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Abstract

Aims A vaginal microbiome dominated by Lactobacillus crispatus is associated with positive reproductive and sexual health
outcomes, yet intra-individual genetic diversity within this species remains largely unexplored. This study characterized inter-
and intra-individual genomic variation in L. crispatus strains isolated through a citizen science initiative and assessed impli-
cations for multi-strain probiotic development.

Methods and results Fifty-three women participated in this citizen science project. Self-sampling resulted in 48 shot-
gun metagenomes. Twenty-two participants isolated their own L. crispatus strains using selective enrichment and LAMP-
based species confirmation, resulting in 53 whole-genome-sequenced isolates. Lactobacillus crispatus dominated 20 of 48
metagenomes (50.1%-99.6% relative abundance). Pangenome analysis revealed 3456 gene families, of which 43.7% were core
and 56.3% accessory. A 14-kb plasmid harbouring a Fic-domain toxin-antitoxin protein, but devoid of antimicrobial resistance
genes, was presentin 44 of 53 strains. Strains from the sameindividual clustered closely together yet harboured 1-123 gene dif-
ferences. Intra-individual variation was observed in the pullulanase type | gene required for glycogen degradation: 40 strains
were predicted to grow on glycogen, six showed genetic disruptions with unknown consequences, and seven were predicted
to lack this ability entirely. Variation within individuals was also found for bacteriocin classes and CRISPR-Cas genes.

Conclusions Substantial functional diversity exists within L. crispatus, even among strains from the same individual, support-
ing the rationale for multi-strain vaginal probiotics. This citizen science approach enabled discovery of host-specific adapta-
tions while ensuring participant ownership of their strains.

Impact statement

This study is the first to systematically characterize the genetic diversity of multiple Lactobacillus crispatus isolates from within
the same individual, revealing that functionally distinct strains co-exist in a single vaginal microbiome. These findings chal-
lenge the assumption that a single probiotic strain can recapitulate the diversity of an individual’s native L. crispatus popu-
lation and support the development of personalized, multi-strain vaginal probiotics. The citizen science design of this study
offers a framework for participant-driven microbiome research in which women retain ownership of their bacterial strains.
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IntrOduction munity state types (CSTs) have been described: four are domi-

nated by lactobacilli, while a fifth type is characterized by a di-
The human vaginal microbiome is unusual among body-site-  verse, non-Lactobacillus-dominated community often associated
associated microbial communities because it is frequently dom-  with dysbiosis. Among these, Lactobacillus crispatus is considered
inated by a single bacterial species (Ravel et al. 2011). Five com-  the species most strongly associated with favourable reproductive
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and sexual health outcomesin women of reproductive age (France
etal. 2022).

Lactobacillus crispatus is associated with vaginal health and
is thought to contribute to it through several generic and strain-
variable mechanisms: it acidifies the vaginal environment by pro-
ducing lactic acid, which suppresses a broad range of unrelated
taxa such as Gardnerella spp., it produces bacteriocins, which act
on closely related Gram-positive bacteria, it adheres to vaginal ep-
ithelial cells, and it degrades glycogen, a primary carbon source
in the vaginal tract (Jenkins et al. 2023). Recent work has further
demonstrated that L. crispatus exopolysaccharides modulate host
immune responses and mediate interactions with the vaginal mu-
cosa (Croatti et al. 2026). These properties have made L. crispatus
the leading candidate for vaginal probiotic development as a com-
plement to antibiotic treatment of vaginal dysbiosis (Cohen et al.
2020).

Lactobacillus crispatus is a genetically diverse species, with
genome sizes ranging from 2.0 to 2.5 Mb and an open pangenome
(Panetal. 2020, Fontana et al. 2021). Comparative genomic studies
have revealed inter-individual variation in glycogen metabolism,
bacteriocin repertoires, and surface-associated proteins (van der
Veer et al. 2019, Mancabelli et al. 2021), while core genome
analyses have identified single-nucleotide variation in conserved
genes as a driving force for niche competition (Tarracchini et
al. 2023). However, the extent of genetic variation within a sin-
gle individual remains poorly resolved. Metagenomic approaches
have provided indirect evidence for intra-individual strain co-
existence: the VIRGO gene catalogue showed that individual
vaginal metagenomes contain on average 1.6 times more L.
crispatus genes than a single genome, indicating the routine
presence of multiple strains (Ma et al. 2020). Yet these ap-
proaches cannot link specific variable genes to specific co-existing
strains. Our previous analysis of pullulanase variants in over
1500 vaginal metagenomes in the VIRGO database detected only
a single variant per sample (Hertzberger et al. 2022), and a
recent metagenome-assembled genome (MAG)-based study of
354 metagenomes was unable to recover multiple L. crispatus
genomes from any single sample (Nori et al. 2025). The latter
study showed strain-level variation in cell wall biogenesis, car-
bohydrate metabolism, and adhesion-related genes between in-
dividuals using MAGs, but intra-individual differences in these
traits remain unresolved. Isolate-based approaches, in which mul-
tiple strains are cultured from the same individual, can over-
come these limitations but have not been applied to the vaginal
microbiome.

Citizen science approaches have recently proven powerful
for large-scale vaginal microbiome mapping, as demonstrated
by the Isala project (Lebeer et al. 2023), which character-
ized the vaginal microbiomes of 3345 women through self-
sampling. In parallel, we developed a citizen science proto-
col in which women collected their own vaginal swabs, per-
formed selective enrichment, and identified L. crispatus iso-
lates using loop-mediated isothermal amplification (LAMP) dur-
ing a supervised practicum (lllidge et al. 2024). This proto-
col was carried out by 53 women, organized by the crispatus
foundation, which ensures that participants retain ownership of
their strains and collectively govern future licensing decisions.
Twenty-two participants successfully isolated their own strains,
yielding 53 whole-genome-sequenced L. crispatus isolates along-
side 48 matched shotgun metagenomes.
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Here, we combine metagenomic profiling and pangenome
analysis to characterize the inter- and intra-individual genetic di-
versity of L. crispatus. We systematically assess traits relevant to
probiotic function, including glycogen degradation capacity, bac-
teriocin production, adhesion-related proteins, and glycosyltrans-
ferase (GT) fragments involved in surface glycosylation, as well as
safety markers such as antimicrobial resistance genes, virulence
factors, and a previously undescribed plasmid. By comparing mul-
tiple isolates from the same individual, we aim to evaluate the
functional consequences of intra-individual diversity and to in-
form the rational design of multi-strain vaginal probiotics. Multi-
strain L. crispatus live biotherapeutic products have recently en-
tered clinical testing as well (Potloane et al. 2026), underscoring
the translational relevance of characterizing strain-level diversity
within and between individuals.

Materials and methods

Ethics statement

The Medical Ethics Committee (METC) of the Vrije Universiteit Am-
sterdam reviewed the research protocol (reference 2022.0791) and
concluded that the Dutch Medical Research Involving Human Sub-
jects Act (WMO) does not apply to this study (lllidge et al. 2024). All
participants provided written informed consent prior to participa-
tion. To protect participant identity, each citizen scientist chose a
pseudonym unrelated to their real name; participants also named
the bacterial strains they isolated. The study was conducted in ac-
cordance with the Declaration of Helsinki.

Metagenomic profiling of the vaginal
microbiome

Vaginal swabs were self-collected by 53 women (aged 18-45
years) who participated as citizen scientists between 30 April
and 1 September 2023, coordinated by the crispatus foundation
(Dutch: Stichting crispatus). Sample collection and the citizen
science practicum have been described previously (lllidge et al.
2024). Metagenomic DNA was extracted from swabs using the
ZymoBIOMICS-96 MagBead DNA Kit (Zymo Research, D4302) on
the KingFisher Flex robot. The extracted DNA was subjected to
quality control using a 16S rRNA quantitative polymerase chain
reaction (qPCR) assay that specifically targets bacterial biomass
(Suzuki et al. 2000) with a cut-off of 2.75 x 10° gene copies pul™!
for successful metagenomic sequencing, and to short-read shot-
gun sequencing on an lllumina (San Diego, CA, USA) platform,
based on a Nextera XT sequencing library prepared and sequenced
on a NovaSeq 6000 instrument with a paired-end 150 nt pro-
tocol. Raw sequencing data were demultiplexed and converted
to FASTQ files with bcl2fastq version 2.20 (Illumina), and an ini-
tial quality assessment was based on reads passing the lllumina
Chastity filter. Reads containing PhiX control signal were removed
with an in-house filtering protocol, and reads containing (partial)
adapters were clipped up to a minimum read length of 50 bp. A
second quality assessment of the remaining reads was performed
with FastQC version 0.11.8. Human host reads were depleted by
aligning the reads to the human reference genome GRCh38 with
Bowtie 2 version 2.4.5 (Langmead and Salzberg 2012) at default
settings; the resulting alignments were processed with SAMtools

920z Joquieydas |z uo Jesn Aieiqr ‘Jensioun aluA Aq 48258/8/81.26EX|/6/LE L/9101LE/OIUIE]/LI0D ANODILUSPEDE WOI) POPEOJUMOQ



Journal of Applied Microbiology, 2026, Volume 137, Issue 9

version 1.9 (Danecek et al. 2021) and BBMap version 38.79 (Bush-
nell 2014) to recover the unaligned paired and singleton reads. No
subsampling or rarefaction was applied, so that all host-depleted
reads entered the taxonomic classification. Classification was per-
formed with Kraken2 version 2.1.1 (Wood et al. 2019) against a ref-
erence database of RefSeq genomes of bacteria, fungi, archaea,
and viruses downloaded in July 2021, at the default confidence
threshold of 0 and the default minimum of two hit groups per clas-
sification. Kraken2 assigns each read to the lowest common ances-
tor of its matching k-mers and reports read counts that are not cor-
rected for genome length or read length. Species- and genus-level
relative abundances were therefore estimated from the Kraken2
output with Bracken version 2.6.0 (Lu et al. 2017) at default set-
tings foraread length of 150 bp. Only bacterial classifications were
retained, and abundances were renormalized to the bacterial frac-
tion; the 10 most abundant species across samples were plotted
individually, with all remaining taxa grouped as ‘other’. A graph-
ical overview of the complete bioinformatic workflow, including
all tools, version numbers, and reference databases, is provided
in Supplementary Fig. S1.

Strain isolation and whole-genome
sequencing

Of the 53 participants, 22 successfully isolated their own L. crispa-
tus strains during the practicum, following the selective enrich-
ment and LAMP-based identification protocol described previ-
ously (Illidge et al. 2024). Briefly, vaginal swabs were cultured in
tryptic soy broth supplemented with 10% horse serum, 1gl=!
Tween 80, and 10 g |=* glucose at pH 5.0, adjusted with 10% acetic
acid. Species identification was performed by participants using
LAMP and microscopy. Microscopy was carried out under contin-
uous supervision by trained members of the research team; par-
ticipants placed their slide under the microscope, after which a
team member adjusted the image, which was then viewed on a
large screen or through the eyepiece and photographed for docu-
mentation. In total, 53 L. crispatus isolates were obtained from 22
individuals (Supplementary Table S1).

Genomic DNA was extracted from bacterial pellets using the
KingFisher 96 system (Thermo Fisher Scientific, Waltham, MA,
USA) with the Chemagic DNA Bacteria Kit (Revvity chemagen,
Baesweiler, Germany). Sequencing libraries were prepared with
the Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA,
USA) according to the manufacturer’s instructions. Libraries were
pooled and sequenced on an Illumina MiSeq platform using a v3
cartridge generating 2 x 300 bp paired-end reads. For four isolates
from a single participant, additional long-read sequencing was
performed on an Oxford Nanopore Technologies (Oxford, UK) Min-
ION using the Rapid PCR Barcoding Kit according to the manufac-
turer’s protocol.

Genome assembly and quality control

Short reads were trimmed by removing adapters and PhiX reads
and filtered on quality (Q >30) and length (> 100 bp). Quality
control before and after trimming was assessed with FastQC ver-
sion 0.12.1 (parameters: ‘—noextract’ and ‘—nogroup’) and re-
ports were aggregated with MultiQC (Ewels et al. 2016). De novo as-
sembly was performed with SPAdes version 4.0.0 (Bankevich et al.

2012) using the ‘—isolate’ parameter; contigs shorter than 1000 bp
were removed. Assembly quality was evaluated with QUAST ver-
sion 5.2.0, applying thresholds of N50 > 14 000 bp and fewer than
300 contigs.

For the four long-read-sequenced samples, reads were filtered
on quality (Q > 10) and length (> 1000 bp) using Filtlong ver-
sion 0.2.1 (Wick 2024). Hybrid de novo assembly combining corre-
sponding short and long reads was performed with Unicycler ver-
sion 0.5.1 (Wick et al. 2017) at default parameters. Assembly qual-
ity was assessed as above. Coding sequence prediction and func-
tional annotation of all 53 assemblies were performed with Bakta
version 1.9.4 (Schwengers et al. 2021) using the full database (ver-
sion 5.1), with the parameters -skip-pseudo, -genus ‘Lactobacillus’,
species ‘crispatus’.

Pangenome construction and analysis

Pangenome analysis of the 53 annotated genomes was performed
with PIRATE version 1.0.5 (Bayliss et al. 2019) at default pa-
rameters. A multi-sequence alignment and a phylogenetic tree
based on gene presence-absence were generated with PIRATE
and visualized with Phandango (Hadfield et al. 2018). Additional
pangenome visualizations were produced with the custom Python
script PANDAVIS.py. A separate alignment and phylogenetic tree
was constructed for isolates from the same individual to assess
intra-individual variation.

Gene families identified by PIRATE were assigned to Clusters
of Orthologous Groups (COG) categories based on gene descrip-
tions, using a custom Python script (functional_categorizer.py).
Protein products were matched against the EggNOG version 5.0.0
annotations database (Huerta-Cepas et al. 2019) by exact match-
ing, followed by fuzzy matching (partial ratio threshold of 80) and
keyword-based assignment (Supplementary Table S2). Phage-
associated genes, hypothetical proteins, and proteins annotated
as domain of unknown function were assigned to separate func-
tional categories.

Analysis of potential probiotic traits and
safety assessment

Potential probiotic traits and safety-relevant features were as-
sessed in silico for each of the 53 strains. Plasmid presence was
determined using PlasmidFinder version 2.1.6 (Carattoli and Has-
man 2020); in addition, trimmed reads were mapped against a
plasmid identified in the complete assemblies from long-read se-
quencing using bwa-mem?2 version 2.2.1 (Vasimuddin et al. 2019).
The origin of replication was located with Ori-Finder 2022 (Dong
et al. 2022), and read coverage was assessed with Qualimap ver-
sion 2.3 (Okonechnikov et al. 2016) to confirm plasmid presence
or absence. Virulence genes were identified with ABRicate ver-
sion 1.0.1 (Seemann 2020) against the VFDB database version 6.0
(Liu et al. 2022), and antimicrobial resistance genes were detected
with StarAMR version 0.11.0 (Zankari et al. 2012,2017, Bharat et al.
2022); both analyses were performed on chromosomal genomes
and the plasmid. The capacity for glycogen utilisation was pre-
dicted from deletions in the N-terminus of the pullulanase type
I gene (glycoside hydrolase family 13), following our previously
reported classification (van der Veer et al. 2019): no deletions in-
dicating growth on glycogen, specific partial deletions with un-
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known consequences for growth on glycogen, and extensive dele-
tions or gene absence predicting inability to grow on glycogen.
Deletions were identified from the multi-sequence alignment of
the pullulanase type | gene generated during pangenome con-
struction.

Bacteriocin-encoding genes were identified with BAGEL4 ver-
sion 1.2 (van Heel et al. 2018) and classified into classes I,
Il (subclasses lla and IIb), and Il according to established
nomenclature (Kumariya et al. 2019). The pangenome gene
collection was searched for adhesion-associated proteins us-
ing the keywords: LPXTG domain-containing protein, MucBP
domain-containing protein, pilus-like protein, and putative ad-
hesin domain-containing protein. CRISPR-Cas loci in each strain
were identified and classified with CRISPRcasldentifier version
1.1.0 (Padilha et al. 2020). Finally, three GT fragments and associ-
ated genes (flippase, UDP-galactopyranose mutase, and GT super-
family 1 and 2 genes) were characterized by mapping reads against
a 22 kb reference fragment from strain CTV-05 (van der Veer et al.
2019) using bwa-mem?2 version 2.2.1.

Statistical analysis of genomic trait
variation

To quantify intra- versus inter-individual variation, a trait vector of
21 characters was compiled for each of the 53 strains, encompass-
ing glycogen growth prediction, plasmid presence, absence of an-
timicrobial resistance and virulence genes, bacteriocin classes (|,
la, I1b, 1ll), CRISPR-Cas subtypes (I-E, II-A, II-C, V-A, V-F, VI-B, VI-C),
adhesion-related gene types (LPXTG, MucBP, type IV pilus-like, pu-
tative adhesin domain-containing proteins), glycosyltransferase
fragments (GT1/GT2/GTB, GTA), and mobile genetic elements. Of
these, 12 were variable across the dataset; the remaining nine
were invariant (present or absent in all 53 strains) and therefore
contributed zero to all pairwise distances. Glycogen growth pre-
diction was coded as a three-state variable (1 = full growth, 0.5 =
unknown, 0 = absent); all other traits were binary. For Hamming
distance computation, any difference between states was counted
asone.

Pairwise Hamming distances (number of differing traits) were
calculated for all 1378 strain pairs. Differences between intra-
individual and inter-individual distances were assessed using a
one-sided Mann-Whitney U test (testing whether intra-individual
distances were smaller than inter-individual distances), with rank-
biserial correlation as effect size measure. Variance partitioning
was performed using permutational multivariate analysis of vari-
ance (PERMANOVA; 9999 permutations, Hamming distance) with
individual identity as the grouping factor. For the five individu-
als with multiple strains, trait-level concordance was assessed by
calculating the proportion of individuals showing intra-individual
variation for each trait.

Results

Lactobacillus crispatus isolation coincides
with metagenomic dominance

Metagenomic profiling of 48 vaginal samples revealed consider-
able inter-individual variation in microbiome composition (Fig. 1).

Journal of Applied Microbiology, 2026, Volume 137, Issue 9

Lactobacillus crispatus was the predominant species (>50% rel-
ative abundance) in 20 of 48 metagenomes, with relative abun-
dances ranging from 50.1% to 99.6%. In several participants
(e.g. Tiziano, Iris, Steff22, and Simon), L. crispatus exceeded 95%
relative abundance, indicative of highly stable, Lactobacillus-
dominated communities. Among the remaining samples, Lacto-
bacillus iners dominated seven metagenomes and Gardnerella
vaginalis was the most abundant species in 12, while some har-
boured L. crispatus at abundances as low as 0.2%. Consistent
with the selective enrichment protocol, 20 of 22 participants
from whom isolates were obtained had L. crispatus-dominated
metagenomes.

The pangenome is open with a 56.3%
accessory fraction

The 53 L. crispatus draft genomes had a mean size of 2.17 Mbp
(range: 2.01-2.36 Mbp) and a mean GC content of 36.8% (range:
36.5-37.0%). The mean coding ratio was 85.6%, with an average of
2238 predicted genes per genome (range: 2036-2466). One high-
quality assembly generated from long-read sequencing (isolate
Bella) had aslightly larger genome (2.4 Mbp), 2427 predicted CDSs,
and a coding density of 89.2% (Fig. 2). Pangenome analysis of all
53 genomes identified 3456 gene families, classified as core (1597
genes; 43.7%), soft-core (57 genes; 1.6%), shell (821 genes; 22.5%),
and cloud (981 genes; 26.8%), applying the default PIRATE thresh-
olds in which gene families were classified as core when presentin
at least 99% of genomes, soft-core at 95%-99%, shell at 15%-95%,
and cloud below 15%. The accessory genome (soft-core, shell, and
cloud combined) thus comprised 56.3% of the pangenome, con-
sistent with the open pangenome previously described for this
species (Pan et al. 2020).

Metabolism is conserved while phage and
antimicrobial defence genes vary in the
pangenome

Approximately 62.1% of predicted proteins could be assigned
to functional categories (COG) based on the EggNOG database
(Fig. 3; Supplementary Table S3). Transcription-related genes
were the most abundant category and were predominantly
core genes, indicating strong conservation of transcriptional ma-
chinery across strains. Carbohydrate and lipid transport and
metabolism were likewise highly conserved, reflecting the es-
sential capacity of L. crispatus to utilize glycogen and maintain
membrane integrity. Shell and cloud genes in these categories
may reflect strain-specific adaptations to alternative carbohy-
drate sources. In contrast, genes associated with defence mech-
anisms, prophages, and transposases were predominantly found
in the shell and cloud fractions, indicating high variability across
strains.

Intra-individual strains cluster together
yet differ by up to 123 genes

Hierarchical clustering based on gene presence-absence of func-
tionally annotated genes revealed that strains from the same
individual generally clustered together, indicating high intra-
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Microbiome Profiles
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Figure 1 Stacked bar chart of the bacterial microbiome profiles from 48 metagenomic samples. The top 10 most frequently occurring species are
colour-coded; remaining species are grouped as ‘Other’. Lactobacillus crispatus relative abundance is annotated for each sample. Samples are ordered
by decreasing L. crispatus abundance; the first 22 samples (left) originate from participants from whom L. crispatus strains were isolated.

individual genetic similarity (Fig. 4; Supplementary Table S4). Nev-
ertheless, intra-individual variation ranged from 1 to 123 gene dif-
ferences.

Inter-individual differences were generally larger. The strain
Haifa exhibited the greatest genetic divergence from all other
isolates. Conversely, some inter-individual distances were small:
the Bella strains clustered closely with Nefesh, Rivka, Lynn,
and Tonna (67-193 gene differences), demonstrating that intra-
individual variation can in some cases exceed inter-individual vari-
ation. Among the variable genes shared across all intra-individual
comparisons, two transposase genes were consistently present.
Strains from closely related clusters (Bella, Nefesh, and Rivka)
shared additional variable genes, including four transposases,
a SagB-type dehydrogenase domain protein, a GAF domain-
containing protein, and an ABC-2 type transporter.

Functional traits vary within individuals

The presence and variation of potential probiotic traits and safety
markers across all 53 strains are summarised in Fig. 5. The capacity
for glycogen utilisation was predicted from the pullulanase type
| gene, a close homologue of glgX that is essential for utilising
glycogen, the main carbon source in the human vaginal tract. Of
the 53 strains, 40 did not contain any deletions in the N-terminus
and were predicted to grow on glycogen, 6 harboured partial
deletions with unknown consequences for growth on glycogen,
and 7 were predicted to lack glycogen-degrading capacity due to
extensive deletions or absence of the gene entirely (Suppleme
ntary Table S5). Notably, intra-individual variation in this gene
was observed: among the Bella strains, one harboured a full-
length (functional) pullulanase while the remainder carried N-
terminal deletions predicting loss of capacity for extracellular

glycogen-degrading capacity. Among the Rhea strains, three were
predicted to grow on glycogen, while four were not. The three
remaining strains predicted to lack glycogen growth presum-
ably depend on alternative carbon sources or on cross-feeding
by co-occurring glycogen-degrading strains within the same
microbiome.

Four adhesin-associated gene types were identified: LPXTG
motif-containing proteins, MucBP domain-containing proteins,
type IV pilus-like proteins, and putative adhesins. All genomes har-
boured at least three of these types; MucBP domain-containing
proteins were detected in only four strains.

All 53 strains carried bacteriocin-encoding genes. The class IlI
bacteriocin helveticin J was universally present, consistent with
previous reports (Mancabelli et al. 2021). Class lla bacteriocins
were identified in 41 strains, class lIbin 38, and class | in fewer than
half of the strains (n = 18). Intra-individual variation was observed
primarily in class lla and llb bacteriocins, with one strain predicted
negative and others positive within the same individual; variation
in class | was limited to a single case. This variation may affect
the breadth of pathogen species that can be inhibited by bacteri-
ocin production, with individuals harbouring multiple strains po-
tentially having a broader antimicrobial repertoire than those with
a single strain.

CRISPR-Cas analysis revealed that all strains carried the Cas3
helicase, but only the strain Haifa contained the complete type
I-E system. The remaining 52 strains were classified as type II-A
based on the presence of Cas9 and Csn2 and the absence of Cas4.
The subtypes CAS-V-A and CAS-VI-B were conserved across strains,
while CAS-II-C was the only subtype that varied both between and
within individuals.

Three GT fragments, hypothesized to modulate cell-surface gly-
cosylation, were characterized. The first and longest fragment
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Figure 2 Genome map of L. crispatus constructed from the long-read-based assembly of isolate Bella (2,415,116 bp). From the outermost ring inward:
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the reverse (—) strand, GC content, and GC skew. Colour coding of the outermost ring indicates the genomic positions of prophage regions, GT
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(GT1) shares close homology with a known GTA and is suspected
to contain the catalytic active site. Twenty-nine strains harboured
GT fragments 1 and 2 together with GTAand GTB (one strain lacked
GTB), while the remaining 24 strains lacked all GT-associated
genes. No intra-individual variation in GT fragment presence was
observed. A 14 kb plasmid was identified in 44 of 53 strains (Su
pplementary Fig. S2). The plasmid encoded a replication initiator
protein, a plasmid partition protein (ParB), and an ATPase, indi-
cating the capacity for autonomous replication and stable mainte-
nance through vertical transfer. It also harboured ribonucleoside-
diphosphate reductase subunits alpha and beta, multiple trans-
posases, and a filamentation induced by cAMP (Fic) domain pro-
tein, which is widely associated with toxin-antitoxin systems in
bacteria. Plasmid presence was concordant within individuals: all
strains from the same participant either carried or lacked the plas-
mid, consistent with stable vertical maintenance potentially me-
diated by a toxin-antitoxin system (Fig. 5). Neither the plasmid nor
the chromosomal genomes contained antimicrobial resistance or
virulence genes.

Individual identity explains the majority
of trait variation

Among the five individuals with multiple strains (Bella,n =7; Cam-
panarius, n = 5; Nefesh, n = 9; Rhea, n = 7; Rivka, n = 8), CAS-II-
C varied in three individuals (60%), glycogen growth prediction,
bacteriocin class I, and bacteriocin class llb each varied in two in-
dividuals (40%), and bacteriocin class Ila varied in one individual
(20%). In contrast, plasmid presence, GT fragment composition,
and adhesion-related genes showed perfect concordance within
individuals (0/5 varying), consistent with stable vertical inheri-
tance. Intra-individual Hamming distances (n = 116 pairs) aver-
aged 0.68 trait differences (median 1.0; range 0-3), whereas inter-
individual distances (n = 1262 pairs) averaged 3.88 trait differ-
ences (median 4.0; range 0-11). This difference was highly signifi-
cant (one-sided Mann-Whitney U = 9194, P =2.67 x 10~%). PER-
MANOVA confirmed that individual identity explained the major-
ity of trait variation (pseudo-F = 38.9; P = 0.0001). The effect size
rank-biserial correlation r = 0.87.
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relative abundance in the corresponding metagenome.

Discussion

This study presents the first systematic characterization of intra-
individual genetic diversity in L. crispatus using multiple isolates
from the same vaginal swab, rather than relying on metagenome-
assembled genomes. The pangenome of 53 strains from 22 indi-
viduals confirmed that L. crispatus possesses an open pangenome
with a substantial accessory genome (56.3%), in agreement with
previous observations (Pan et al. 2020, Fontana et al. 2021). Crit-
ically, strains from the same individual consistently clustered to-
gether yet harboured functionally relevant differences in traits
such as glycogen degradation and bacteriocin repertoires.

The observation of intra-individual variation in the pullu-
lanase type | gene is particularly noteworthy. The coexistence
of glycogen-degrading and non-degrading strains within a single
host s consistent with metabolic niche partitioning through cross-
feeding, a mechanism well-documented in other bacterial sys-
tems (Rosenzweig et al. 1994, D’Souza et al. 2018). In this model,
primary degraders hydrolyse vaginal glycogen into maltose and
maltodextrins, while secondary consumers utilize these break-
down products. Such producer-consumer relationships can stabi-
lize strain coexistence by reducing direct competition for the same
substrate. The statistical observation that intra-individual dis-
tances were significantly smaller than inter-individual distances
supports a model in which strains diversify from a common
founder while occupying complementary metabolic niches. No-
tably, this intra-individual pullulanase variation was not detected
in our previous metagenome-based analysis of over 1500 vagi-
nal communities, where only a single pullulanase variant was

observed per sample (Hertzberger et al. 2022), illustrating how
culture-based isolation of minority strains can reveal diversity that
is masked in metagenomic data dominated by the most abundant
genotype.

The intra-individual variation in bacteriocin classes |, lla, and
IIb, contrasted with the universal presence of class Il (helveticin
J), suggests a division of labour in antimicrobial defence. Differ-
ent bacteriocin classes target distinct pathogen species, and in-
dividuals harboring strains with complementary repertoires may
have broader collective pathogen coverage than those with a sin-
gle strain type. This pattern suggests functional complementarity
among co-resident strains, where genetic diversity in antimicro-
bial repertoires may collectively broaden pathogen coverage (Ack-
ermann 2015).

The observation that CAS-II-C was the only CRISPR-Cas subtype
showing intra-individual variation reflects its intermediate popu-
lation frequency (30.2%) rather than unique biological properties.
Subtypes at or near fixation (CAS-1I-A, CAS-V-A, CAS-V-F, CAS-VI-B)
or near absence (CAS-I-E, CAS-VI-C) lack the population-level poly-
morphism necessary to manifest within-host variation. The type IlI-
Asystem, universally present across all 53 strains, likely represents
the core adaptive immune machinery, while CAS-1I-C may repre-
sent a more dynamic element subject to ongoing acquisition or
loss in response to local phage pressure. CRISPR spacer diversity
at the population level is predicted to enhance collective immu-
nity by preventing phage escape mutants from sweeping through
the entire community (Childs et al. 2012, Watson et al. 2021).

The identification of a 14 kb plasmid in 44 of 53 strains, de-
void of antimicrobial resistance and virulence genes, provides im-
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portant safety data for probiotic development. The universal ab-
sence of such determinants across both chromosomal genomes
and the plasmid is consistent with the non-pathogenic profile of
L. crispatus (van der Veer et al. 2019). The plasmid-encoded Fic
domain protein is of particular interest, as Fic proteins in bacte-
ria frequently function as the toxin component of type Il toxin-
antitoxin modules that contribute to plasmid stability through
post-segregational killing (Roy and Cherfils 2015). Whether this
Fic protein similarly promotes stable plasmid maintenance in L.
crispatus, and whether it contributes to competitive fitness in the
vaginal niche, warrants functional investigation.

The inter-strain variation in GT fragments is of relevance. The
GT gene cluster, encoding components of a cell-wall anchored
polysaccharide pellicle, has been proposed to mediate both bac-
teriophage sensitivity and hostimmune evasion (van der Veeret al.
2019). The observation that strains naturally differ in GT fragment
composition, with 29 strains harbouring GT1-2 and 24 lacking all
GT-associated genes, indicates that strains within this species nat-
urally differ in surface polysaccharide architecture.

The perfect concordance of plasmid presence and GT frag-
ment composition within individuals (0/5 multi-strain individuals
showing variation) contrasts sharply with the variable traits and
points to distinct evolutionary dynamics. For the plasmid, the Fic-
domain-mediated toxin-antitoxin system discussed above likely
ensures stable vertical inheritance. For GT fragments, the lack
of intra-individual variation despite substantial inter-individual
polymorphism (54.7% prevalence) suggests strong purifying se-
lection within hosts, possibly driven by the functional importance
of cell-surface glycosylation in host-microbe interactions or phage
defense.

The substantial inter-individual variation (pseudo-F = 38.9)
indicates that each woman’s L. crispatus population represents a
unique genomic constellation, while the functionally significant
intra-individual variation documented above points to metabolic
complementarity among co-resident strains. Together, these
patterns support a multi-strain probiotic strategy on two grounds:
strain diversity increases host compatibility, and complementary
strains may cooperate through metabolic exchange and collective
pathogen defence, as occurs naturally within individuals. This
rationale aligns with recent clinical evidence that multi-strain L.
crispatus-based products can durably reshape the vaginal micro-
biome. A multi-strain synbiotic converted vaginal communities
to CST-I (Ravel et al. 2025), and a phase 1 randomized trial of two
multi-strain L. crispatus live biotherapeutics achieved metage-
nomic colonization in 66% of women with bacterial vaginosis
after only 3-7 days of dosing, with engraftment persisting to
twelve weeks in approximately half of early colonizers (Potloane
et al. 2026). In vitro work further supports host-independent
synergism between vaginal lactobacilli (Vander Donck
et al. 2025).

An () important consideration is that the goal of a vaginal probi-
otic is to restore a protective community and displace pathogens,
not merely adding more of a species that may already be present
(Cohen et al. 2020, Argentini et al. 2022) . Supplementation with
well-characterized exogenous strains can nonetheless be valuable
even in women who already carry L. crispatus: endogenous popu-
lations are frequently lost after antibiotic treatment or other dis-
turbances, and a defined strain with a known trait profile may im-
prove the resilience and reproducibility of recolonisation (Ojala et
al. 2014, Hemmerling et al. 2024).

In a microbiome dominated by L. iners or in dysbiosis, an in-
troduced L. crispatus strain must compete for adhesion sites and
nutrients and displace an established community, which is more
demanding than colonising an empty niche; the adhesion, bac-
teriocin, and glycogen-utilization traits catalogued here are rele-
vant to that capacity. Our analysis was genomic and did not in-
clude functional displacement or competition assays, which are
an important direction for future work. Likewise, the ability to re-
vive rapidly from a dried or lyophilized state, is a relevant property
that we did not measure (Juarez Tomas et al. 2015).

Finally, women with an L. iners-dominated microbiome carry-
ing subdominant L. crispatus were not separately sampled, so we
cannot directly address why a resident strain may fail to predomi-
nate in such individuals (Argentini et al. 2022).

A distinctive feature of this study is the citizen science frame-
work through which the strains were collected. Participants not
only performed their own sampling, enrichment, and LAMP-based
identification (lllidge et al. 2024), but also retained ownership
of their strains through the crispatus foundation, which collec-
tively governs future licensing decisions. The genomic results re-
inforce this ownership model by demonstrating that each par-
ticipant’s strains represent a unique microbial fingerprint; they
are not generic or interchangeable but intimately connected to
the host. The rights to these strains are centralized in the foun-
dation, which represents the participants in negotiating future
licence agreements. Financial proceeds from such agreements
are reinvested in citizen science research into sexual and repro-
ductive health and shared directly with the contributing women.
The stakeholder hackathon extended this participatory model to
product development, yielding insights into end-user preferences
that will guide the formulation and delivery of future probiotic
products.

Several limitations should be acknowledged. Taxonomic pro-
filing relied on k-mer-based classification of 150 bp short reads,
an approach with well-documented constraints. Short reads carry
limited phylogenetic information, so reads originating from con-
served or horizontally acquired regions can be assigned to the
wrong species, and false-positive assignments to taxa absent from
the sample are common, in particular among closely related con-
generssuch asL. crispatus, L. jensenii,and L. gasseri (Ye et al. 2019).
Classification accuracy further depends on the composition and
completeness of the reference database and on the confidence
threshold applied (Wright et al. 2023), and several vaginal taxa re-
main under-represented in public reference collections. Although
Bracken was used to redistribute reads and to correct for genome-
and read-length effects, the relative abundances reported here
should be interpreted as estimates rather than exact proportions,
and no strain-level inference was drawn from the short-read pro-
files; all strain-level analyses were based on the isolate genomes.
Reassuringly, the metagenomic assignments were consistent with
culture, as L. crispatus was isolated from 20 of the 22 participants
whose metagenomes were classified as L. crispatus-dominated.

The study relied on draft genome assemblies from short-read
sequencing for most strains, which may result in fragmented as-
semblies and incomplete resolution of repetitive regions. Long-
read sequencing was performed for only four strains from a sin-
gle individual; expanding this to additional participants would im-
prove genome completeness. The correlation analyses between
traits and L. crispatus abundance were constrained by the fact
that nearly all isolates originated from L. crispatus-dominated
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metagenomes, limiting the statistical power to detect associa-
tions. Moreover, the observed diversity may underrepresent di-
vergent strains present at low abundance in non-L. crispatus-
dominated communities. The pangenome and trait distributions
reported here should therefore be interpreted as representa-
tive of dominant L. crispatus populations rather than the full
strain-level diversity within the vaginal niche. Notably, GT3, which
has been associated with low-abundant L. crispatus strains in a
dysbiotic environment (van der Veer et al. 2019), was not ob-
served at all in the present study reflecting the isolation bias to-
wards health-associated, dominant L. crispatus populations. More
broadly, the in-silico nature of the trait predictions presented
here remains a limitation; experimental validation of glycogen
degradation predictions, e.g., through growth assays on glyco-
gen versus glucose for strains with contrasting pullulanase geno-
types, would provide essential phenotypic confirmation of the
current classifications. However, it should be noted that previ-
ous work established the presence of the pulA gene as a condi-
tion for the ability to grow on glycogen (van der Veer et al. 2019,
Hertzberger et al. 2022).

Two further points deserve mention. First, L. crispatus was
isolated almost exclusively from women of 45 years or younger
whose microbiome was dominated by this species. Because oe-
strogen promotes glycogen accumulation in the vaginal epithe-
lium (Farage and Maibach 2006, Mirmonsef et al. 2015), glycogen
availability and L. crispatus colonization tend to decline with age,
so strains that are less dependent on glycogen may be more rele-
vant for peri- and post-menopausal women; such strains were not
specifically represented in our sampling. Second, some L. crispa-
tus strains can produce biogenic amines (Puebla-Barragan et al.
2021), which we did not assess here; screening for amino-acid de-
carboxylase genes combined with phenotypic assays would be a
useful addition in future safety evaluations.

Future work should explore the interactions between L. crispa-
tus strains and other species in the vaginal microbiome, as well as
the relative abundance of co-existing L. crispatus strains within in-
dividuals using strain-resolved metagenomic approaches. Pheno-
typic characterisation of the predicted traits, coupled with in vitro
competition assays, will be essential to guide strain selection for
multi-strain probiotic products targeting vaginal health.

In conclusion, this study combined metagenomic and pange-
nomic approaches to reveal substantial functional diversity within
L. crispatus, even among strains from the same individual. These
findings contribute to the rational design of multi-strain vaginal
probiotics and demonstrate the power of citizen science in ad-
vancing microbiome research while ensuring that participants re-
tain ownership of their microbial strains.
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