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The vaginal microbiota is a dynamic ecosystem that plays a central role in women's reproductive
health, with Lactobacillus species typically dominating in healthy individuals. Disruptions to this
microbiota can lead to dysbiosis, increasing susceptibility to infections such as bacterial vaginosis and
contributing to adverse reproductive outcomes. Despite growing global interest in vaginal microbiome
research, studies in Latin American populations remain limited, particularly in Chile. In this exploratory
study, we aimed to characterize the vaginal microbiota of Chilean women using a combination of
self-sampling and full-length 16S rRNA gene sequencing with Oxford Nanopore Technologies (ONT).
We implemented a customized bioinformatic pipeline using the Emu classifier to achieve species-

level taxonomic resolution. Our analysis revealed that most participants had microbiota dominated

by Lactobacillus species, while a subset exhibited diverse microbial communities consistent with
Community State Type (CST) IV. Alpha and beta diversity metrics supported these classifications

and demonstrated that species-level resolution enhances the ability to distinguish CSTs. These
findings provide the first species-level characterization of vaginal microbiota in Chilean women and
demonstrate the utility of ONT sequencing and self-sampling in underrepresented populations. This
work contributes essential baseline data for the region and highlights the importance of inclusive
microbial profiling in advancing personalized approaches to women'’s health.

The vaginal microbiota is a dynamic and complex ecosystem composed of diverse microbial species that
directly influence women’s overall and reproductive health. This environment, dominated by members of the
Lactobacillus genus, plays a crucial role in protecting the epithelial mucosa of the vaginal tract by maintaining
an acidic environment (pH 3.3-4.5), which inhibits the growth of pathogens and prevents viral infections!.
The balance between commensal and pathogenic species is essential to maintain a healthy state, preventing
infections and other gynecological complications.

Lactobacillus species metabolize glycogen from vaginal epithelial cells, promoting their proliferation and the
production of lactic acid, which is essential for maintaining an acidic environment!. Furthermore, these bacterial
species secrete antimicrobial compounds, including hydrogen peroxide and bacteriocins, which further enhance
vaginal defense mechanisms®. The most frequently reported Lactobacillus species include L. crispatus, L. gasseri,
L. jensenii, and L. iners*,

Disruption of a normal healthy microbiome can lead to a dysbiotic state, increasing the risk for conditions such
as bacterial vaginosis (BV)?, vulvovaginal candidiasis®, and sexually transmitted infections, such as Chlamydia
and HIV78. BV is the most common condition, which is characterized by decreased Lactobacillus abundance
and an increase in anaerobic bacteria, such as Gardnerella vaginalis, Fannyhessea vaginae, and Prevotella species’.
While symptoms include foul discharge and itching, many women are asymptomatic. In addition, BV raises the
risk of serious infections and pregnancy complications'®.

Traditionally, diagnosis of vaginal dysbiosis depends on methods like Amsel’s criteria, which assess clinical
symptoms such as high vaginal pH and microscopy'!, and the Nugent method, which uses Gram staining to
evaluate specific bacterial morphotypes!2. However, these techniques have their limitations as they rely on
human interpretation and do not provide an adequate bacterial identification'>.

Recent advances in sequencing technologies have allowed us to overcome these limitations. 16S rRNA gene
sequencing is a powerful tool for studying microbial communities, as it enables bacterial identification without

1Center for Bioinformatics and Integrative Biology, Facultad de Ciencias de la Vida, Universidad Andrés Bello,
Republica 330, 8370186 Santiago, Chile. 2Barbara Oliva-Arancibia and Pablo Villanueva contributed equally to this
work. *email: juan@ugalde.bio

Scientific Reports|  (2025) 15:40093 | https://doi.org/10.1038/s41598-025-23837-8 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-23837-8&domain=pdf&date_stamp=2025-10-15

www.nature.com/scientificreports/

the need for cultures'*. However, most studies have been conducted using short-read sequencing platforms that
do not span the entire 16S rRNA gene, limiting species-level resolution'. In the vaginal microbiome, studies
commonly target specific hypervariable regions of the 16S rRNA, particularly the V3-V4 region, which provides
genus-level resolution but often falls short in discriminating closely related species (e.g., within the Lactobacillus
genus)!'®1”. The introduction of long-read sequencing platforms, such as Oxford Nanopore (ONT), has opened
new possibilities for studying the vaginal microbiota by completely sequencing the full 16S rRNA gene, thus
enabling species-level identification!®-20,

Community State Types (CSTs) are used to group vaginal microbiome profiles based on their bacterial
composition. Originally defined by Ravel et al.”* through clustering and later refined by France et al.** using a
nearest-centroid method. More recently, it has been revised to emphasize the dynamic and functional aspects of
these community states?>. CSTs I, II, III, and V are dominated by Lactobacillus species: L. crispatus (CST 1), L.
gasseri (CST II), L. iners (CST III), and L. jensenii (CST V). CST 1, dominated by L. crispatus, is associated with a
healthy vaginal environment due to its high lactic acid production and ability to inhibit pathogen colonization?.
L. iners, dominant in CST III, has a context-dependent role found in both healthy and dysbiotic states, raising
questions about its protective function’. CST IV lacks a dominant Lactobacillus species and shows higher
diversity of anaerobic bacteria, such as Gardnerella, Prevotella, and Megasphaera'®?"-2°.

Although widely used, CSTs have key limitations: They reduce the vaginal microbiota’s dynamic nature
into static categories, potentially missing individual and temporal variability?®. Their classification relies on
sequencing resolution and database accuracy, which may overlook low-abundance but clinically relevant taxa®.
Additionally, CSTs are descriptive and do not reflect microbial functions or host interactions, so their biological
relevance should be interpreted cautiously and supported by functional and clinical data.

Despite advancements in microbial profiling technologies, most vaginal microbiota studies focus on North
American and European populations, leaving gaps in knowledge about other groups, like Latin Americans. In
Chile, research on the vaginal microbiota mainly relies on standard methods like the Amsel criteria. A survey
of 100 women at a family health center, most of them asymptomatic, found that 32% of them had bacterial
vaginosis (BV)*!. Another study with 101 women using wet mount and Gram stain reported 46.5% of women
with vaginal dysbiosis, including 16.8% with BV and 11.9% with vulvovaginal candidiasis®. These studies
highlight the high prevalence of vaginal health conditions in Chilean women but are limited by their reliance on
conventional diagnostic methods. There is an urgent need for advanced microbial profiling to better understand
the vaginal microbiota in Chilean women and improve diagnosis, prevention, and treatment. Such research
will help to identify region-specific microbial profiles and health risks, impacting public health. Only recently,
novel initiatives in the region have examined the association between the vaginal microbiota and HPV in Latina
women®,

To address the need for more comprehensive profiling of vaginal microbiota in Chilean women, this study
presents the development and application of a self-sampling method for vaginal swabs, along with a customized
bioinformatic pipeline for estimating bacterial relative abundance. Using full-length 16S rRNA sequencing on
the ONT platform, we achieved species-level taxonomic profiles, estimated species abundance, and classified
samples into CSTs based on the microbiome composition. These demonstrate the potential of self-sampling
and long-read sequencing to enhance our understanding of vaginal health, particularly in underrepresented
populations. In doing so, we help address a geographic and demographic gap in vaginal microbiome research
and provide a reference point for future studies in Latin America.

Methods

Implementation of a self-sampling method for vaginal samples

Criteria and study cohort

This study was approved by the Bioethics Committee of the Faculty of Life Sciences, Universidad Andrés Bello
(Ethics Approval ID 009/2023). All the methods were performed following relevant guidelines and regulations.
Twenty participants were recruited based on predefined criteria. Chilean women between the ages of 22 and 36
who were able to provide informed consent were eligible for inclusion. Participants were excluded if they were
menstruating at the time of sampling, pregnant, or had used antibiotics in the past 30 days. Additionally, all
participants completed a detailed questionnaire covering demographic information, employment status, health
habits, dietary patterns, hygiene practices, antibiotic use, and sexual history (Supplementary Table S1).

Vaginal self-sampling protocol

The collection procedure was explained in detail to participants to ensure the consistency and reliability of the
samples. Each participant was individually instructed to wash their hands before the procedure and perform an
external vaginal cleansing using toilet paper moistened with water, wiping from the vulva towards the anus to
prevent cross-contamination. For self-collection, participants were instructed to use sterile swabs in the DNA/
RNA Shield Collection Tube with Swab (Zymo Research, California, USA). Participants were asked to open the
sterile container and hold the swab using the marked indentation. Using their free hand, they were instructed
to gently separate the skin folds around the vaginal opening and insert the swab approximately 5 cm into the
vaginal canal. They were then instructed to rotate the swab 10 times to ensure adequate sample collection and
carefully withdraw it, avoiding contact with external surfaces. Immediately after collection, they were asked to
place the swab into the Shield buffer tube and store it at 4 °C until further processing.

DNA extraction and 16S rRNA gene sequencing

Genomic DNA extraction and library preparation

DNA was extracted from the self-collected vaginal samples using the Quick-DNA Miniprep Plus Kit (Zymo
Research, California, USA), following the manufacturer’s instructions. After a 2-min incubation at room
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temperature, DNA was eluted in 50 pL of nuclease-free water. Concentration was measured using fluorometry
(Qubit 4.0, Thermo Fisher Scientific, USA), while purity was determined by A260/A280 ratio using a Synergy
spectrophotometer (Agilent, Biotek, California, USA). Libraries were prepared using the 16S Barcoding Kit (SQK-
165024, Oxford Nanopore Technologies, UK) to amplify the full-length 16S rRNA gene (1500 bp). Amplification
was performed with genomic DNA (30 ng), universal primers 27F: 5'-AGAGAGTTTGATCMTGGCTCAG-3’
and 1492R: 5'-CGGTTACCTTGTTACGACTT-3’, which are flanked by additional sequences (barcodes) that
differ for each sample, and LongAmp Hot Start Taq Master Mix (New England Biolabs, USA). PCR conditions
are detailed in Supplementary Table S2.

Each sample was transferred to a 1.5 ml DNA LoBind Axygen tube and purified individually before pooling.
Magnetic beads (Genosur, Chile) were resuspended by vortexing, and 30 ul were added to each sample and
mixed by pipetting. After a 5-min incubation on an orbital shaker, two washes were performed with 80% ethanol,
carefully removing the supernatant without disturbing the pellet. The beads were then resuspended in 10 pl of
10 mM Tris-HCl, 50 mM NaCl, and incubated for 2 min at room temperature. A total of 10 pl of eluate was
recovered, and the beads were discarded.

Libraries were quantified using fluorometry (Qubit 4.0, Thermo Fisher Scientific, USA). Barcoded libraries
were pooled to a final concentration of 70 fmoles in 10 pl of 10 mM Tris-HCI, 50 mM NaCl (pH 8). Next, 1 pl of
Rapid Adapter (RAP) was added, mixed gently, and incubated for 5 min at room temperature. The prepared and
purified libraries were incubated on ice until loading into the flow cell.

16S rRNA gene sequencing

The prepared libraries were mixed with 15 pl of the Sequencing Buffer (SB II), 10 pl Loading Beads (LB II), and
nuclease-free water. The final adjusted sample was loaded into the flow cell R.9.4.1 (FLO-FLG001) and sequenced
on the MinION MkI1B device (ONT, UK), which was connected to a desktop computer (Ryzen 9, 32 GB RAM,
RTX 3060). In this study, 10 samples were loaded at a time, and each sequencing session lasted about 24 h. DNA
sequencing data were acquired in POD5 format using the MINKNOW (version 24.06.16) software.

Bioinformatic analysis

Sequenced data processing

Dorado (version 7.4.14) was used for basecalling and demultiplexing with the following settings: High accuracy
model 450 bps, Barcode Kit SQK-PBK004, and trim_barcodes =on. The resulting sequence data were generated
as FASTQ files. These files underwent length filtering using fastp®, with trimming and quality filtering options
disabled. Reads were retained if their lengths ranged between 1400 and 1700 base pairs (-length_required 1400-
length_limit 1700) for the expected full 16S rRNA gene length.

Vaginal mock community generation and analysis

A vaginal mock community was simulated for database comparisons using the genome sequences of some of
the most common taxa reported in vaginal communities. Genome sequences were downloaded from the NCBI
genome database®, and details of each assembly are provided in Table 1. All genomes were concatenated and
used as a reference genome for Grinder (version 0.5.3)% to simulate 16S amplicons. Standard full-length 16S
primer sequences were applied for the forward_reverse parameter (27F: 5'-AGAGTTTGATYMTGGCTCAG-3';
1492R: 5'-TACGGYTACCTTGTTACGACTT-3’), with 1000 reads specified for the total_reads parameter. The
resulting error-prone reads were then processed using CuRe-Sim-LoRM?” to introduce ONT-associated errors,
using the tool’s default parameters.

The obtained reads were analyzed using Emu (version 3.4.5)% with three databases. These included the
default Emu database (version 3.4.5), which integrates rrnDB version 5.6%° and NCBI 16S RefSeq‘“’; the pre-built
Silva database (version 138.1)?!; and a custom GTDB database adapted for Emu. The custom GTDB database
was constructed using GTDB release 220?2 and the Emu build-database option. Taxonomic assignments were
performed using the Emu abundance function for each database. The relative abundance output tables were
subsequently analyzed and compared against expected relative abundance values using R (version 4.2.2).

Organism scientific name assembly accession | Size
Ureaplasma parvum ATCC 27815 | GCA_000019345.1 | 751,679
Prevotella bivia DSM 20514 GCA_000262545.1 | 2,521,238
Lactobacillus gasseri 2016 GCA_000439915.2 | 1,892,784
Streptococcus agalactiae GCA_001552035.1 | 2,079,123
Lactobacillus jensenii GCA_001936235.1 | 1,672,949
Gardnerella vaginalis GCA_002861965.1 | 1,675,681
Anaerococcus hydrogenalis GCA_002871895.1 | 1,908,330
Lactobacillus iners GCA_009556455.1 | 1,363,099
Lactobacillus crispatus GCA_009769205.1 | 2,039,404
Bifidobacterium breve GCA_024665435.1 | 2,336,700
Megasphaem paucivorans GCA_900103535.1 | 2,912,276

Table 1. Genome sequences used for vaginal 16S mock community.
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Taxonomic profiling and data analysis

Filtered reads were analyzed per sample to determine the taxonomic relative abundance of 16S rRNA gene
sequences using Emu (version 3.4.5)'°. The analysis was conducted using the Emu abundance function, with
all parameters set to default. The default Emu database (version 3.4.5, rrnDB*, and NCBI 16S RefSeq?’) was
chosen based on its performance. The relative abundance output tables were imported into R and converted into
phyloseq objects using the phyloseq package (version 1.42.0)*!. Taxonomic data were aggregated at the genus
or species level using the tax_glom() function in phyloseq. Filtered and processed data were visualized using
the ggplot2 package (version 3.5.1)*2. Alpha diversity and beta diversity (Bray—Curtis PCoA distance) for each
sample were calculated using the plot_richness() and ordinate() functions in the phyloseq package. Beta diversity
differences among CST groups were tested using PERMANOVA with the adonis2() function (999 permutations)
and evaluated for homogeneity of group dispersions using PERMDISP with the betadisper() and permutest()
functions of the vegan package.

Results

In silico validation of 16S rRNA gene metataxonomic analysis

Vaginal mock community and database selection

To select the most suitable database for this dataset, a comparison of different 16S rRNA gene taxonomic
databases was conducted using an in silico-generated vaginal mock community. Following information from the
literature?’, the mock community was designed to represent the most common bacterial taxa found in vaginal
samples across all CSTs. A total of 1,000 in silico 16S rRNA gene amplicons were simulated using Grinder (version
0.5.3)% with its in silico PCR option, employing genomic DNA sequences from the selected taxa and standard
full-length 16S rRNA primer sequences. Of the 11 taxa chosen initially, only 7 were successfully amplified under
these simulation conditions; amplification failed for the strains Gardnerella vaginalis, Ureaplasma parvum ATCC
27815, Bifidobacterium breve, and Megasphaera paucivorans. The estimated relative abundances of the amplicons
for each taxon are summarized in Table 2.

To mimic the error profile of Oxford Nanopore Technologies (ONT) long-read sequencing, we introduced
errors into the in silico simulated amplicons using CuReSim-LoRM?’, a simulator that generates realistic ONT-
like read errors based on empirical models. The resulting reads constituted the final vaginal mock community.
Considering the benchmarking performance of the Emu tool'%, this method was selected for 16S taxonomic
assignment. Three 16S rRNA databases were evaluated with this tool using the generated mock community:
the Emu database, the SILVA database version available for Emu, and a GTDB database version adapted for
Emu. Relative abundances obtained for the mock community at the genus level for each database are shown
in Table 3 and graphically represented in Fig. 1. The estimated relative abundances from all databases were
close to the expected values, with minor deviations attributable to simulated sequencing errors or taxonomic
misassignments. Among the three databases, the Emu database demonstrated the highest concordance with
expected abundances, showing relative abundances closest to the expected values, the lowest mean absolute
error (0.0116), and misassigning only two genera.

The same analysis was conducted at the species level for the three databases, with a summarized version
of the results presented in Table 4. In all cases, the relative abundances closely align with the expected values;
however, certain species are either underrepresented or overrepresented. For instance, Lactobacillus crispatus is
consistently overrepresented across all databases, while Prevotella bivia is underrepresented. The SILVA database
showed a significant limitation, with five taxa being assigned only at the genus level rather than resolving to
the species level, a drawback not observed with the other databases. In contrast, the GTDB and Emu databases
demonstrated better species-level resolution but exhibited higher misassigned species. Specifically, the GTDB
database misassigned 14 species, while the Emu database misassigned 11 species, with the latter showing lower
relative abundances for these misassignments. Considering the importance of resolving taxa at the species level
for subsequent analyses and minimizing taxonomic assignment errors in data comparable to the generated mock
community, the Emu database was selected for further analyses.

Given the clinical relevance of G. vaginalis, the in silico PCR simulation was repeated using a previously
described forward degenerate primer (10F:5'-RGTTYGATYCTGGCTCAG-3') known to amplify this species®.
Using the modified primer, the 16S rRNA gene of nine strains—including G. vaginalis—was successfully
amplified and correctly assigned by Emu, confirming that the lack of detection in the initial analysis was due

Taxa Amplified seq_id
Prevotella bivia NZ_JH660658.1
Prevotella bivia NZ_JH660660.1
Lactobacillus crispatus NZ_CP039266.1
Lactobacillus jensenii NZ_CP018809.1

Streptococcus agalactiae NZ_CP012480.1
Anaerococcus hydrogenalis | NZ_PNHP01000002.1
Lactobacillus iners NZ_CP045664.1
Lactobacillus gasseri NZ_CP090409.1

Table 2. Species present in in-silico mock community. All in silico amplicons are in an equal relative
abundance of 12.5% in the mock community.
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Anaerococcus 0.125 0.140 | 0.141 | 0.140
Lactobacillus 0.5 0.488 | 0.488 | 0.494
Prevotella 0.25 0.233 10.232 | 0.232
Streptococcus 0.125 0.134 [ 0.134 | 0.131
Geobacillus - 0.001 | 0 0
Limosilactobacillus | - 0.002 | 0 0
UCG-004 - 0.001 | 0 0
Akkermansia - 0 0.001 |0
Bifidobacterium - 0 0.002 |0
Ligilactobacillus - 0 0.001 |0
Bacillus - 0 0 0.001
Lactiplantibacillus - 0 0 0.001
Total miss assigned | - 0.004 | 0.004 | 0.002

Table 3. Relative genus abundances of in silico vaginal mock community estimated with different databases.

Silva 4

GTDB

Database

Emu 1

Expected

0 25 50 75 100
Relative abundance (%)
UCG-004 Limosilactobacillus Lactiplantibacillus Bacillus
Genus _ Streptococcus  Ligilactobacillus [ Geobacillus Anaerococcus
I Prevotella Lactobacillus I Bifidobacterium Akkermansia

Fig. 1. Relative abundance plot of the in silico vaginal mock community comparing the three databases used.
Bars represent relative abundances estimated in the mock community with different databases using the Emu
tool.

to primer specificity rather than the absence of target sequences. These results are presented in Supplementary
Fig. 1 and Supplementary Table S3.

ONT sequencing and 16S rRNA gene metataxonomic analysis of self-collected vaginal
samples

Characteristics of participants

In this study, 20 Chilean women between the ages of 22 and 36 years (median age 32 years) consented to
vaginal self-sampling. Each participant responded to an interview related to her lifestyle and health history.
All participants declared themselves sexually active. Among them, 6 out of 20 reported recurrent infections at
least thrice a year. In addition, 25% of the participants reported using antibiotics regularly. Regarding hygienic
practices, responses varied, but mainly water use, and 6 participants reported daily use of intimate hygiene
products. During the self-sampling procedure, only one participant experienced discomfort when inserting the
swab.
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Specie Expected | Silva | GTDB | Emu
Prevotella bivia 0.25 0.229 [0.230 |0.229
Lactobacillus crispatus 0.125 0.131 |0.137 | 0.137
Lactobacillus jensenii 0.125 0.120 |0.126 |0.129
Streptococcus agalactiae 0.125 0.126 | 0.132 | 0.122
Anaerococcus hydrogenalis | 0.125 0.140 |0.141 | 0.139
Lactobacillus iners 0.125 0.112 |0.117 |0.118
Lactobacillus gasseri 0.125 0.098 | 0.087 |0.105
Only genus level abundance | - 0.034 | 0.000 | 0.000
N of miss assigned species - 5 14 11
Miss assigned abundance - 0.008 |0.029 |0.021
Mean absolute error - 0.0126 | 0.0146 | 0.0116

Table 4. Relative species abundances of in silico vaginal mock community estimated with different databases.

Sample | Reads before filtering | Reads after filtering | filtered%
M1 23,343 21,698 7.05
M2 20,455 19,116 6.55
M3 27,351 25,735 591
M4 34,603 32,543 5.95
M5 40,313 37,919 5.94
M6 11,000 10,246 6.85
M7 8,000 7,444 6.95
M8 5,000 4,596 8.08
M9 9,000 8,359 7.12
M10 5,000 4,663 6.74
MI11 38,000 35,394 6.86
MI12 9,000 8,360 7.11
M13 6,000 5,542 7.63
M14 10,000 9,372 6.28
MI15 14,000 13,003 7.12
M16 13,000 12,142 6.60
M17 12,263 11,060 9.81
M18 15,757 13,760 12.67
M19 17,096 15,261 10.73
M20 42,993 37,830 12.01

Table 5. Reads for each vaginal sample after sequencing and length filtering.

MinION-based 16S rRNA sequencing and taxonomic profiling of vaginal microbiota

To characterize the bacterial composition of vaginal samples, DNA extraction was performed, yielding
concentrations ranging from 30 to 223 ng/ul, except for one sample with an insufficient concentration (<0.2 ng/
ul). Library preparation and purification were carried out for all extracted samples, which were successfully
sequenced using the Oxford Nanopore Technologies (ONT) MinION platform. Sequencing and basecalling
results yielded an average read length of 1.6 Kb. For taxonomic profiling, the 20 barcoded samples were length-
filtered using fastp®, retaining only reads between 1400 and 1700 base pairs, corresponding to the estimated full-
length 16S rRNA gene. The number of reads obtained per sample and read counts after filtering are summarized
in Table 5. On average, 7.7% (SD =1.9%) of reads per sample were retained after filtering.

Filtered reads from each sample were taxonomically profiled using Emu'® and the Emu 16S rRNA database.
Notably, there were no unassigned reads across all samples, indicating that the Emu pipeline successfully
classified all 16S rRNA genes present. The relative abundances obtained were processed in R as a phyloseq object
for downstream analysis and visualization. The estimated abundances per sample at the genus level are presented
in Fig. 2, with the complete dataset available in Supplementary Table S4. As expected, the genus Lactobacillus
was the most abundant across samples, with 14 out of 20 samples showing a relative abundance above 75%, 12
exceeding 90%, and 5 surpassing 99%.

The second most abundant classification was the “Others” category, encompassing less represented genera
that did not rank among the top 10. This pattern suggests that in samples dominated by Lactobacillus, the less
abundant genera are a mix of low-abundance taxa without a consistent secondary dominant genus. Conversely,
in the six samples where Lactobacillus relative abundance fell below 50%, the second most abundant, and in
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M19 4
M20 1
MO01 A
M10 1
MO06 A
M18 4
M17 1
M13 1
M09 1
MO03 A
M15 4
MO07 1

Sample

M11 4
M16 1
M14 1
M08 4
MO02 A
MO5 A
MO04 1
M12 1

0% 25% 50% 75% 100%
Relative abundance (%)
Lactobacillus Anaerococcus Prevotella Mageeibacillus

Genus 1 Others Pepton;bhilus Not defined Aerococcus
Dialister Campylobacter Megasphaera

Fig. 2. Bar plot of the top ten most abundant genera across all analyzed vaginal 16S samples. The bars
represent relative abundances estimated by Emu for each sequenced sample, displaying only the top ten genera.
Remaining genera are grouped as "Others." The x-axis indicates the percentage of estimated abundances,

while the y-axis lists samples ordered ascendingly by Lactobacillus abundance. The “Not defined” category
corresponds to a particular taxon (Peptostreptococcaceae bacterium oral taxon 929) that lacks an assigned genus
in the database used for analysis.

some cases, the dominant genus was Dialister. This genus and others evenly represented in these samples align
with CST IV composition, characterized by the absence of a dominant genus**.

Relative abundances were analyzed at the species level, with results presented in Fig. 3, while the complete
dataset is available in Supplementary Table S5. Among the Lactobacillus species, L. crispatus, L. iners, and L.
gaseri were the most relatively abundant, correlating strongly CST I, II, and III, respectively®®. These species
exhibited relative abundances often exceeding 90% in dominant samples, such as M07, M12, and M14. Notably,
7 out of the 20 samples exhibited a relative abundance of L. crispatus above 80%, aligning with healthy vaginal
microbiota profiles. Interestingly, only one sample (M11) showed a dominant abundance of L. jensenii (98%),
which is characteristic of CST V. It is also noteworthy that in cases where L. iners was the most abundant species
(MO05, M09, M13), its relative abundance never exceeded 80%, and the second most abundant species was also
a Lactobacillus species.

Samples with reduced Lactobacillus dominance, such as M01 and M19, displayed more diverse microbial
communities, including significant proportions of Mageeibacillus indolicus (30.6% in M01) and Megasphaera
elsdenii (23.2% in M19). The “Others” category, representing less abundant taxa, contributed up to 30-40%
in the more diverse samples (M01, M06, M10, M18, M19, M20), indicating substantial microbial complexity.
Samples M19 and M20, where Lactobacillus species were minimal, exhibited a marked increase in diversity, with
dominance by genera such as Mageeibacillus and Megasphaera. This shift toward increased diversity and reduced
Lactobacillus dominance is consistent with CST IV profiles.

Considering that the species-level analysis yielded results consistent with previously reported key taxa and
relative abundances characteristic of each CST, we performed a preliminary classification of the samples into
groups based on these features. Samples were classified according to their dominant species, defined as the
species representing more than 80% of the total relative abundance. The results of this preliminary classification
are presented in Table 6.

Diversity analysis of vaginal microbiome samples

Genus diversity analysis correlates with a potential dysbiosis state

We conducted a diversity analysis at the genus level to evaluate the information provided at this taxonomic
resolution and compare it with species-level resolution. This comparison aims to highlight the advantages of
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Sample

MO7 4

M12 1

M08 |

0% 25% 50% 75% 100%
Relative Abundance (%)
i Lactobacillus crispatus | Lactobacillus gasseri N Lactobacillus iners Peptostreptococcaceae bacterium oral taxon 929
Species | Mageeibacilus indolicus Others | Dialister micraerophilus Dialister propionicifaciens
I Megasphaera elsdenii 1 Lactobacillus jensenii ~ Dialister invisus

Fig. 3. Bar plot of the top ten most abundant species across all analyzed vaginal 16S samples. The bars
represent the species relative abundances estimated by Emu for each sequenced sample, displaying only the
top ten most abundant across all samples. Remaining species are grouped as "Others." The x-axis indicates the
percentage of estimated abundances, while the y-axis lists samples ordered ascendingly by species from the
Lactobacillus genus abundance.

Mo1 Mageeibacillus indolicus | 30.60% v Low Lactobacillus, diverse anaerobes

Mo02 L. crispatus 88.70% 1 L. crispatus dominant

Mo3 L. crispatus 88.10% 1 L. crispatus dominant

Mo4 L. gasseri 99.20% 1I L. gasseri dominant

Mo5 L. iners 66.90% 111 L. iners mainly dominant (L. crispatus second most abundant)
Mo6 Diverse (others) 28.30% v Low Lactobacillus, diverse anaerobes

Mo7 L. crispatus 95.80% 1 L. crispatus dominant

Mo8 L. crispatus 98.10% 1 L. crispatus dominant

M09 L. iners 77.20% 111 L. iners mainly dominant (L. jensenii second most abundant)
M10 Diverse (others) 40% v Low Lactobacillus, diverse anaerobes

MI11 L. jensenii 98% v L. jensenii dominant

Mi2 L. crispatus 97.90% 1 L. crispatus dominant

M13 L. iners 53.10% 11 L. iners mainly dominant (L. crispatus second most abundant)
Mi14 L. crispatus 93.90% 1 L. crispatus dominant

M15 L. crispatus 93.00% 1 L. crispatus dominant

M16 L. crispatus 71.20% 1 L. crispatus mainly dominant (L. jensenii second most abundant)
M17 L. gasseri 75.30% 11 L. gasseri mainly dominant (Others second most abundant)
Mi18 Diverse (others) 40% v Low Lactobacillus, diverse anaerobes

M19 Mageeibacillus indolicus | 35.00% v Low Lactobacillus, diverse anaerobes

M20 Mageeibacillus indolicus | 40.90% v Low Lactobacillus, diverse anaerobes

Table 6. Classification of samples into groups based on relative abundances of Lactobacillus species.
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full-length 16S rRNA gene sequencing. Alpha diversity, measured using the Shannon and Simpson indices, was
calculated for each sample at the genus level. The results are presented in Supplementary Fig. 2, with statistical
comparisons of the diversity indices across previously determined groups shown in Supplementary Table S6. As
expected, samples classified in group IV exhibited the highest diversity among all groups. Although the sample
size is limited, group I had the lowest mean diversity, suggesting that Lactobacillus predominantly dominates
this state with minimal presence of other bacterial genera. Given that group IV is consistent with CST IV, which
is often associated with a potential dysbiotic state, its significantly higher mean diversity suggests that alpha
diversity at the genus level may serve as an indicator of dysbiosis when considered independently.

A similar analysis was performed for beta diversity at the genus level using Bray—Curtis distance, with results
shown in Supplementary Fig. 3. Principal component analysis results are provided in Supplementary Tables S7
and S8. Similar to the alpha diversity analysis, all samples clustered according to their previously determined
groups. These results indicate that, at the genus level, it is not possible to distinguish between the different
Lactobacillus-dominated groups. Still, samples corresponding to the diverse group IV can be separated. In Fig. 5,
the principal component on the X-axis explains 75.2% of the variance, demonstrating that this type of analysis
at the genus level provides a strong statistical representation. The loading analysis further indicates that the
primary contributors to this separation are the relative abundances of Lactobacillus and various other bacterial
genera.

Species-level diversity analysis allows community state classification

To further assess taxonomic resolution and validate the CST classification of our samples, we first conducted a
beta diversity analysis at the species level using Bray-Curtis distance (Fig. 4). Additional results are provided in
Supplementary Tables S9 and S10. The results show that samples clustered according to the preliminary groups
and their correlative Community State Types (CSTs), supporting the classification based on dominant species
and confirming concordance with previously defined CST structures. Statistical grouping analysis showed that
the PERMANOVA test was significant (p=0.001, R2=0.79), indicating strong differences among CSTs. However,
PERMDISP was also significant (p=0.001), suggesting that part of the observed separation may be attributed to
differences in group dispersion, an effect likely amplified by the relatively small number of samples per CST. To
complement these findings, we also analyzed alpha diversity grouped by CSTs (Fig. 5; Supplementary Table S11).
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Fig. 4. Beta diversity analysis by PCoA based on Bray-Curtis distance at the species level. The graph
represents the Bray—Curtis distances of vaginal samples analyzed at the species level. Each sample is color-
coded according to its previously determined community state (CST). Ellipses were added to group samples by
CST; however, due to limited sample size, only CST I and CST VT are displayed. Principal Component Analysis
(PCA) loadings are represented as arrows labeled with the corresponding species, showing only the 15 most
contributing taxa. The x-axis represents the first principal component, while the y-axis represents the second
principal component.
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Fig. 5. Alpha diversity analysis at the species level in vaginal samples. Boxplots represent species-level diversity
in vaginal samples, grouped according to community state types (CSTs). CSTs include: CST I (L. crispatus-
dominant), CST II (L. gasseri-dominant), CST III (L. iners-dominant), CST IV (high bacterial diversity), and
CST V (L. jensenii-dominant). The x-axis displays the different CSTs, where each point represents an individual
sample. The y-axis indicates alpha diversity, measured using Shannon and Simpson indices.

CST IV exhibited the highest diversity values, with an average Shannon index of 2.42 and Simpson index 0f 0.851,
indicating a more heterogeneous bacterial composition. In contrast, CSTs dominated by Lactobacillus species
(I, IL, 111, and V) displayed lower diversity values, consistent with a more uniform microbiota. These results
support the use of alpha diversity as a quantitative marker of potentially dysbiotic states and further highlight the
added value of species-level analysis in distinguishing CSTs. Unlike the genus-level analysis, species-level beta
diversity enabled a clearer separation between all CSTs, reflecting a finer resolution of microbial composition.
The first principal component (X-axis) explained 44% of the variance, indicating a more complex diversity
distribution at the species level. Notably, CST IV showed the greatest dispersion, consistent with its highly
diverse and heterogeneous microbial profile. This variability suggests possible sub-classifications within CST
IV, potentially representing distinct dysbiotic states or ecological shifts. The loading analysis (highlighting the
15 most influential taxa) revealed that several species, including Neisseria gonorrhoeae, Prevotella corporis, and
Campylobacter hominis, contribute significantly to CST IV differentiation, contrasting with taxa predominant in
Lactobacillus-dominated CSTs.

Discussion

The implementation of ONT-based 16SrRNA gene sequencing demonstrated its potential for accurately
characterizing the vaginal microbiota at both the genus and species levels, as highlighted by previous studies
using MinION technology for rapid microbiota analysis in clinical settings'®. The in silico mock community
validation confirmed the accuracy of different databases for taxonomic classification. Among the databases
evaluated, Emu exhibited the highest accuracy®, with minimal taxonomic misassignments compared to SILVA
and GTDB. This reinforces the importance of selecting an appropriate reference database for taxonomic profiling,
particularly in microbial communities where accurate species-level classification is critical for ecological and
clinical interpretations.

The processing of vaginal samples, specifically in DNA extraction, yielded variable concentrations, with
one sample presenting an insufficient amount for downstream analysis, which underscores the importance of
careful sample handling and optimization in low-biomass environments. The sequencing results demonstrated
an average read length of 1.6 kb, ensuring near-full-length 16S rRNA coverage, which enhanced taxonomic
resolution and allowed for a more accurate characterization of the microbial communities. This result is consistent
with previous studies demonstrating that nanopore sequencing of complete 16S rRNA gene amplicons from
human intestinal and vaginal microbiota provides further information to determine the bacterial species!845+46.

Our findings are consistent with established CST classifications, demonstrating that Lactobacillus-
dominated communities (CST I, IL, III and V) were prevalent in the sampled cohort. The significant differences
in community composition among our CST groupings, as detected by PERMANOVA, support the validity of
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the CST classification in our dataset. However, the significant PERMDISP results indicate that some of this
separation may be exacerbated by the small sample size, emphasizing the need for future studies with larger
cohorts to confirm these patterns. In particular, we observed that 14 of 20 Chilean women had an abundance of
Lactobacillus greater than 75%, with L. crispatus as the most predominant species. This finding supports previous
studies that highlight the protective role of L. crispatus in vaginal health by promoting lactic acid production
and maintaining a low vaginal pH, which contributes to preventing urogenital infections and bacterial vaginosis
(BV)?%7. Moreover, cohort studies from the United States, Europe and Asia have consistently reported a high
prevalence of L. crispatus in women with a healthy vaginal microbiota, reinforcing its role in vaginal homeostasis
and infection resistance®48-%,

Conversely, Lactobacillus iners was found in moderate abundance in CST III, indicating its role as a
transitional species within the vaginal microbiota. Due to its ability to colonize the vaginal niche following
microbial disturbances, L. iners may provide limited protection against vaginal dysbiosis. However, it has also
been implicated in increased susceptibility to BV, sexually transmitted infections (ST1Is), and adverse pregnancy
outcomes, suggesting a dual role as both a symbiont and an opportunistic pathogen®>!. Notably, studies have
suggested that L. iners can persist in dysbiotic environments and facilitate microbial shifts that may lead to
recurrent infections®.

In contrast, 6 of 20 Chilean women exhibited microbial communities similar to CST IV, characterized by
reduced Lactobacillus dominance, increased bacterial diversity, and enrichment of Dialister, Mageeibacillus and
Megasphaera, taxa associated with dysbiotic conditions such as bacterial vaginosis (BV)?. Previous studies have
linked CST IV with increased susceptibility to vaginal inflammation and adverse gynecological outcomes, with
Dialister and Megasphaera contributing to BV pathogenesis through the production of biogenic amines, which
can alter vaginal homeostasis and promote microbial imbalances®”->3.

Interestingly, Gardnerella vaginalis, a hallmark taxon of CST IV and BV in Western cohorts, was not detected
in our dataset. This was an expected outcome, as in silico PCR simulations using our selected primers (27F/1492R)
showed a failure to amplify G. vaginalis, a result corroborated by previous studies noting mismatches in these
primer-binding sites that hinder its amplification®*~>°. When the simulation was repeated using a previously
validated G. vaginalis-specific 16S rRNA primer, successful amplification was achieved, confirming the presence
of a primer-related bias. This limitation underscores an important technical consideration when using full-length
16S rRNA gene sequencing and highlights the need for optimized primer sets or complementary molecular
methods to ensure the accurate detection of BV-associated taxa such as G. vaginalis.

In addition, the prevalence of CST IV varies among ethnicities and geographic regions, with a higher
presence observed in women of African descent populations®. This variation may be influenced by genetic,
environmental, and behavioral factors, which warrant further investigation in diverse populations to better
understand the determinants of vaginal microbiota composition and stability.

Our study provides the first metataxonomic level characterization of vaginal microbiota in Chilean women,
offering a foundation for future research on regional microbiome variations and their implications for women’s
health. The ability of 16S rRNA gene ONT sequencing to resolve species-level taxonomic assignments with high
accuracy offers promising applications for diagnostics and microbiome-based therapeutic strategies. However,
it does not allow for functional characterization. In this context, shotgun metagenomic sequencing represents a
complementary approach, as it provides deeper insights into strain-level diversity, functional genes, and other
microbial components such as viruses and fungi. Incorporating shotgun metagenomics in future studies could
contribute to a more comprehensive understanding of the vaginal ecosystem>®. Additionally, larger cohorts and
longitudinal sampling will be essential to explore temporal microbiota dynamics and their relationship with
health outcomes in this underrepresented population.

This study successfully characterized the vaginal microbial communities of 20 female residents in Chile using
16S rRNA gene sequencing with Oxford Nanopore Technologies (ONT). Our findings provide valuable insights
into the taxonomic composition and Community State Types (CSTs) of vaginal microbiota?, highlighting the
applicability of long-read sequencing for vaginal microbial profiling. To our knowledge, this is the first study
of its kind conducted in Chile, filling a regional knowledge gap and establishing a baseline for Latin American
research. Using CSTs helped assess if microbial patterns in this cohort align with global community structures.
Results suggest general concordance, indicating that CST classifications can be relevant beyond the populations
in which they were initially defined. Given its exploratory nature and limited sample size, our results underscore
the need for future research incorporating longitudinal data, functional analyses, and clinical metadata to
evaluate the adequacy of current CST frameworks in diverse populations.

Data availability

All the data used in this study are available from the cited literature and corresponding websites. All the se-
quencing data obtained in this study were deposited in the NCBI SRA repository under BioProject code PRJ-
NA1232418.

Code availability

All the data used in this study are available from the cited literature and corresponding websites. All the
sequencing data obtained in this study were deposited in the NCBI SRA repository under BioProject code
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