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Vaginal fungi are associated with treatment-induced shifts in the
vaginal microbiota and with a distinct genital immune profile
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ABSTRACT Vaginal colonization by fungi may elicit genital inflammation and enhance
the risk of adverse reproductive health outcomes, such as HIV acquisition. Cross-sec-
tional studies have linked fungi with an absence of bacterial vaginosis (BV), but it is
unclear whether shifts in vaginal bacteria alter the abundance of vaginal fungi. Vaginal
swabs collected following topical metronidazole treatment for BV during the phase 2b,
placebo-controlled trial of LACTIN-V, a Lactobacillus crispatus-based live biotherapeutic,
were assayed with semi-quantitative PCR for the relative quantitation of fungi and
key bacterial species and multiplex immunoassay for immune factors. Vaginal fungi
increased immediately following metronidazole treatment for BV (adjusted P = 0.0006),
with most of this increase attributable to Candida albicans. Vaginal fungi were inde-
pendently linked to elevated levels of the proinflammatory cytokine interleukin (IL)
17A, although this association did not remain significant after correcting for multiple
comparisons. Fungal relative abundance by semi-quantitative PCR returned to baseline
levels within 1 month of metronidazole treatment and was not affected by LACTIN-V or
placebo administration. Fungal abundance was positively associated with Lactobacillus
species, negatively associated with BV-associated bacteria, and positively associated with
a variety of proinflammatory cytokines and chemokines, including IL-17A, during and
after study product administration. Antibiotic treatment for BV resulted in a transient
expanded abundance of vaginal fungi in a subset of women which was unaffected by
subsequent administration of LACTIN-V. Vaginal fungi were positively associated with
Lactobacillus species and IL-17A and negatively associated with BV-associated bacteria;
these associations were most pronounced in the longer-term outcomes.

IMPORTANCE Vaginal colonization by fungi can enhance the risk of adverse repro-
ductive health outcomes and HIV acquisition, potentially by eliciting genital mucosal
inflammation. We show that standard antibiotic treatment for bacterial vaginosis (BV)
results in a transient increase in the absolute abundance of vaginal fungi, most of
which was identified as Candida albicans. Vaginal fungi were positively associated with
proinflammatory immune factors and negatively associated with BV-associated bacteria.
These findings improve our understanding of how shifts in the bacterial composition
of the vaginal microbiota may enhance proliferation by proinflammatory vaginal fungi,
which may have important implications for risk of adverse reproductive health outcomes
among women.

KEYWORDS genital immunology, vaginal microbiome, fungi, Candida, inflammation

he vaginal microbiota is an ecosystem comprised of microbes from a variety
of taxonomic groups, including bacteria, fungi, and viruses, and its composition
is associated with reproductive health (1). The bacterial component of the vaginal
microbiota is generally dominated either by Lactobacillus species or by a diverse
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population of bacteria, with the latter defined as bacterial vaginosis (BV) (2). Although
less well-characterized vaginal fungi typically belong to the genus Candida, with
Candida albicans being most common, and can frequently be observed among women
without symptoms of a fungal infection (3). Although fungal overgrowth can cause
symptomatic vulvovaginal candidiasis (4), even asymptomatic colonization by vaginal
fungi appears to enhance the risk of adverse reproductive health outcomes, such as HIV
acquisition and preterm birth (5, 6).

Vaginal fungi and the bacterial composition of the vaginal microbiota have been
closely linked in cross-sectional studies, with the absence of BV and presence of
vaginal Lactobacillus species linked to an increased detection of vaginal C. albicans
(7, 8). Although the longitudinal dynamics of bacterial and fungal interaction in the
female genital tract has not been characterized, the increased frequency of vulvovaginal
candidiasis observed after antibiotic treatment of BV suggests that perturbations in the
bacterial microbiota may enhance fungal proliferation (9, 10). However, there is little
information on how fungi respond to specific changes in the bacterial composition
of the vaginal microbiota and the impact of such responses on genital immunology.
Here, we characterize vaginal fungal dynamics in a subset of women from the random-
ized, placebo-controlled phase 2b trial of LACTIN-V, a Lactobacillus crispatus-based live
biotherapeutic, following metronidazole treatment for BV (11).

RESULTS
Antibiotic treatment for BV increases the abundance of vaginal fungi

Study design of the larger LACTIN-V trial and the present sub-analysis is presented in Fig.
1. Vaginal fungi were detectable by semi-quantitative PCR (defined as a relative quantity
greater than 0) in 9 of 48 (19%) participants with BV prior to BV treatment and in 22 of 48
(46%) participants immediately following metronidazole treatment (g = 0.002; Fig. 2).
The relative quantity of vaginal fungi compared to negative controls by semi-quan-
titative PCR significantly increased immediately following metronidazole treatment (q
= 0.0006; Fig. 2). Upon establishing a clear change in fungal abundance following
metronidazole treatment, we conducted exploratory analyses to assess the taxonomic
composition of these fungi and correlates of fungal expansion. In a subset of these
participants from whom metagenomic sequencing data were available, fungal reads
were identified among 7 of 37 (19%) participants prior to metronidazole and 8 of 26
(31%) immediately following metronidazole. Fungi comprised a small proportion of
total non-host reads and were primarily classified as C. albicans, although Malassezia
restricta and Candida dubliniensis were also identified (Fig. 2). Fungal detectability was
concordant between semi-quantitative PCR and metagenomic sequencing at pre- and
post-metronidazole visits (P = 0.015 and P = 0.003, respectively, with Fisher’s exact test;
Table S2). To assess concordance in fungal quantitation between our semi-quantitative
PCR and metagenomic results, we also tested the correlation between the proportion
of fungal to bacterial abundance (as measured by semi-quantitative PCR) and the
proportional abundance of all fungal reads relative to total non-host reads (as measured
by metagenomic sequencing) before and after metronidazole treatment. The proportion
of fungal to bacterial abundance by semi-quantitative PCR was positively correlated
with the proportion of fungal to total non-host reads by metagenomic sequencing
at the pre-metronidazole (Spearman’s p = 0.54, P = 0.0005) and post-metronidazole
(Spearman’s p = 0.63, P = 0.0005) visits, although these results should be interpreted
with caution given the highly zero-inflated nature of our fungal data. To explore
predictors of fungal expansion following metronidazole, we stratified the cohort based
on whether fungi were detectable by semi-quantitative PCR at the post-metronidazole
visit. Using linear regression, we found that pre- and post-treatment fungal abundance
was positively associated (B = 0.51, P = 0.024). Similarly, post-treatment detectability of
fungi tended to be more prevalent among women who had detectable fungi prior to
treatment compared to those who did not (P = 0.078; Fig. S1). Detectability of fungi
following metronidazole treatment was not associated with sociodemographic factors,
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FIG 1 Analysis of fungal dynamics in the LACTIN-V clinical trial. Study design diagram amended from the LACTIN-V clinical trial (11) and a previous analysis of
this subset of participants (12).

sexual activity, or baseline hormonal contraceptive use (Table S3). We also characterized
the overall composition of the vaginal microbiota, abundance of key bacterial species,
and levels of soluble immune factors prior to metronidazole treatment, but none of these
factors differed based on fungal detectability post-treatment (Fig. S2 and S3).

Fungal detection immediately after BV treatment associated with elevated
Lactobacillus species and proinflammatory cytokine levels

Immediately following metronidazole treatment, the presence of vaginal fungi by
semi-quantitative PCR was not associated with differences in overall vaginal microbiota
composition [analysis of similarity (ANOSIM) R = 0.007, P = 0.39; Fig. S4], although
there was a trend toward lower Shannon diversity among women with detectable
fungi compared to women with undetectable fungi (log fold change = —0.31; P = 0.08;
Fig. S4). Among women with detectable fungi immediately following metronidazole
treatment, post-treatment abundance of Lactobacillus gasseri (log fold change = 1.44,
P = 0.003, g = 0.02) and L. crispatus (log fold change = 0.87, P = 0.05, g = 0.22) were
higher compared to women that did not have detectable fungi post-treatment, although
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FIG 2 Vaginal fungal dynamics during metronidazole treatment. (A) Change in fungal abundance immediately following metronidazole treatment.

(B) Proportion of women with detectable fungi by semi-quantitative PCR before and immediately after metronidazole treatment. (C) Species-level classification

of vaginal fungi identified with metagenomic sequencing immediately before and after metronidazole treatment expressed as a proportion of total non-host

reads. Participant ID annotated beneath x-axis. Paired comparison performed with Wilcoxon matched pairs signed-rank test. P-values adjusted for multiple

comparisons with the false discovery rate (FDR). FDR-corrected g values presented on figure.

the latter did not remain significant after false discovery rate (FDR) correction. (Fig. 3).
Next, we generated linear regression models to predict post-treatment levels of vaginal
soluble immune factors with post-treatment fungal detectability. Fungal detectability
immediately following metronidazole was positively associated with vaginal interleukin
(IL) 17A levels (B = 0.31, P = 0.049, g = 0.6138), which did not remain significant after
correcting for multiple comparisons. Since the vaginal microbiota is closely related to the
genital immune milieu and therefore may confound the relationship between vaginal
fungi and genital immune factors such as IL-17A, we also generated linear models that
controlled for the abundance of key Lactobacillus species or BV-associated bacteria.
IL-17A remained positively associated with fungal detectability in models that included
the summed abundance of L. crispatus, Lactobacillus iners, Lactobacillus jensenii, and
L. gasseri (B = 0.30, P = 0.056, g = 0.6138) or the summed abundance of Gardnerella
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FIG 3 Comparison of bacterial abundances following metronidazole treatment based on fungal detectability. Comparison of total bacterial abundance and

abundance of L. crispatus, L. iners, L. jensenii, L. gasseri, G. vaginalis, Prevotella, A. vaginae, and Megasphaera immediately following metronidazole treatment

between women with detectable and undetectable fungi immediately following treatment. Data are median and 95% confidence intervals. P-values determined

with Mann-Whitney U-test. Only g values <0.05 after FDR correction were included in the figure.

vaginalis, Prevotella, Atopobium vaginae, and Megasphaera (B = 0.31, P = 0.053, g =
0.6138) as covariates, although these tests did not remain significant after correcting for
multiple comparisons (Fig. 4).

Fungal expansion following metronidazole treatment is transient and
unaffected by administration of an L. crispatus live biotherapeutic

Following metronidazole treatment, all participants were randomized to receive either
the L. crispatus-based live biotherapeutic LACTIN-V or a matched placebo, each of which
was self-administered intravaginally for 11 weeks. Four participants were diagnosed and
treated for symptomatic yeast vaginitis during or after LACTIN-V or placebo administra-
tion: three in the LACTIN-V group and one in the placebo group. These participants
were included in the previous analysis of samples collected immediately before and
after metronidazole treatment but were excluded from all subsequent analyses to limit
potential confounding by antifungal treatment. Within 4 weeks of completing metro-
nidazole treatment, fungal abundance returned to baseline levels and was relatively
unchanged for the remainder of the study, although there was considerable variation
in fungal abundance over the course of the study (Fig. 5). During and after LACTIN-V
or placebo administration, the vaginal mycobiota was comprised of either C. albicans, C.
dubliniensis, M. restricta, or Saccharomyces cerevisiae, albeit as a small proportion of total
non-host reads (Fig. 5). Neither fungal abundance nor detectability by semi-quantitative
PCR differed at any timepoint between women who received LACTIN-V and placebo (Fig.
6).

Fungi are associated with key vaginal bacterial species and immune factors
during and after study product administration

Next, we explored the microbial and immune correlates of fungal detection and
abundance by semi-quantitative PCR at subsequent longitudinal visits. In linear
mixed models that included measurements obtained during and after study product
administration, irrespective of treatment arm, fungal abundance was positively
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datapoints), fungal detectability and the summed abundance of Lactobacillus spp. (L. crispatus, L. iners, L. jensenii, and L. gasseri; blue datapoints), or fungal
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independent variables.

associated with the abundance of L. crispatus (B = 0.29, g = 0.0114), L. iners (B = 0.17,
g = 0.0581), and L. jensenii (B = 0.26, g = 0.0045), and was negatively associated with
abundance of G. vaginalis (B = —0.35, g = 0.0045), Prevotella spp. (B = —0.40, g = 0.0027),
A. vaginae (B = —0.44, g = 0.0027), and Megasphaera (B = —0.41, g = 0.0045; Fig. 7). These
associations remained largely unchanged after controlling for treatment arm (Table
S4). To visualize the longitudinal relationship between vaginal fungi and bacteria, we
plotted bacterial abundances at each visit during and after study product administration
based on fungal detectability (Fig. S5). Fungal abundance tended to be higher among
participants who did not have BV (defined as Nugent score >7) at each timepoint during
and after study product administration (Fig. S6). Next, we generated linear mixed models
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to evaluate immune correlates of fungal abundance during and after study product
administration. Fungal abundance was positively associated with IL-17A (B = 0.10, g =
0.004), interferon (IFN) a2a (B = 0.08, g = 0.005), interferon gamma-induced protein
(IP) 10 (B = 0.18, g = 0.0001), and monokine induced by interferon gamma (MIG) (B
= 0.17, g = 0.0002; Fig. 8), which remained consistent after controlling for treatment
group, Lactobacillus species, and BV-associated bacteria. However, fungi were negatively
associated with matrix metalloproteinase (MMP) 9 (B = —0.14, P = 0.037) and soluble
E-cadherin (sE-cad) (B = —0.09, P = 0.043) in models controlling for Lactobacillus species,
and positively associated with IL-6 (B = 0.11, P = 0.015) in the model controlling for
BV-associated bacteria (Tables S5 to S7). We visualized the relationship between vaginal
fungi and immune factors during and after study product administration by plotting
levels of immune factors based on fungal detectability (Fig. S7).

DISCUSSION

Vaginal fungi are an understudied component of the vaginal microbiota and may have
important implications for female reproductive health (3). Cross-sectional studies have
linked vaginal fungi to a Lactobacillus-predominant vaginal microbiota (7), but it is
unclear how longitudinal changes in vaginal bacteria might affect fungal detection or
abundance. In the current study, we show that topical metronidazole treatment of BV
resulted in an expansion of vaginal fungi which was identified as primarily C. albicans.
Fungal expansion post-metronidazole was positively associated with the abundance of
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Lactobacillus species and elevated levels of the cytokine IL-17A (13). Fungal abundance
was unaffected by the subsequent intravaginal administration of an L. crispatus-based
live biotherapeutic, was positively associated with vaginal levels of proinflammatory
cytokines, chemokines, and Lactobacillus species, and was negatively associated with
BV-associated bacteria.

In a previous analysis of the vaginal microbiota in this cohort, we showed that BV
treatment with metronidazole rapidly reduced the abundance of BV-associated bacterial
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species, while inducing very modest changes in the abundance of Lactobacillus species
(12). We now show that topical metronidazole treatment also causes an increase in
fungal abundance which was positively associated with the abundance of L. crispatus
and L. gasseri. Using metagenomic sequencing, we found that the majority of fungi
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immediately before and after metronidazole treatment were C. albicans, although M.
restricta and C. dubliniensis were also present. The increase in fungal abundance we
observed after BV treatment is consistent with previous work that has shown that
vaginal fungi are more prevalent among women with a Lactobacillus-predominant
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vaginal microbiota (7). Possible mechanisms underpinning these associations include the
production of lactate by Lactobacillus species, which can dampen antigen expression on
the cell surface of C. albicans (14) and modulate host-C. albicans immune interactions
(15), ultimately facilitating immune evasion and enhanced fungal proliferation. The
mechanisms explaining the negative association between BV and vaginal fungi are less
clear, but may include competitive inhibition and the production of growth-inhibiting
toxins by BV-associated bacteria (8).

Over the course of 6 months after the end of metronidazole treatment, fun-
gal abundance was positively associated with Lactobacillus species and negatively
associated with BV-associated bacteria and tended to be greater among women who
did not have recurrent BV. The taxonomic composition of these fungi was similar to the
pre- and post-metronidazole visits, although S. cerevisiae was also detected. Altogether,
this indicates that vaginal fungi remain positively associated with Lactobacillus species
and negatively associated with BV-associated bacteria even in the absence of a major
perturbation in the microbiota by antibiotics, and strongly suggests a causal relationship
between the abundance of vaginal fungi and specific bacteria. Since there were few
participants who exhibited symptomatic vaginal yeast infections, we were unable to
elucidate whether these associations are also present in the context of symptomatic
fungal infections.

The IL-17 family of cytokines, especially IL-17A, plays a key role in anti-fungal defense
at mucosal surfaces (13). Recognition of fungi by pattern recognition receptors activates
the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) signaling
pathway and induces a Th17 response and subsequent IL-17 production through
the production of proinflammatory cytokines such as IL-6 (13). The importance of
IL-17 in anti-fungal immunity is also exemplified by the elevated risk of candidiasis
among individuals with mutations in genes related to IL-17 production (16), impaired
IL-17 production (17), and during treatment with IL-17 inhibitors (18). We show that
detectability of vaginal fungi immediately after metronidazole treatment for BV is
positively associated with vaginal levels of IL-17A, which is consistent with a causa-
tive model whereby vaginal fungi elicit IL-17 production. While this association did
not remain significant after correcting for multiple comparisons, we also observed a
positive association between detectability of vaginal fungi and vaginal levels of IL-17A,
IFN-a2a, IL-6, IP-10, and MIG during and after LACTIN-V administration. However, IL-17
was positively associated with vaginal Lactobacillus species in the present study and
Lactobacillus species have been linked to elevated IFN-a2a, IP-10, and MIG (12, 19),
suggesting that the relationship between vaginal fungi and these immune factors
(excluding IL-17A) may be confounded by Lactobacillus species. Therefore, although the
association between vaginal fungi and IL-17A levels appeared robust and was observed
immediately after metronidazole and during/after study product administration, the link
between vaginal fungi and other proinflammatory cytokines and chemokines should be
explored in greater detail in future studies to explore possible confounding by bacteria.

This study has several limitations. First, we broadly characterized fungal abundance
with semi-quantitative PCR using primer and probe sequences targeting the 18S rRNA
gene and could only characterize fungal taxonomy using metagenomic sequencing in
a small number of participants. The small number of participants with detectable fungi
by metagenomic sequencing limited our ability to evaluate whether the immune and
bacterial associations with fungal abundance differed by fungal taxon. We encourage
future studies to employ more sensitive methods of fungal characterization such as
internal transcribed spacer sequencing to evaluate whether the bacterial and immune
associations differ based on fungal species or strains. Second, we did not evaluate fungal
gene expression or morphology of vaginal fungi in this study. Fungal morphology and
gene expression can be altered by the presence of bacteria and may have implications
for fungal virulence (20, 21). Future studies should explore whether the morphology
and gene expression of vaginal fungi are affected by shifts in the bacterial microbiota
and if this has implications for genital immunology. Third, only four participants were
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clinically diagnosed with vulvovaginal candidiasis over the course of the study. This
small sample size means that we were not able to explore vaginal dynamics of fungi,
bacteria, and immune factors among women with this condition. Future studies should
explore whether our findings differ during symptomatic or asymptomatic vulvovaginal
candidiasis. Although all vaginal swabs were collected using standardized methods,
vaginal swabs may sample differing amounts of vaginal secretions which can affect
downstream analyses. While sampling depth was not normalized in our study, most of
our findings are unlikely to be affected by differences in sampling depth given their
magnitude (e.g., several log fold in many cases). Lastly, we calculated fungal and bacterial
abundance with semi-quantitative PCR by taking the difference in cycle threshold (Ct)
between a sample and negative control. While this method has been validated as an
accurate estimate of the absolute copy number of a gene in a previous analysis of this
cohort (12), it assumes 100% reaction efficiency and should be interpreted as the relative
quantity of a gene relative to a negative control.

In summary, we find that standard antibiotic treatment for BV increased the
abundance of vaginal fungi in a subset of women. C. albicans was responsible for most
of this increase in fungal abundance, which was accompanied by an increase in the
abundance of Lactobacillus species and the cytokine IL-17A, although the latter did not
remain significant after correcting for multiple comparisons. In the 6 months following
the end of antibiotic treatment, vaginal fungal abundance returned to baseline levels,
was unaffected by randomization to LACTIN-V or placebo groups, and was positively
associated with Lactobacillus species, several cytokines, and chemokines including
IL-17A, and negatively associated with BV-associated bacteria. Understanding the role
fungi play in the vaginal microbiota may help to elucidate their genital immune effects
and impact on adverse reproductive health outcomes.

MATERIALS AND METHODS
Study participants

Participants were recruited as part of a phase 2b, randomized, placebo-controlled clinical
trial of the L. crispatus-based live biotherapeutic LACTIN-V to prevent BV recurrence
following topical metronidazole treatment (NCT02766023; May 2016) (11). Two hundred
twenty-eight women were enrolled in the larger clinical trial and followed over 6 months,
and a subset of 48 participants who attended all clinical trial visits were selected for
the current sub-study. Details about the clinical trial and this subset of participants have
been published in detail elsewhere (11, 12). Briefly, women with BV (defined by >3 Amsel
criteria and a Nugent score >4) were provided with a 5-day course of vaginal metronida-
zole and randomized 2:1 to either LACTIN-V or placebo, which were applied vaginally
once daily for 5 days followed by twice weekly for an 10 additional weeks. Vaginal
swabs were collected at screening prior to metronidazole treatment, within 48 hours of
treatment completion and then at 4, 8, 12, and 24 weeks after the start of metronidazole.
Following collection, vaginal swabs were plunged into Starswab Multitrans transport
medium and frozen at —20°C or —80°C, depending on study site. Two of the swabs
collected at each visit were analyzed here; one swab was analyzed using metagenomic
sequencing and the second was analyzed with semi-quantitative PCR and immunoassay.
All participants were negative for yeast vaginitis based on wet mount performed at
screening before and at enrollment after metronidazole treatment. Participants who
subsequently tested positive for yeast vaginitis during study product administration
were provided standard treatment and continued to receive study product.

DNA extraction and semi-quantitative PCR

DNA was extracted from 175 pL of bacterial pellet from vaginal swab samples using
the Qiagen DNEasy PowerSoil kit (Qiagen) according to manufacturer’s instructions.
Targeted semi-quantitative PCR was used for relative quantitation by targeting the 18S
region of the rRNA gene, total bacterial abundance by targeting the 16S region of the
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rRNA gene (22), and the abundance of key bacterial species, including the four most
common vaginal Lactobacillus species (L. crispatus, L. iners, L. jensenii, and L. gasseri)
(23) and four common BV-associated bacterial taxa [G. vaginalis, Atopobium vaginae,
Megasphaera species (24), and Prevotella species (25)]. All semi-quantitative PCR assays
were Tagman-based and performed on the QuantStudio 6 Flex Real-Time PCR System
(Thermofisher). Primer and probe sequences are presented in Table S1. Total reaction
volume for assays was 10 uL. Assays for total fungal and bacterial load, Prevotella, L.
crispatus, L. iners, L. jensenii, and L. gasseri were performed at 95°C for 10 min, 45 cycles
at 95°C for 15 s, then 60°C for 1T min. Assays for G. vaginalis, A. vaginae, and Megasphaera
spp. were performed at 95°C for 10 min, 45 cycles at 95°C for 15 s, then 55°C for
1 min. Data analysis was performed with QuantStudio Real-Time PCR Software version
1.3 (Applied Biosystems). Copy numbers were quantified using the ACt method as
described in the following equation, where ACt represents the difference in Ct between
the negative control and sample: Copy number = 2AACt. This method assumes 100%
reaction efficiency. To compare the 2AACt method to other quantitative PCR methods,
we also measured a subset of key vaginal bacteria (L. crispatus, L. iners, and G. vaginalis)
at the pre- and post-metronidazole visits using the standard curve method (26). For
generation of standard curves, L. crispatus (ATCC, 33820) was grown in chopped meat
media (Anaerobic Systems) anaerobically (80% N5; 10% CO,; 10 H5) at 37°C; L. iners (ATCC,
55195) and G. vaginalis (ATCC, 14019) were grown in New York City Ill media aerobically
at 37°C and anaerobically at 37°C, respectively. DNA was extracted from bacterial cultures
using the same method as described above and serially diluted 1 in 10 five times for
the generation of standard curves. Comparison of semi-quantitative (2AACt method) and
quantitative (standard curve method) PCR results are presented in Fig. S8.

Soluble immune factor measurement

Cervicovaginal swab eluents were thawed and centrifuged at 4,500 rpm for 30 min.
Supernatant was then removed for immune factor analysis and the bacterial pellet was
left intact for semi-quantitative PCR analyses. The soluble immune factors IL-1q, IFN-a2A,
IL-17A, IL-6, IP-10, IL-8, macrophage inflammatory protein (MIP) 13, MIP-3a, MIG, sE-cad,
and MMP-9 were measured in duplicate on the Meso Scale Discovery (MSD) platform
according to manufacturer’s instructions as previously described (Meso Scale Discovery,
Rockville, MD) (27).

DNA extraction and metagenomic sequencing

Samples were transferred from swab collection tubes into ZymoBIOMICS lysis solution
for DNA extraction. DNA was extracted and processed with high-throughput automa-
tion liquid handlers (Agilent Bravo system and Labcyte ECHO instrument) to maintain
constancy in sample experimentation and decrease laboratory processing time. The
ZymoBIOMICS 96 MagBead DNA kit was followed as instructed to extract DNA from swab
samples, water controls, and storage medium controls. lllumina library preparation was
performed using a miniaturized protocol of NEBNext Ultra Il FS DNA Library Prep kit
for DNA for the Labcyte ECHO instrument13. More than 25 million paired-end 150 bp
reads per patient sample were collected on an lllumina NovaSeq instrument. The CZ ID
platform was used to process raw sequencing reads and remove host reads using default
parameters (28). Samples with more than 100,000 reads were included in the present
analyses to filter out low-quality samples. The VIRGO bioinformatic pipeline was used to
align processed metagenomic reads with established databases to identify bacterial taxa
at the species level (29). Kraken2 v.2.1.2 (30) was used in combination with Pavian v.1.0
(31) to taxonomically classify fungal reads using default parameters and a confidence
scoring threshold of 0.5 using the complete RefSeq database of fungal genomes.

Statistical analysis

The primary analysis of this study assessed the change in vaginal fungal abun-
dance immediately following metronidazole treatment and subsequent analyses were
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hypothesis generating. Soluble immune factor levels and gene copy numbers were
normalized through logjg transformation. Continuous variables were compared with
Mann-Whitney U-test (if unpaired) and the Wilcoxon matched pairs signed-rank test (if
paired). Categorical variables were compared with Pearson’s x* test (if unpaired) and
the McNemar test (if paired). Association between continuous variables was determined
with linear regression. Linear mixed models were generated to evaluate the association
between paired measurements without violating independence using the nime package
in R. Shannon diversity and ANOSIM of the vaginal microbiota were calculated using the
vegan package in R. Where relevant, P-values were adjusted for multiple comparisons
with the FDR using the “FDR” command in the fuzzySim R package. All statistical tests
were performed in GraphPad Prism or RStudio.
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