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Abstract

Background: Despite over 60 years of research, the etiology of bacterial vaginosis (BV) remains
controversial. In this pilot study, we utilized shotgun metagenomic sequencing to characterize
vaginal microbial community changes prior to the development of incident BV (iBV).

Methods: A cohort of African American women with a baseline healthy vaginal microbiome (no
Amsel Criteria, Nugent Score 0-3 with no Gardnerella vaginalis morphotypes) were followed for
90 days with daily self-collected vaginal specimens for iBV (=2 consecutive days of a Nugent
score of 7-10). Shotgun metagenomic sequencing was performed on select vaginal specimens
from 4 women, every other day for 12 days prior to iBV diagnosis. Sequencing data were analyzed
through Kraken2 and bioBakery 3 workflows, and specimens were classified into community state
types (CSTs). Quantitative PCR (qPCR) was performed to compare the correlation of read counts
to bacterial abundance.

Results: Common BV-associated bacteria such as G. vaginalis, Prevotella bivia, and Fannyhessea
vaginae were increasingly identified in the participants prior to iBV. Linear modeling indicated
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significant increases in G. vaginalisand F. vaginae relative abundance prior to iBV, while the
relative abundance of Lactobacillus spp. declined over time. The Lactobacillus spp. decline
correlated with the presence of Lactobacillus phages. We observed enrichment in bacterial
adhesion factor genes on days prior to iBV. There were also significant correlations between
bacterial read counts and abundances measured by qPCR.

Conclusions: This pilot study characterizes vaginal community dynamics prior to iBV and
identifies key bacterial taxa and mechanisms potentially involved in the pathogenesis of iBV.

Summary

This pilot study characterizes the pathogenesis of bacterial vaginosis using shotgun metagenomic
sequencing of longitudinal vaginal specimens from African American women.

Introduction

Bacterial vaginosis (BV) is the most common cause of vaginal discharge in women,! and
this dysbiosis is strongly associated with adverse birth outcomes,? pelvic inflammatory
disease (PID),3 and increased risk of acquisition and transmission of sexually transmitted
infections (STIs), including HIV.4- The prevalence of BV is higher among African
American (AA) women (51.4%) compared to Caucasian women (23.2%),” and the annual
economic burden of prevalent BV is estimated to be 4.8 billion US dollars.8 A large body of
epidemiologic data suggest that BV is an STI, with a hypothesized incubation period of 4-7
days, 910 but its exact etiology remains unknown.

Despite over 60 years of research, the specific mechanisms of incident BV (iBV)
pathogenesis remain unclear. The vaginal microbiome of women with BV is characterized
by reduced numbers of lactic acid and hydrogen peroxide-producing lactobacilli and
dramatically increased numbers of facultative and strict anaerobic BV-associated bacteria
(BVAB), including Gardnerella vaginalis, Prevotellaspp., Fannyhessea vaginae, and
Megasphaera spp., compared to the vaginal microbiome of women without BV.8 It has
been proposed that BVAB could be introduced via sexual transmission.11-13 Alternatively,
the proliferation of BVAB could be triggered by the loss of protective vaginal Lactobacillus
spp. due to menses, sexual activity, Lactobacillus phage, and/or other inciting factors.14-17
An interplay between these hypotheses could also be occurring, and sexual transmission
of BVAB along with loss of protective lactobacilli could represent successive steps in
developing BV.18

In our prior study, we characterized the vaginal microbiota of a cohort of AA women

who have sex with women (WSW) over a 90 day period using daily self-collected vaginal
specimens and 16S rRNA gene sequencing.1® We determined that the relative abundance
of L. crispatus significantly decreased in participants who developed iBV (Nugent score
7-10 on =2 consecutive days) starting 14 days prior to diagnosis, compared to age and
race-matched women who did not. Conversely, the relative abundance of several key BVAB
significantly increased 3—4 days prior to the development of iBV (P, bivia, G. vaginalis) or
on the day of iBV (£ vaginae, Megasphaera type 1).1° As 16S rRNA gene sequencing only
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measures the relative abundance of bacteria present in a specimen, it was unclear from these
data whether absolute increases or decreases of these BVAB occurred prior to iBV.

Although 16S rRNA gene sequencing has provided critical insights into the composition of
vaginal bacterial communities during health and disease,2° this approach has limitations, as
mentioned above. Shotgun metagenomic sequencing provides a more comprehensive insight
into the composition of the vaginal microbiota, including genomic and functional data on

all bacterial and non-bacterial DNA present in the vaginal micro-environment.20 It can often
yield a finer phylogenetic resolution of the bacterial taxa and, we hypothesize, a more
accurate measurement of absolute abundance.

In this study, we analyzed longitudinal vaginal specimens from a subset of AA WSW who
developed iBV from our prior study using shotgun metagenomic sequencing to further study
changes in the vaginal microbiota prior to iBV to better understand its pathogenesis.

Materials and Methods

Study Population and Sampling

This sub-study and the parent study were approved by the University of Alabama

at Birmingham (UAB) Institutional Review Board (IRB) (Protocol F131127001),1° the
Jefferson County Department of Health (JCDH) Research Review Committee (Protocol
2015-03), and the Louisiana State University IRB (Protocol 8738). This study was exempt
by the Indiana University (IU) IRB. In the parent study, 42 AA non-pregnant WSW with
baseline normal vaginal microbiota (no Amsel criteria?! and a normal Nugent score?? of 0-3
with no G. vaginalis morphotypes), no oral or intra-vaginal antibiotic use within the past 14
days, and no current STIs (gonorrhea, chlamydia, and trichomoniasis) were enrolled at the
JCDH Sexual Health Clinic in Birmingham, Alabama.® These women provided daily self-
collected vaginal specimens for 90 days or until the development of iBV (Nugent score 7-10
on =2 consecutive days). Participants completed a study enrollment questionnaire to obtain
socio-demographic information as well as medical and sexual history data. Participants also
filled out daily diaries about their sexual partners and menses throughout the study period.1°

Based on previous 16S rRNA gene sequencing (Figure S1, Supplemental Digital Content
2.pdf. Heatmap of 16SrRNA gene sequencing from the four participants),1® we selected
a subset of stored vaginal specimens from 4 participants who developed iBV for the
purposes of this pilot study. We selected specimens from the first day of iBV diagnosis

(day 0), along with every other day for the 10 days prior to iBV (days -2 to —10). If a
vaginal specimen was unavailable (i.e., day —8 for K12), the next available specimen closest
in time was chosen.

Shotgun Metagenomic Sequencing

DNA was isolated, as previously described,1? sent to the Department of Microbiology and
Immunology at 1U, and prepared for shotgun metagenomic sequencing. The NexteraXT
library prep kit (Illumina, San Diego, CA) was used, and samples were paired-end
sequenced (2 x 150 bp) on a HiSeq4000. Raw fastq files were used for bioinformatics
analysis. Sequences were deposited in the NCBI Sequence Read Archive (PRINA707585)
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after removing human reads (Table S1A, Supplemental Digital Content 1, Removal of
human reads).

Taxonomic Assignment and Processing

We used multiple processing and classification tools to rigorously classify and analyze

the sequence reads from this pilot study. First, Kraken2 v2.0.9-beta was used to map

the sequences against the MaxiKraken database (Loman Lab, https://lomanlab.github.io/
mockcommunity/mc_databases.html).23 Organisms assigned less than 10 reads by Kraken2,
and potential reagent contaminants were removed from further analysis (Table S1B,
Supplemental Digital Content 1, Contamination Removal). Following analysis with
Kraken2, further analysis was carried out using the bioBakery 3 suite of tools.2* VIRGO
was used as a third method for taxonomic classification.2> Relative abundance was obtained
by dividing each microorganism’s read count by the total read count in each specimen

to adjust for sequencing variation. Maximal reads were chosen due to the hypothesized
significant increase in bacterial reads on the day of iBV that may skew filtering if averaging
was performed.6:11

Metagenomic Bacterial Analysis

Bacterial strain composition was determined using Panphlan 3.0 to map shotgun reads to
species pangenomes and reference strain gene sets.2% Bray-Curtis dissimilarity distances
were calculated from gene sets generated from Panphlan 3. Results were visualized

using Principal Coordinates Analysis (PCoA) and clustered using k-means. KEGG over-
representation analysis and virulence factor (VF) identification was performed using cluster
profiler 4.0 and ShortBRED respectively.2”28 CSTs were determined with VALENCIA.2?

Metagenomic Phage Analysis

To investigate Lactobacillus phage origin and activity as part of this analysis, we performed
metagenomic assembly using the ATLAS workflow and phage contigs were identified using
VIBRANT.30:31s Fyrther details of these methods are described in Supplemental Digital
Content 9.pdf.

Bacterial Abundance Measurement

We used quantitative PCR (qPCR) assays to compare the correlation between sequence
reads and bacterial abundance. The proportion of bacterial reads to total reads was
compared to the total bacterial load (16S rRNA copy number) using universal V6 primers,
as described.325 Based on their predominant relative abundance in our samples, we
compared the log-scaled relative abundance of G. vaginalis and Lactobacillus spp. from
Kraken2, Metaphlan 3, and VIRGO to their 16S copy numbers using specific V6 primers.
Additional qPCR information is listed in (Table S1C, Supplemental Digital Content 1,
gPCR information).

Statistical Analysis

Al visualizations were generated in R v4.2.1 using the package ggplot2.33:34s Statistical
analysis used the R package MaAslin2,3% which specializes in multivariable associations in
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microbiome data using linear mixed models. We implemented this method to account for
correlated Nugent scores, temporal metrics, phages, and 16S rRNA gene copy numbers to
species abundance. To adjust for multiple testing, and, therefore inflated type-1 error rate,
we adjusted P-values using false discovery rate (FDR), and a P-value of less than 0.10
(two-tailed) was considered statistically significant.36s

Characteristics of the Study Population

Basic demographic, sexual history, and tobacco use data for the 4 participants with iBV
included in this sub-study (K12, K18, K19, K20) are listed in Table 1. A total of 24 vaginal
specimens from these 4 participants were sequenced (6 specimens/woman). Fig 1A indicates
relevant metadata for each woman, along with an indication of which days were sequenced
via 16S rRNA gene sequencing in the parent study and shotgun metagenomic sequencing in
this pilot study.1®

Microbial Composition of the Vaginal Specimens

Over 85% of the shotgun metagenomic sequences were human; bacteria accounted for

most non-human sequences (Fig 1B). There was a significant increase in reads originating
from bacterial micro-organisms on the day of iBV in 3 of the 4 women, with most of the
remaining sequences corresponding to fungi (Fig 1C). The distribution of viral sequences

is displayed in Fig 1D. An increase in viral reads occurred in K20 corresponding to human
gammabherpesvirus 4 (Epstein Barr Virus) prior to iBV, which may be a marker of cellular
infiltrate (B cells).3”s Overall, we found more precise assignment of species using shotgun
metagenomic sequencing compared to our previous 16S analysis (Figure S2, Supplemental
Digital Content 3.pdf. 16S rRNA gene sequencing and shotgun metagenomics taxonomic
comparison).1?

Ordination of Bray-Curtis dissimilarity distances from sample species relative abundance
reflect the microbial community dynamics occurring during the onset of iBV for each
participant (Fig 1E). The difference in Bray-Curtis distance between consecutively collected
samples is plotted in (Figure S3A, Supplemental Digital Content 4.pdf, Comparisons of
distances between longitudinal specimens). CST categorization and scores are reported

in (Table S1D, Supplemental Digital Content 1, CST scores). In 3 of the 4 participants
sampled, the greatest change in distance occurred in communities labeled as CST 111, L.
fners, dominated communities. This observation aligns with previous findings suggesting L.
iners communities are transitional.38S

The most abundant micro-organisms are displayed in heatmaps (Fig 2A, B), ordered by
maximum read count across all samples. Analysis with Kraken2 (Fig 2A) revealed that the
highest overall relative abundance was attributed to G. vaginalis, F. vaginae, and P. biviaon
the day of iBV. Taxonomic classification using the vaginal microbiome specific taxonomic
classification tool VIRGO (Figure S4, Supplemental Digital Content 5.pdf. Taxonomic
analysisusing VIRGO) generated similar results to Metaphlan 3.0 (Fig 2B), however
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a greater relative abundance was attributed to Lactobacillus spp. Overall, bacterial taxa
detected prior to and on the day of iBV matched previously reported findings.1®

The relative abundance of several common BVAB increased leading up to iBV while
Lactobacillus spp. declined. To confirm this observation, we generated linear models
correlating Nugent Scores and temporal metrics to species relative abundance using
MaAslin2 (Figure S5A, Supplemental Digital Content 6.pdf, B. MaAsdlin2 results, Table
S1E, Supplemental Digital Content 1, MaAsdlin2 results). We found statistically significant
associations with ~ vaginae (P=0.04) and G. vaginalis (P=0.07) relative abundance
increasing as day of iBV approached. £ biviarelative abundance significantly increased
prior to iBV (P=0.08) in subject K18 using linear models. We also found significant
decreases in the relative abundance of L. /ners (P=0.09), L. crispatus (P=0.01), and L.
Jensenii (P=0.07) across all specimens as well as L. gasseri (P=0.08) in K18 on days leading
up to iBV. When categorizing Nugent scores as low (0-3), intermediate (4-6), and high
(7-10), we found that the relative abundance of £ vaginae was only >1% on days of high
Nugent scores, suggesting that it functions as a mediator of iBV later in onset.1!

Functional annotations prior to iBV

Functional annotations were performed using HUMANN 3.0 (Fig 3A). Samples were
clustered by CST. The pathway with the highest relative abundance on the day of iBV

was the glycogen degradation Il pathway. The relative abundance of this pathway was
found to be significantly higher on the day of iBV compared to days leading up to iBV
(P=0.01). G. vaginalis was found to be the principal contributor to this pathway (Table

S1F, Supplemental Digital Content 1, Species contributions to pathways).3% Additionally,
the pathway 5-aminoimidazole ribonucleotide biosynthesis was significantly enriched in
samples with iBV CST compared to type I and 1l CSTs (P=0.01).

To further assess functional changes, reads were mapped to virulence factor (VF) libraries.
L. inersand G. vaginalis specific VVFs, inerolysin and vaginolysin respectively, showed
unigue gene abundance patterns, which closely mirrored the relative abundance of each
species. Additionally, genes associated with chaperones and adhesion proteins were more
abundant in samples leading up to the day of iBV.4941s This was particularly clear in
samples from participant K19. Row normalized VF abundance is shown in (Figure S3B,
Supplemental Digital Content 4.pdf. Heatmap of virulence factor abundance).

G. vaginalis is thought to exist in both commensal and pathogenic clades, as it is detected
in women with and without BV.425 To better characterize G. vaginalisin the development
of iBV, we investigated the genetic composition of strains found in our specimens. G.
vaginalis strains were identified in 19 of 24 samples. Strain similarity was visualized using
a PCoA plot (Fig 3B). The dominant strain of G. vaginalisin 15 of the 19 samples clustered
with reference genomes associated with strains previously identified to be from clade 1.43
Despite identifying strains from multiple clades, we did not find a difference in strain
pathway enrichment on days leading up to iBV compared to the day of iBV.
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Lactobacillus phages in iBV pathogenesis

We sought to better characterize the bacteriophage population due to the presence of phages
in some quantity in all participants prior to iBV (Fig 1D). While phage reads made up a
small proportion of total microbial reads, they made up a larger proportion of viral reads
(~10%). Analysis with VIBRANT indicated that the majority of the assembled Lactobacillus
phage contigs did not also contain bacterial DNA (Fig S6, Table S1G, Supplemental Digital
Content 7.pdf, Lactobacillus phage results).31S The total Lactobacillus phage relative
abundance decreased leading up to iBV (P=0.01) (Figure S7, Supplemental Digital Content
6.pdf, Fig S5C. MaAdlin2 results, Table S1E, Supplemental Digital Content 1, MaAslin2
results). Additionally, total Lactobacillus phage relative abundance positively correlated
with L. crispatus (P=0.09), and both decreased prior to iBV (Fig 4). Phage contig coverage
was found to be significantly higher than associated host Lactobacillus coverage in 6
samples on days leading up to iBV (P<0.01), indicating that Lactobacillus phages could

be active in these samples (Table S1J, Supplemental Digital Content 1, Phage cover age and
activity).

Estimating abundance using gPCR

The ratio of bacterial reads to total sequencing reads was hypothesized to be an estimate

of absolute bacterial abundance in the specimens.#4S The estimated abundance of bacterial
reads increased on the day of iBV for all 4 participants (Fig 2B). In 3 of the 4 participants
(K12, K18, K19), this increase was over 10-fold compared to the prior five vaginal
specimens. The fourth participant, K20, showed a nearly 2-fold increase on the day of

iBV. To verify that these reads could estimate absolute abundance, gPCR assays measuring
total bacterial load (16S rRNA copy number), as well as G. vaginalis and Lactobacillus
spp., were performed. V6 specific 16S rRNA copy numbers were compared to the
corresponding read counts from Kraken2, Metaphlan 3, and VIRGO using MaAslin2 (Figure
S5D, Supplemental Digital Content 6.pdf. MaAsdlin2 results, see Table S1E, Supplemental
Digital Content 1). We observed a strong correlation between the total bacterial load

to the proportion of bacterial reads to total sequenced reads (including human reads,
P=0.001). Comparing the qPCR-derived copies to read counts for Lactobacillus spp. and G.
vaginalis, we observed the strongest correlation using Kraken2 (P=4E-9, 1.5E-5) followed
by Metaphlan 3 (P=1E-6, 7E-4), and VIRGO (P=0.05, 0.04). Overall, these results indicate
that estimations of bacterial absolute abundance can be made based on the ratio of bacterial
to total sequencing reads.

Discussion

Discovering the etiology of iBV remains an active area of research, and the causal pathway
leading to iBV is yet to be identified.11:12:4% |t js unknown whether vaginal lactobacilli
decrease first in iBV pathogenesis, allowing BVVAB to proliferate, or whether BVAB are
introduced first, suppressing vaginal lactobacilli.11 Various factors leading to the depletion
of vaginal Lactobacillus spp. in iBV pathogenesis have been studied, including but not
limited to douching,*6s spermicides (e.g., Nonoxynol-9),47S and Lactobacillus phages.14-17
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Our findings in this pilot study indicate G. vaginalis increases in relative abundance on

days leading up to iBV, while £ vaginae increases in relative abundance on the day of iBV.
There are data that 2 biviais involved in the early stages of BV biofilm formation and iBV
pathogenesis.11:19.485.49s Although £ biviawas observed in all participants in some quantity
in this study, we observed a significant association between £ bivia abundance and iBV
onset in only 1 of the 4 participants. This finding may be due to the small sample size of

this study, limiting the ability to identify exact changes in bacterial abundance; future studies
should include larger sample sizes. Additionally, results of this study support the notion that
L. iners-dominated communities are less resistant to rapid transitions.38S

Analysis of functional annotations showed enrichment in adhesion-related genes on days
leading up to iBV. It is hypothesized that adhesion of G. vaginalis to the vaginal epithelium
is the first step in BV biofilm formation.! This finding may reflect an increased abundance
of genes involved in cell adhesion on days prior to iBV. Identifying adhesion proteins
which accumulate prior to iBV could be important in determining proteins contributing to
the pathogenesis of G. vaginalis. Additionally, we observed an enrichment in glycogen
degradation genes copies associated with G. vaginalis, including on the day of iBV,
reflecting the macromolecules utilized at the time of iBV.

We identified Lactobacillus phages as far as 10 days prior to iBV in all 4 of the participants
in this study. These phages correlated with a decrease in protective Lactobacillus spp.>% A
depletion of protective Lactobacillus spp. by phages may play a role in the pathogenesis

of iBV, although this requires further study.15 Lactobacillus phage phi jlbl and KC5a are
reported to target L. gasserfin vitro,515525 while Lactobacillus phage Lv-1 has been found

to target L. jenseniiin the vaginal exudate of a healthy, reproductive-age woman.>3s Phages
targeting L. crispatus have been challenging to delineate as historical studies were performed
on L. acidophilus (targeted by KC5A), which was later reclassified into multiple species,
including L. crispatus.>*s A prior study of vaginal specimens from 39 reproductive-age
women identified 7 Lactobacillus phages from 37 Lactobacillus strains isolated from 27
women (19 with normal vaginal flora and 8 with BV based on Amsel criteria).1# The rate

of phage isolation was much lower in healthy women than in women with BV. Interestingly,
phage $kc039, while lysogenic in one woman in which it was isolated from, was able to

lyse lactobacilli in other women in this study. While we did find enrichment in phage DNA
compared to host DNA on days leading up to iBV, evidence that these phages could be

lytic, although in vivo experiments will be needed to validate these findings. Additional
studies on the potential role of sexual transmission of infectious Lactobacillus phages in iBV
pathogenesis are needed.1

Strengths of this pilot study include increased resolution of taxonomic classifications for
bacterial micro-organisms compared to 16S rRNA gene sequencing and characterization

of vaginal micro-organisms longitudinally in a unique group of women with iBV. We
utilized three widely used tools for shotgun metagenomic sequencing, Kraken2,23 bioBakery
3,24 and specifically for the vaginal microbiome, VIRGO.25 Additionally, we have shown
that shotgun metagenomic sequencing estimates absolute bacterial abundance based on the
proportion of bacterial to total sequencing reads; these results remained accurate for specific
vaginal bacteria, G. vaginalis and Lactobacillus spp.*4
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Despite these strengths, this study has limitations. The cost of shotgun metagenomic
sequencing is substantially higher than 16S rRNA gene sequencing. Thus, we only
sequenced four participants resulting in our study being underpowered. Although we carried
out statistical testing and found statistically significant differences, these findings can only
estimate clinical significance. Additionally, we were only able to sequence a smaller number
of specimens (n=24) over a limited time period (every other day for the 10 days prior to
iBV) than in our prior 16S study.1® There could have been important changes occurring in
the intervening days that we may have missed in this analysis. We also did not sequence
specimens from participants who did not develop iBV to compare them to iBV women;

this is an area of future research as we have stored specimens from control participants.
Additionally, the participants included in this study were AA WSW presenting to a Sexual
Health Clinic in the Southern US, making it difficult to generalize these results to all
women. However, BV is highly prevalent among this population, and this study could lead
to targeted efforts to optimize sexual health in this community.525:535 Also, phages (and
other viruses) comprised only a small proportion of non-bacterial reads in this study (Fig
1C), perhaps due to the self-collected nature of the sampling technique, which might not
pick up all organisms equally.>>s Future studies could consider clinician-collected specimens
however this may not be feasible on a daily basis. To address these limitations, future
well-powered studies with larger sample sizes, appropriate controls, and more frequent
sequencing are needed.

In conclusion, this pilot study proposes interactions between specific vaginal organisms in
the development of iBV. The results should be further explored in larger cohorts of women
with and without iBV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Composition of cohort and specimens A. Schematic of the sampling days for each

woman with associated metadata. Days prior to incident bacterial vaginosis (iBV) (red)
are indicated for each woman in the bottom row. The subset of specimens that were
sequenced via shotgun metagenomics are indicated with S (purple) in the shotgun row.
Days of reported sexual activity are indicated with a Female=F (pink), Male=M (blue), or
Unknown=U (orange) in the Sex row. Nugent scores (0-10), color coded as normal=0-3
(green), intermediate=4-6 (yellow), or BV=7-10 (red), are indicated in the Nugent row.
Days that menses were reported are indicated with an M (red) in the top row. B-D.
Composition of taxonomic reads found across all 24 specimens. Stacked bar charts
displaying the percentage of each taxonomic classification among specific breakdowns.
Specific groups are then further broken down as depicted with brackets on the right. B
contains the largest categories of organisms, including human, C breaks down the other
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microbial reads, D breaks down the viral reads. Classification was performed using Kraken2
with the maxiKraken database. E. NMDS plot of sample Bray-Curtis dissimilarity distances
generated from the taxonomic composition.
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Bacterial taxonomic classification A, B Bacterial heatmaps for K12, K18, K19, and K20.
Heatmap for the top 25% of bacterial micro-organisms found in the four participants.

Identified bacteria are ordered by their log-normalized maximum read count across all

specimens. Each participant is represented in a vertical block. The Nugent score is displayed
at the top and color coded as normal=0-3 (green), intermediate=4—-6 (yellow), or BV=7-10

(red). Classification was performed using (A) Kraken2 or (B) Metaphlan 3.
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Fig. 3.
Functional information prior to iBV A. Heatmap of Metacyc and KEGG pathways

abundance generated from Metaphlan 3. Heatmap of the relative abundance of the top

50 most abundant pathways generated from HUMAnNN 3.0. Values are row normalized

and columns are clustered by sample CST. B. PCoA of G. vaginalis strain similarity. Bray-
Curtis dissimilarity distances are generated from strain gene sets and plotted using PCoA.
Samples are clustered using k-means. Reference strains are plotted with strains identified

in participant samples. A 95% confidence interval was plotted for each cluster. Cluster 1
reflects G. vaginalis strains found in clade 1, cluster 2 contains G.vaginalis from clade 2, and
cluster 3 contains G. vaginalis strains from clades 3 and 4.
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Lagctobacillus phages prior to iBV A. Lytic and lysogenic Lactobacillus phages. This figure
displays all Lactobacillus phages identified using VIBRANT and Kraken2 (viral RefSeq
database) and the corresponding log10 normalized relative abundance per specimen. The top
displays the phages that were found to be lytic in red, and the bottom shows the lysogenic
phages in blue. B. Heatmap of Lactobacillus phages. Heatmap for Lactobacillus phages
identified to be lytic. The phages were chosen by having more than 500 reads in at least
one specimens. Below displays the different Lactobacillus spp. for comparison. Bacterial
reads were classified using Kraken2 with the maxiKraken database. Each participant is
represented in a vertical block. The Nugent score is displayed at the top and color coded as
normal=0-3 (green), intermediate=4-6 (yellow), or BV=7-10 (red).
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Table 1.
Characteristics of the study participants.

Characteristic K12 K18 K19 K20
Age (years) 19 34 39 28
Race AA AA AA AA
Education Some college  Some college  Some college  Less than high school
Tobacco use, past 30 days No Yes Yes Yes
Douching, past 30 days No No No No
Vaginal lubricant use, past 3 months ~ No No No No
Self-reported STI history * Yes No Yes Yes
Contraception use Past Never Never Past

Abbreviations: AA: African American; STI: sexually transmitted infection.

*
Includes history of Trichomonas vaginalis, Neisseria gonorrhoeae, Chlamydia trachomatis, genital herpes, and/or syphilis infection.
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