man strains (Figure 3B). The DAPC analysis revealed that
functional capacity of chicken isolates was distinctly dif-
ferent from that of turkey isolates. Chicken and turkey are
believed to share similar physiology and similar gut mi-
crobiota containing Firmicutes, Bacteroidetes, Actinobac-
teria and Proteobacteria (47). There is an increase, but still
scarcity of information regarding poultry microbiome com-
position, complexity and diversity especially in the case of
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Figure 3. Lactobacillus crispatus strains can be distinguished based on phylogenomic tree or functional protein domain analysis. (A) Phylogenomic tree
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turkey, despite its key role in animal health and growth ef-
ficiencies (48). However, the current common practices in
poultry probiotic industry do not distinguish between the
species of the birds (49). The differential protein function
profile between chicken and turkey gut L. crispatus isolates
shown in our DAPC analysis may suggest that the gut envi-
ronments between these two birds are different and tailored
probiotic formulation should be recommended for each in-
dividual poultry species for enhanced probiotic efficacy.
Then, a deep analysis was performed to elucidate the
main protein functional domains that drive the differen-
tiation among the L. crispatus isolates (Figure 3C, Sup-
plementary File S2). We noticed that chicken isolates con-
tained a few unique COGs related to surface structure en-
coding a Flp pilus assembly protein CpaB (COG3745), a
predicted periplasmic lipoprotein (COG5633) and a Tfp

pilus assembly protein PilW (COG4966), which were ab-
sent in the rest of L. crispatus strains. These enriched sur-
face protein domains in L. crispatus chicken isolates sug-
gest that they have evolved to develop unique surface struc-
tures to interact with and colonize the chicken gut. Like-
wise, two uncharacterized membrane proteins (COG3647
and COG2431) were mainly found in the turkey isolates, in-
dicating adaptation of turkey L. crispatus to the turkey gut.
The surface proteome of the strains is of particular inter-
est since some of the niche-specific COGs driving the dif-
ferentiation are related to bacterial surface. In a previous
study, the noncovalently bound exoproteomes of three L.
crispatus strains from different isolation sources were found
to be significantly different (50). Defense mechanisms in-
cluding a Na*-driven multidrug efflux pump (COG0534)
and an McrBC 5-methylcytosine restriction system com-



ponent (COG4268) were also enriched in the poultry iso-
lates. Regarding carbohydrate transport and metabolism,
a B-glucosidase (COG2723) that hydrolyzes the glycosidic
bonds in B-D-glucosides and oligosaccharides commonly
present in gut environment was found to be more enriched
in poultry strains and human gut strains. Overall, these re-
sults implicated that the gut environment, both human and
poultry, seemed to be more competitive and complex than
the other niches in which L. crispatus resides, leading gut
isolates to acquire unique stress coping mechanisms, sur-
face structure aiding colonization and more diverse carbo-
hydrate metabolism pathways.

Occurrence and diversity of CRISPR-Cas systems in L.
crispatus

We investigated the occurrence and diversity of L. crispatus
CRISPR-Cas systems in the aforementioned 105 genomes
and characterized their distribution among the different
niches of isolation using CRISPRdisco (30). Overall, we
identified CRISPR loci in 97% (102/105) of the genomes
and detected different systems including Type I-B (0.95%
occurrence), Type I-E (43.8%) and Type I1-A (52.4%) (Fig-
ure 4A) (Supplementary File S1). This high level of occur-
rence was previously described by our group in a smaller
dataset (51) and it is consistent with the increased num-
ber of genomes used in this study. This is a significantly
higher prevalence rate compared to the CRISPR occur-
rence described for other lactic acid bacteria like Lacto-
bacillus (63%), Bifidobacterium (77%) (39,52) and Strepto-
coccus thermophilus (53,54), even more drastically higher
compared to the CRISPR distribution in nature, an esti-
mated average of 46% in bacteria (55). As previously de-
scribed, Type II-A are uniquely present in the human vagi-
nal isolates (with the exception of the chicken isolate C25)
of L. crispatus, while Type I systems are present in both hu-
man and poultry isolates, being the unique CRISPR sub-
type found in the poultry isolates (Figure 4). Generally,
CRISPR Type I are the most common in nature (50%) with
low abundance of Type II systems (56); however, that occur-
rence rate is biased in L. crispatus genomes due to higher
number of vaginal isolates, all presenting subtype I1-A sys-
tems (Supplementary File S1). Moreover, often flanked by
the transposases, the CRISPR loci displayed a highly con-
served architecture on the upstream and downstream re-
gions across strains for each subtype, being a conserved
feature of this particular species even at nucleotide level
(Supplementary Figure S2). The CRISPR spacers repre-
sent the vaccination record of the strain and their evolution
under selective pressure from invasive DNA, with higher
number of spacers related to more predatory attacked by
phages or other invasive nucleic acid elements. In L. crispa-
tus, the repeat-spacer array presented variable size among
the strains, depending on the CRISPR subtype and the iso-
lation source of the strain. High abundance spacer content
was displayed for the strains isolated from the gut, either
human or poultry species, and very low spacer abundance
for the human vaginal tract isolates with CRISPR subtype
I1-A but higher for vaginal isolates with CRISPR subtype
I-E (Figure 4C). These spacer distributions reflect the high
prevalence of phages in the gut environment (57) and also
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in the urogenital tract. Indeed, other commensal bacterial
species isolated from gut environment present high occur-
rence of CRISPR—Cas systems with high number of spacers
like Bifidobacterium longum (58,59). Interestingly, VMC3, a
strain isolated from human vaginal tract in bacterial vagi-
nosis state with a higher spacer content, is the unique strain
carrying the CRISPR I-B system.

Moreover, CRISPR spacers have been used previously
for genotyping strains in starter cultures (53), probiotics,
commensal bacteria (59,60) and pathogens (61-66), study-
ing the divergence and evolution of the strains among
a common ancestor. The spacer content in L. crispatus
strains displayed high heterogenicity among the origin of
the strains, with highly diverse groups and absence of a com-
mon ancestor (Supplementary Figure S3). Interestingly,
there is a clear ancestor as reflected by ancestral spacer con-
servation, for 21 strains, some of them isolated under the
same project (Supplementary Figure S3).

Prophage occurrence and distribution among L. crispatus
strains

A significant portion of bacterial genomes (can be >20%)
is composed of bacteriophage genes that can be either func-
tional or nonfunctional (67). Prophage is the dormant stage
of virulent lytic phages that got inserted in the bacterial
chromosome and are transmitted to the next generation.
Although little is known about the benefit for the bacte-
ria to keep these big structures (even 100 kb) in their chro-
mosomes, it has been illustrated that they may confer an-
tibiotic resistance (68,69) and virulence (70), which can fur-
ther increase their survivals in specific environmental niches.
Prophage sequences were detected in the 90 out of the 105
L. crispatus genomes (Figure SA, Supplementary File S1).
Interestingly, out of the 15 L. crispatus strains that had
no detectable prophage regions, only 1 strain (NCK1351)
was isolated from human gut with the other 14 correspond-
ing to poultry isolates, suggesting a higher occurrence of
prophage in L. crispatus strains from human origin. More-
over, human strains are more likely to contain complete (in-
tact) prophages (including attachment sites, integrase pro-
tein, protease protein, phage-like proteins, coat protein, tail
protein and transposases) or prophage regions with higher
completeness scores (Figure 5A). In this regard, the hu-
man gut isolate NCK 1350 harbors a functional prophage
that excised from the chromosome when induced with mit-
omycin C (51), although it was predicted as incomplete
with the pipeline used in this characterization, reflecting
that phenotypic assays need to be performed to verify func-
tionality. An inverse correlation between the abundance of
CRISPR spacers and prophage sequences was observed.
The L. crispatus genomes with >10 spacers displayed an
average of 1.4 prophage regions, whereas the genomes with
<10 spacers presented an average of 2.7 prophage regions,
as previously reported for other Lactobacillus spp. (39). Do-
mestication of defective prophage genes by the bacteria can
aid bacterial niche colonization (71). In this regard, Strep-
tococcus mitis and Enterococcus faecalis platelet binding
was enhanced by prophage tail proteins after mitomycin
C or UV light treatment (72,73). We suspect that the var-
ious prophage structural proteins present in L. crispatus
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genomes may enhance the bacterial physiology for colo-
nization or adaptation, although further investigations need
to be done to unravel this intriguing correlation.

Glycogen metabolism

At the onset of puberty, the microbiota in female lower gen-
ital tract typically shifts to a Lactobacillus-dominated state
that coincides with a drop in vaginal pH (pH 3.5 to 4.5), a
spike in estrogen level and an increase in glycogen concen-
tration in the vaginal epithelial cells (74). An abundance of
free glycogen (around 3%) can be detected in female geni-
tal fluid, considered as the main carbohydrate that supports
the growth of the vaginal microbiota, although controver-
sial opinions exist (75). Therefore, the capability to metabo-
lize glycogen as a carbon source will enhance bacterial com-
petitiveness in the urogenital tract increasing their survival,
growth and possible colonization. The glgx gene is responsi-
ble for glycogen degradation, debranching the polysaccha-
ride outer chains by selectively hydrolyzing a-1,6-glycosidic
linkages of chains containing three or four glucose residues,
and has been well characterized in Escherichia coli (76,77).
GlgX protein is an extracellularly anchored debranching
enzyme with thermostability and higher activity in acidic
pH (78), which corresponds to the environment in female
lower genital tract. Interestingly, glg X gene was present in 61
out of 67 human strains, but was only detected in 4 chicken
strains and zero turkey strain out of the 38 poultry iso-
lates (Figure 5B). The glg X amino acid comparison among
L. crispatus strains revealed significant sequence differences
among the isolation source of the strains, even within hu-
man body sites. Indeed, the vaginal isolates present higher
sequence similarity for GlgX protein (at least 99% similarity
using Blosum62) compared to human gut or chicken iso-
lates (Supplementary Figure S4). The high occurrence of
glgx in L. crispatus vaginal isolates together with the highly
conserved sequence, and the low abundance of poultry iso-
lates, clearly represents a niche-specific feature that may en-
able the strains to metabolize the highly abundant glycogen

in the vaginal tract, enhancing their colonization abilities.
In this regard, a previous study also reported that growth
pattern of L. crispatus on glycogen was correlated with the
presence of glgX (pullulanase type I) (79). Moreover, van
der Veer and colleagues reported that mutation in the N-
terminal sequence, encoding the signal peptide involved in
extracellular localization, was associated with poor growth
or no growth on glycogen (79).

Perhaps the presence of specific genes involved in the up-
take and catabolism of carbohydrates in general and the
metabolism of glycogen in particular is correlated with the
presence of specific substrates in a particular niche or host.
Presumably, L. crispatus strains adapted to the human en-
vironment in which glycogen is relatively more abundant
than in poultry are incentivized to maintain and/or ac-
quire glycogen-debranching enzymes that could originate
from other members of this community. Future metage-
nomic studies should investigate whether genomic differ-
ences might be due to functions encoded by other members
of the same community.

Glycogen synthesis has been linked with increased sur-
vival and colonization persistence on the gut of certain
Lactobacillus species such as L. acidophilus, as it can be
used as a reservoir of energy during starvation and stressed
conditions (80). The glg operon is responsible for glycogen
biosynthesis, and it is known to be associated with certain
bacterial species adapted to mammalian hosts (81). How-
ever, this operon was not detected in our L. crispatus ge-
nomic analysis except in the human gut isolate EM-LCI1
(Figure 5B). Interestingly, a deep analysis revealed that this
operon was likely acquired from Lactobacillus casei through
horizontal transfer, supported by the fact that there is a
MobA/MobL-like gene essential for plasmid transfer, up-
stream the glg operon.

Trehalose metabolism

Supplementation of prebiotics such as trehalose in poul-
try feed has been linked with multiple health benefits such
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as pathogens’ inhibition through competitive exclusion and
stimulation of host immune system (82). Moreover, the ca-
pability to utilize a wide variety of carbon sources increases
the adaptation and growth abilities of bacterial strains. The
trehalose hydrolase operon in L. acidophilus NCFM encom-
passes a transcriptional regulator coupled with a trehalose-
6 phosphate hydrolase in frame under the same promoter
and a trehalose-specific phosphoenolpyruvate transferase
system transporter (PTS) that is in the opposite direction
as a part of the locus (33). Interestingly, our results showed
that the presence of the trehalose operon in L. crispatus is
strain dependent and directly related to the origin of iso-
lation. In this regard, all the L. crispatus human isolates
(gut and vaginal) displayed a complete operon (except vagi-
nal isolates C25 and CG-12), whereas none of the chicken
isolates presented a complete operon (unless NCK953 and
CO03MRSI3) (Supplementary Figure S5A). The turkey iso-
lates present a mixed population where some of the isolates
displayed a complete cluster and others lack the regulator or
the regulator and the PTS. Then, the presence of trehalose
operon is widely distributed among the L. crispatus vagi-
nal isolates, being more absent in the poultry isolates; how-
ever, trehalose has not been described as a carbon source on
the human urogenital tract. Nevertheless, the presence of
the trehalose operon suggests the capability of the strains
to internalize trehalose through the PTS system, releasing
trehalose-6-phosphate into the cell for further hydrolyza-
tion with the trehalose-6 phosphate hydrolase enzyme into
glucose and glucose-6-phosphate that can be used as sub-
strate for the glycolysis (83). The presence of this genetic
feature will increase the wide range of carbohydrate sources
that the strains will be able to metabolize favoring their
growth and adaption to different ecological niches.

EPS cluster

EPSs are carbohydrate polymers present in the outer layer
of bacteria belonging to a wide range of species and genus.
EPS-producing strains have received special attention due
to their industrial and medical applications (84). Moreover,
the EPSs play a key role in the cross-talk interaction with the
host being able to increase the colonization and modulate
the immune system, while providing protection for the bac-
teria under stress conditions (85). Interestingly, among the
105 L. crispatus genomes, the human gut isolates NCK 1350
and NCK1351 were the only strains displaying a complete
eps cluster constituted by 16 genes. This eps operon in-
cludes the priming glycosyltransferase (p-gtf), involved in
the starting step of EPS synthesis, glycosyltransferases, fli-
pase, tyrosine kinase (epsC-D), tyrosine phosphatase, cap-
sular polysaccharide gene (¢psA), rhamnose and membrane
transporters, among others. However, most of the genomes
screened (91/105) displayed an incomplete eps cluster as
they harbored the p-gtf gene, together with other genes but
not a complete cluster. Moreover, 12 strains did not present
the required p-gtf, neither the others require EPS genes (Fig-
ure 5C). Nonetheless, truncated or incomplete eps clusters
seem to be widely distributed among the 105 L. crispa-
tus genomes, which correlates with the abundance of trans-
posase and mobile elements flanking the complete eps locus

of NCK1350, suggesting a potential acquisition through
horizontal gene transfer. Up to date, there is a unique ref-
erence in the literature where EPS has been isolated from
L. crispatus L1, a human vaginal isolate, able to counteract
the adherence of Candida albicans (17) although the genome
was not included in this study as it not was not publicly
available.

Autolysins

Autolysins are enzymes responsible for cell division and sep-
aration by cleaving peptidoglycan, and are promising tar-
gets to develop novel antibiotics due to their cleavage activ-
ity (86). Autolysin has been shown to be involved in patho-
genesis of Listeria monocytogenes and Staphylococcus epi-
dermidis as a virulence factor for invasion and niche colo-
nization (86,87). However, how autolysins assist with colo-
nization of commensal bacteria has not been looked at ex-
tensively. Autolysins are commonly bound to the cell wall
through noncovalent association in S-layer-forming Lacto-
bacillus species such as L. acidophilus. Using the 11 pre-
dicted autolysins from L. acidophilus NCFM as reference,
we observed heterogenicity in the presence of autolysins
in L. crispatus isolates, with no clear association with the
isolation source of the strain (Supplementary Figure S5B).
It is worth noting that the human isolates tend to have a
higher abundance of autolysin proteins than the poultry
isolates, especially regarding the autolysins LBA1351 (con-
taining a B-N-acetylmuramidase), AcmB (containing a -
N-acetylglucosaminidase) and LBA1140 (containing a B-
N-acetylmuramidase) (Supplementary Figure S5B). AcmB
has been linked with binding capacity of L. acidophilus
NCFM to a number of extracellular matrices such as mucin,
fibronectin, laminin and collagen in vitro (32) and therefore
it may play a key role in L. crispatus adherence and colo-
nization. The differential profile of autolysins likely suggests
that human and poultry L. crispatus isolates interact dis-
tinctly with their native environments with different bind-
ing capacities, which can be related to the strong differences
among ecological environments and tissue cell properties,
between human and poultry species, and gut and vaginal
niches.

CONCLUSIONS

Recent advances in next-generation sequencing have rapidly
increased the availability of bacterial genomes, providing a
vast amount of information for genetic content of bacte-
ria of interest. In this study, we conducted a comprehen-
sive comparative genomic analysis using 105 L. crispatus
strains, isolated from either humans or poultry, to charac-
terize their niche-specific adaptation based on pan genome
analyses along with other genetic features. The core and
pan genomes described here are significantly larger than
those previously reported in smaller datasets (comparative
genomics of L. crispatus suggests novel mechanisms for the
competitive exclusion of Gardnerella vaginalis) displaying
the need of larger amount of data to obtain concise con-
clusions. The phylogenomic analyses performed with core
genes and the functional protein domains displayed a clear
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Figure 6. Phylogenomic tree of 105 L. crispatus genomes with genetic features of interest. Phylogenomic tree was created based on the 465 core genes of
L. crispatus (rooted with L. acidophilus NCFM as outgroup. NCFM was not included in the genetic features analyses). The genetic features of interest are
displayed as different layers and color coded based on their occurrence and completeness.

separation of the strain regarding their isolation source
(Figure 3). Moreover, strains isolated from same host (hu-
man) but different body sites (gut versus vaginal) tend to
cluster separately. It is worth noting that this niche-specific
adaptation was also observed for some of the genetic fea-
tures analyzed, like the CRISPR system subtype, the glyco-
gen hydrolase (glgx) and trehalose operon (Figure 6). Nev-
ertheless, this is the largest comparative genomic analysis
for this species to date, although the genomic diversity in
L. crispatus has not been fully described, as the number of
samples was biased by the isolation source.

Overall, this study provided new insights into the ge-
nomic content and variability of L. crispatus, which shed
light on its genetic and functional attributes, with potential
applications as probiotics for human and poultry health.
Presumably, fundamental differences in the genetic content
can translate to a better performance of specific strains in
a particular ecological niche, increasing survival, coloniza-
tion and functionalities. Indeed, the diverse genetic content,
which varies and correlates with isolation source, is useful
for rational design and formulation of probiotics and in-
dustrial workhorses, for host and body site-specific applica-
tions.
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