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Abstract

Background Female genital tract (FGT) diseases such as bacterial vaginosis (BV) and sexually transmitted infections
are prevalent in South Africa, with young women being at an increased risk. Since imbalances in the FGT microbiome
are associated with FGT diseases, it is vital to investigate the factors that influence FGT health. The mycobiome plays
an important role in regulating mucosal health, especially when the bacterial component is disturbed. However, we
have a limited understanding of the FGT mycobiome since many studies have focused on bacterial communities
and have neglected low-abundance taxonomic groups, such as fungi. To reduce this knowledge deficit, we present
the first large-scale metaproteomic study to define the taxonomic composition and potential functional processes
of the FGT mycobiome in South African reproductive-age women.

Results We examined FGT fungal communities present in 123 women by collecting lateral vaginal wall swabs for lig-
uid chromatography-tandem mass spectrometry. From this, 39 different fungal genera were identified, with Candida
dominating the mycobiome (53.2% relative abundance). We observed changes in relative abundance at the protein,
genus, and functional (gene ontology biological processes) level between BV states. In women with BV, Malassezia
and Conidiobolus proteins were more abundant, while Candida proteins were less abundant compared to BV-negative
women. Correspondingly, Nugent scores were negatively associated with total fungal protein abundance. The clinical
variables, Nugent score, pro-inflammatory cytokines, chemokines, vaginal pH, Chlamydia trachomatis, and the pres-
ence of clue cells were associated with fungal community composition.

Conclusions The results of this study revealed the diversity of FGT fungal communities, setting the groundwork
for understanding the FGT mycobiome.
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Background

The female genital tract (FGT) microbiome comprises a
community of microorganisms (bacteria, archaea, fungi,
and viruses), some of which play a major role in main-
taining or disrupting FGT health [1]. Although many
previous studies have characterized the diversity of the
bacterial component of the FGT microbiome and its rela-
tionship with adverse health outcomes using next-gener-
ation sequencing and metaproteomics approaches [2—4],
information about the mycobiome (otherwise known as
the fungome) is relatively sparse [5-7]. The FGT myco-
biome refers to the yeasts (unicellular) and filamentous
fungi that make up the genital fungal community [8].
Human-colonizing fungi have been shown to play a criti-
cal role in health outcomes and are capable of altering
host function and behavior, metabolic function, energy
acquisition, vitamin-cofactor availability, and immune
system development and functioning [9]. However, much
less is known about the role of fungi in the FGT, and the
majority of studies have focused on the genus Candida,
which includes a group of species that cause vulvovagi-
nal candidiasis (VVC). VVC is the second most reported
type of microbial vaginitis and approximately 7% of
women globally have recurrent VVC [10, 11]. VVC is
associated with a 2.2-fold increased risk of human immu-
nodeficiency virus (HIV) infection [12-17] and may also
increase HIV shedding and hence transmission to sexual
partners [18]. The majority of human-colonizing fungi
are opportunistic pathogens that result in disease when
the immune system is compromised, and immunosup-
pressed individuals with HIV have a greater risk of fungal
infection [19, 20]. This is particularly concerning in set-
tings such as South Africa, where VVC affects approxi-
mately 1 million women each year and HIV is also
prevalent [10, 11, 21].

Few studies have characterized the FGT mycobiome,
and none has been conducted using metaproteomics in
South Africa, to our knowledge. One of the few next-
generation sequencing studies that has been conducted
on the FGT mycobiome of Estonian women used inter-
nal transcribed spacer 2 (ITS2) sequencing. This study
found that, as expected, Candida albicans was the most
abundant fungal species in the study population (34%)
[22]. However, a significant proportion of mycobiome
sequences remained unclassified [23-25], highlighting
how premature this field is. ITS is the commonly used
target for fungi; however, this sequencing method is
limited as the length of the ITS1-2 region is extremely
variable among different fungal genera and species
[26]. The uneven lengths of ITS fragments may pro-
mote preferential PCR amplification of shorter ITS
sequences that could lead to a biased quantification
of relative abundances of fungal taxa [27]. Therefore,
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primer choice causes significant bias in PCR-dependent
methods [27]. In the past, FGT studies were reliant on
culture-based techniques, which restricted the fun-
gal species researchers could access [28] and targeted
analyses using PCR were generally limited to known
human pathogens (e.g., C. albicans, Candida glabrata,
Cryptococcus neoformans, and Aspergillus fumigatus)
[20]. Consequently, fungi have not been extensively
classified in the FGT. Metaproteomics may be a suitable
method as research using this approach has noted a link
between microbiome variations at taxonomic and func-
tional levels with specific disease and environmental
conditions. This link emphasizes how metaproteomic
analyses are useful for microbiome research [29-31].

Another common vaginal condition is bacterial
vaginosis (BV), which occurs when the optimal Lac-
tobacillus species are replaced by diverse (facultative)
anaerobic bacteria. Like VVC, BV is also associated
with an increased risk of HIV, and other sexually trans-
mitted infections (STIs) [32-36]. VVC is a common
side effect of antibiotics used to treat BV [37], indicat-
ing that FGT bacterial communities might influence the
colonization of vaginal yeast (such as Candida spp.).

Clinically, Candida and BV-associated bacteria com-
monly co-occur: approximately 20-30% of BV patients
have both conditions. When there is a co-occurrence
of BV and VVC, microbiome analyses have shown an
abundance of Lactobacillus, contrary to its depletion in
individuals with only BV [38].

Recent research has suggested that the bacteriome
and mycobiome directly impact each other [39-41].
Thus, shifts in one community modulate the commu-
nity structure of the other. Even though BV and VVC
may co-occur [38, 42, 43], other studies have shown
an inverse association between BV and vaginal yeast,
implying that yeast colonization occurs more fre-
quently in an optimal vaginal microbiome [22, 44—48].
However, there is minimal data available on fungal
interactions and possible coexistence patterns with
bacterial communities [22] and emerging studies have
proposed that changes in commensal fungi may be rel-
evant in diseases that are not primarily fungal [49]. Of
the research conducted, the fungal genus best studied
for its association with bacteria is Candida. However,
there is conflicting evidence describing the relation-
ship between Lactobacillus and C. albicans coloniza-
tion. While Candida is highly tolerant of changes in
vaginal pH and can co-colonize the FGT with Lactoba-
cillus [50-53], some studies suggest that Lactobacillus
spp. compete with C. albicans for adhesion sites and
secrete substances, such as lactic acid, that inhibit fun-
gal attachment to control C. albicans invasion and dis-
ease [54-58].
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The dynamics between fungi and bacteria inhabiting
the human body have received little attention, and there
have been a limited number of studies that have analyzed
bacteria and fungi from the same sample. The aim of this
study was to characterize the FGT mycobiomes of young
women residing in South Africa using a metaproteomics
approach and to evaluate the relationship between the
mycobiome and BV, as well as other clinical variables.

Methods

Study participants

A total of 148 South African women were recruited as
part of the Women’s Initiative in Sexual Health (WISH)
study from a resource-limited, population-dense com-
munity in Cape Town [59]. The adolescent population
in this community was found to have a high incidence of
HIV and other STIs [59]. This sub-study included 123 of
the women who participated in the parent study between
the ages of 16 and 22 years who had vaginal swabs avail-
able for metaproteomics analysis. Seventy-four of these
women provided another sample at a second-time point
9 weeks later.

Approval was obtained for the study from the Human
Research Ethics Committee of the University of Cape
Town (HREC REF #267/2013 and #121/2020). All par-
ticipants older than 18 years of age provided written
informed consent, while assent and parental consent
were obtained for participants younger than 18 years of
age. Women were enrolled in the main study if they were
HIV-negative, in general, in good health, not pregnant or
menstruating at the time of sampling, and had not had
unprotected sex or douched in the last 48 h. Additional
exclusion criteria included the use of antibiotics in the
previous 2 weeks. Patient-related metadata was collected
and recorded [59]. Metadata included information about
age, body mass index (BMI), hormonal contraception
(HC), cytokine measurements, STIs, and BV status [60].

Sample collection and processing

As previously described in [59], one lateral vaginal wall
swab was rolled onto a glass slide and Gram-stained for
microscopy to evaluate BV status using Nugent score.
Vaginal pH was measured from swabs using color-fixed
indicator strips (Macherey—Nagel, Diiren, Germany)
[59]. Swab eluants were analyzed by PCR to identify
women with STIs (i.e., Chlamydia trachomatis, Neisseria
gonorrhoeae, Trichomonas vaginalis, and Mycoplasma
genitalium). To identify women with herpes simplex
virus 2 (HSV-2) infections, serum was collected for serol-
ogy. Cytokines and chemokines were measured in men-
strual cup secretions to identify the inflammation state of
each participant using Luminex [60]. K-means clustering
was used to identify women with low, medium, and high
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pro-inflammatory cytokine profiles [interleukin (IL)—1q,
IL-1p, IL-6, IL-12p40, IL-12p70, tumor necrosis factor
(TNF)-a, TNF-B, TNF-related apoptosis-inducing ligand,
interferon-y] as described in [60].

Mass spectrometry

For shotgun liquid chromatography-tandem mass
spectrometry (LC-MS/MS), lateral vaginal wall swabs
were collected, placed in 1 ml phosphate-buffered
saline, transported to the laboratory at 4 °C and stored
at—80 °C. Samples were computationally randomized
for processing and analysis. Each swab sample was clari-
fied by centrifugation. The protein content of each super-
natant was determined by the bicinchoninic acid assay
(BCA). Equal protein amounts (100 pg) were denatured
with urea exchange buffer, filtered, reduced with dithi-
othreitol, alkylated with iodoacetamide, and washed with
hydroxyethyl piperazineethanesulfonic acid (HEPES).
Acetone precipitation/formic acid solubilization was
added to further clarify samples. The samples were then
incubated overnight with trypsin, and the peptides were
eluted with HEPES and dried via vacuum centrifugation.
Reversed-phase LC was used for desalting using a step-
function gradient. The eluted fractions from this step
were dried via vacuum centrifugation. LC-MS/MS analy-
sis was conducted on a Q-Exactive Quadrupole-Orbitrap
MS coupled with a Dionex UltiMate 3000 nano-UPLC
system as previously described in [61].

Protein identification, taxonomic assignment,

and functional annotation

Raw MS/MS files were processed with MaxQuant ver-
sion 1.6.3.4 on Linux using a curated pan proteome
database. The database was created by manually curat-
ing a fungal pan proteome database, consisting of all
publicly available sequences for the fungal species that
are predicted to form part of the FGT mycobiome; these
species and their importance in relation to the FGT are
listed in Supplementary Table 1 in Additional file 1. This
fungal pan proteome database was concatenated to a
Metanovo database that was generated as previously
described [61]. In short, Metanovo is a software pipeline
that integrates existing tools (DeNovoGUI, DirecTag,
PeptideMapper, and X!Tandem) with a custom algorithm
to generate targeted protein sequence databases [62].
In our study, Metanovo created the database by map-
ping de novo sequence tags to a UniProtKB database
that was filtered for human and microbial entries. For
MaxQuant parameters, methionine oxidation and acet-
ylation of the protein N-terminal amino acid were con-
sidered variable modifications and carbamidomethyl (C)
was a fixed modification. The digestion enzyme selected
was trypsin with a maximum of two missed cleavages.
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‘Match-between-runs’ function was selected for raw
spectra processing. For a more detailed description of
parameters see Supplementary Table 2 in Additional
file 1. The above analyses were run on the high-perfor-
mance computing cluster (https://www.ilifu.ac.za/).

To ensure identifications of protein groups were reli-
able, a protein group was only accepted for downstream
analysis if it had >2 peptides assigned to it. Many identi-
fied peptides could not unambiguously be assigned to a
single protein, as the peptide sequence is part of multiple
protein sequences in the database [63]. These peptides
were retained for downstream analyses, and conse-
quently, some proteins shared the same peptides. Poten-
tial contaminants, reverse peptides, and deleted protein
groups from the UniProtKB database were removed
from our dataset. Intensity-Based Absolute Quantitation
(iBAQ) values were normalized and log,-transformed
using the MSnbase R package [64]. To have a complete
data matrix, missing iBAQ values were imputed using the
k-nearest neighbor (KNN) method using the imputeL-
CMD R package to not introduce any negative values into
the dataset [65]. Thereafter, protein groups were sepa-
rated according to their five taxonomic kingdoms: bacte-
rial, mammalian, fungal, archaeal, and viral to calculate
the relative abundance of fungi, and then fungal protein
groups were extracted for downstream analysis.

Peptide sequences were also submitted to the Unipept
website (http://unipept.ugent.be/; version 1.4; settings: I
and L equated, advanced missed cleavage option, search
trypsinized, and duplicate peptides were filtered) for tax-
onomic analysis. Unipept assigned peptide sequences to
taxa by estimating the lowest common ancestor.

The functional potential of the FGT mycobiome was
estimated using a protein-centric approach. The list of
protein IDs from the proteinGroups.txt file was assigned
to Gene Ontology (GO) IDs using UniProt.

Data analysis

The imputed log,-transformed iBAQ values were used to
identify significantly differentially abundant fungal gen-
era, proteins, and GO biological processes by BV status
using the limma R package [66] and a non-parametric
Wilcoxon rank sum test. To perform analysis at the bio-
logical process level, iBAQ intensities were aggregated
for protein IDs mapping to the same biological process.
T-tests accounted for confounding factors, which were
determined using an analysis of variance (ANOVA) test
for BV category comparisons. Proteins with false dis-
covery rate (FDR) adjusted p-values<0.05 were consid-
ered as differentially abundant. To identify similarities
and differences in taxonomic and functional expression
profiles and visualize relationships between BV states,
unsupervised hierarchical clustering of iBAQ intensities

Page 4 of 22

was performed for all protein and functional term assign-
ments using the heatmap.2 R package [67]. Manhattan
was used as the distance metric to calculate the absolute
differences between samples. The effects of BV on the
metaproteome were investigated by PCA using the mix-
Omics R package [68].

Relationships between fungal taxa identified were
interrogated using the more robust Spearman’s rank
correlation analysis with log2 normalized iBAQ intensi-
ties. Fungal-bacterial relationships were also investigated
using fungal taxa identified to be differentially abundant
and selecting bacterial taxa found to be associated with
BV and inflammation in the literature from our metapro-
teomic dataset [69—73]. In addition, we investigated the
correlation between fungal taxa and clinical variables
recorded in this study. Correlation plots were generated
in R using the Hmisc and Corrplot packages [74, 75]. Fun-
gal-bacterial relationships and the correlation between
fungal taxa and clinical variables were further interro-
gated using Bayesian networks. Bayesian networks were
constructed in R using the bunlearn package [76].

To investigate the effects of clinical variables on FGT
fungal communities, a redundancy analysis (RDA) plot
was used. RDA utilized the EnvFit function within the
Vegan package in R to determine covariates significantly
associated with the mycobiome profile [77].

To predict fungal proteins/taxa and clinical variables
associated with BV, an ENSEMBLE bagging decision
tree was used. The caret (Classification And REgression
Training) package was used to perform ENSEMBLE bag-
ging in R [78]. We selected 80% of our data for the train-
ing dataset, and the remaining 20% was used as the test
dataset. We modified the resampling method using 10
repeated cross-validations. We created a bagging pipeline
with Python’s sklearn’s BaggingClassifier [79]. For protein
data, default parameters were used.

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE [1] partner repository with the dataset identifier
PXD046053.

Results
Vaginal fungal taxa and their co-occurrence
We assessed the FGT mycobiome of young, South Afri-
can women living in Cape Town, South Africa. As previ-
ously reported, STI and BV prevalence were high in this
cohort, with 42.5% of the women having at least one STI
and 50.4% of the women being BV positive by Nugent
scoring at visit 1. Median age was 18.5 years old and
100% of participants were black (Supplementary Table 3
and 4, Additional file 1) [59, 61].

Metaproteomics was used to identify peptides pre-
sent in lateral vaginal wall swab samples that were
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then assigned to proteins. Both peptides and proteins
were used for fungal taxonomic analysis. Of the pep-
tides identified post-quality control in lateral vaginal
wall swab samples (n=17,758), 94 (0.53%) peptides
were assigned to a fungal taxonomic lineage as its low-
est common ancestor, 7177 (40.42%) to human, 8208
(46.20%) to bacteria, and less than 1% of peptides were
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of 7.20% of peptide sequences were assigned to the root,
and 3.34% of identified peptide sequences could not be
assigned to a taxonomic kingdom. The identified fun-
gal peptide sequences were assigned to seven phyla,
with the majority assigned to the phylum Ascomycota
(69.15%), followed by Basidiomycota (22.34%) (Fig. 1A).
A smaller percentage of peptide sequences were assigned

assigned to other taxa (i.e., Archaea and viruses). A total to the phyla, Blastocladiomycota, Microsporidia,

[
O

Fig. 1 Fungal relative abundance was determined using metaproteomics. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
was used to evaluate the fungal metaproteome in lateral vaginal wall swabs from 123 women from Cape Town, South Africa. Raw MS files

were processed with MaxQuant using a database that was created by manually curating a fungal pan proteome database and concatenated
to a Metanovo database. A Taxonomic assignment of peptides. Taxonomic assignment was conducted using Unipept and the distribution

of phyla identified is shown as a doughnut chart. The majority of fungal peptide sequences were assigned to the phylum Ascomycota. B
Distribution of fungal genera using peptide sequences. Genera identified using Unipept, and distribution is depicted as a doughnut chart. The
majority of fungal peptide sequences were assigned to the genus Aspergillus. C Relative abundance of fungal genera pre-normalization using
summed total intensity-based absolute quantification (iBAQ) protein values for each genus. Candida was the most relatively abundant genus.
D Relative abundance of fungal protein biological process gene ontology (GO) function. Biological process relative abundance was determined

by aggregation of fungal protein iBAQ values assigned to the same GO term; n=24. The most relatively abundant biological processes were histone
H4 acetylation and membrane raft polarization. The relative abundance of biological processes is depicted as a doughnut chart

Phylum

Ascomycota
Basidiomycota
Blastocladiomycota
Cryptomycota
Microsporidia
Mucoromycota
Zoopagomycota

Genus

Allomyces
Alternaria
Aspergillus
Blastomyces
Candida
Cercospora
Clavispora
Conidiobolus

Cyberlindnera
Endocarpon
Fusarium
Hebeloma
Lodderomyces
Malassezia

[ ] Other

|| Penicillium

[L| Phialophora
Psathyrella
Puccinia
Rhizopogon
Saccharomyces
Schizosaccharomyces
Talaromyces
Teratoramularia
Torulaspora

| | Trichoderma
Trichosporon
|_] Unassigned

Biological Processes

Glycolytic process

Histone H4 acetylation
Membrane raft polarization
Microtubule-based process

Other

Proteasomal protein catabolic process

Proteasomal ubiquitin-independent protein catabolic process
Proteasome-mediated ubiquitin-dependent protein catabolic process
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Mucoromycota, Zoopagomycota, and Cryptomycota
(Fig. 1A). At the genus level, 46 distinct fungal genera
were identified. Of these genera, 7.4% (7) of sequences
were assigned to Aspergillus, 6.4% (6) to Candida, fol-
lowed by 4.3% (4) to Alternaria, Cyberlindnera, and Tri-
chosporon and 13.69% of sequences could not be assigned
to genus level (Fig. 1B).

The 94 fungal peptides were assigned to 50 protein
groups that passed quality control filtering (Supplemen-
tary Table 1, Additional file 2). A description of these fun-
gal protein groups and their importance in the FGT can
be found in Supplementary Table 1 in Additional file 1.
Using iBAQ values, the relative abundance of fungal
proteins was 0.4%, human 91.1%, bacteria 8.5%, viruses
0.06%, and archaea 5.46e—05%. A total of 39 fungal
genera and 45 fungal species were identified. The most
prevalent genera were Candida (53.2%), Conidiobolus
(20.9%), Rhizopogon (7.1%), and Teratoramularia (3.1%)
(Fig. 1C). For some fungal assignments that were not
characteristically found in the human body, we examined
the peptide and protein characteristics from the peptides.
txt and proteinGroups.txt from the MaxQuant output
files to confirm if these fungal assignments were correct
(Supplementary Table 5, Additional file 1). A BLAST
search of the protein sequence for unusual species not
previously detected in the FGT, such as Endocarpon
pusillum (a lichen-forming fungus) and Rhizoclosmatium
globosum (fungus usually found in damp and aquatic
environments) confirmed that these fungi were correctly
annotated during protein and taxonomic assignment
procedure.

The majority of fungal protein groups identified were
actin and heat shock proteins (HSPs). Of the HSPs, 5
were heat shock protein 70 kDa (HSP-70). The remain-
der of the prevalent proteins were calmodulin, tubulin
beta chain, 78 kDa glucose-regulated proteins (GRP78),
and elongation factor 2 proteins (Supplementary Table 1,
Additional file 2). According to GO annotation, 48% of
the fungal proteins could be assigned to known biological
processes. The most relatively abundant pathways were
histone H4 acetylation (37.7%), membrane raft polariza-
tion (37.7%), and the glycolytic process (16.8%) (Fig. 1D).
“Other” included GO biological processes with a relative
abundance of less than 0.5%.

We determined Spearman’s correlation coefficients to
explore associations between all fungal species identi-
fied using the samples collected only at visit 1 (n=113)
to investigate which fungal species likely co-occur in the
mycobiome (Supplementary Fig. 1, Additional file 2).
There were a greater number of positive correlations
than negative correlations, many of which were observed
between Candida spp., including Candida orthopsilosis,
Clavispora lusitaniae, and Candida thasaenensis with C.
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albicans, and Candida orthopsilosis with Kluyveromyces
marxianus (Candida kefyr) and Candida dubliniensis,
suggesting that these Candidal species are more likely
to co-occur (Supplementary Fig. 1, Additional file 2). In
contrast, negative correlations were much weaker, with
the strongest negative correlation occurring between the
commonly found FGT species C. albicans with Alter-
naria alternata and Malassezia sympodialis suggesting
that these species are usually not present at a high abun-
dance at the same time (Supplementary Fig. 1, Additional
file 2). Similar correlations were observed between fun-
gal taxa in visit 2 samples (n=89); however, the strong-
est negative correlation was now observed between M.
sympodialis and Torulaspora delbrueckii (Candida col-
liculosa), a yeast species (cor= —0.71; p=3.77e —15; not
shown).

The relative abundance of fungal genera differed

between BV states

We compared the relative abundance of fungal genera,
proteins, and GO biological processes across differ-
ent BV states (BV negative, BV intermediate, BV posi-
tive) longitudinally using limma ¢-test and Wilcoxon
rank sum test. The genus level was chosen to examine
differences between BV states as taxonomic annota-
tion is not very efficient in the differentiation of species
[80]. An ANOVA test demonstrated that pro-inflam-
matory cytokines (p-value=1.78e—12) and vaginal pH
(p-value=1.04e —08) were significantly associated with
BV status. Therefore, differential expression analyses
using limma were also adjusted for these variables (Addi-
tional file 3).

Protein abundance, as measured by total fungal iBAQ
values, was similar between BV-positive and BV-nega-
tive women, but was substantially lower in intermediate
microbial states (Nugent 4—6), even though samples were
normalized to total protein level prior to LC-MS/MS
analysis (Fig. 2A). However, only a few individuals were
assigned to this state, which may affect the total iBAQ
value. As a general trend, Candida and Conidiobolus
were the most relatively abundant fungal genera in each
BV state (Fig. 2B; Supplementary Fig. 2, Additional file 2).
The BV negative group had the largest relative abundance
of Candida (69.7% visit 1; 68.1% visit 2) in comparison
to other BV groups (Fig. 2B). In the BV intermediate cat-
egory, the relative abundance of Candida was 59.9% at
visit 1 and 48.7% at visit 2 (Fig. 2B). In the BV-positive
category, the relative abundance of Candida was much
lower at 36.5% at visit 1 and 32.2% at visit 2 (Fig. 2B).
Similarly, the total Candida iBAQ values in BV-negative
women at both visits were higher compared to the BV-
positive women (Fig. 2A), Candida was significantly
under-abundant in the BV-positive group compared to
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100%

Genus

Candida
Cercospora
Clavispora
Conidiobolus
Endocarpon
Enterocytozoon
Hebeloma

§

Kluyveromyces
Malassezia

Other

Rhizopogon
Schizosaccharomyces
Talaromyces
Teratoramularia
Trichoderma

Ustilago

iBAQ protein intensity
Relative Abundance

Negative v1
Negative v2
Intermediate v1
Intermediate v2
Positive v1
Positive v2
Negative vi
Negative v2.
Intermedate v1
Intermediate v2
Positive v
Positive v2

100%

Biological Processes

Calcium-mediated signaling
Chaperone-mediated protein folding
Endocytosis

Glycolytic process

Heterochromatin assembly by small RNA

75%

Histone exchange

Histone H4 acetylation

Membrane raft polarization

Mitotic actomyosin contractile ring assembly

Other

Proteasomal protein catabolic process

Proteasomal ubiquitin-independent protein catabolic process
Proteasome-mediated ubiquitin-dependent protein catabolic process
Regulation of nucleosome density

50% |

Relative Abundance

25%

0% |

Negative v1
Negative v2
Intermediate v1
Intermediate v2
Positive v1
Positive v2

Fig. 2 Fungal relative abundance was determined using metaproteomics for each bacterial vaginosis (BV) group. Liquid chromatography-tandem
mass spectrometry (LC-MS/MS) was used to evaluate the fungal metaproteome in lateral vaginal wall swabs from 123 women from Cape Town,
South Africa. Raw MS files were processed with MaxQuant using a database that was created by manually curating a fungal pan proteome
database and concatenated to a Metanovo database. The iBAQ values for fungal proteins were normalized, log,-transformed, and imputed using
the k-nearest neighbor method. BV groups were defined by the Nugent score. At visit 1, 57 patients were BV-positive, 47 were BV negative, and 7
were BV intermediate. At visit 2, 37 patients were BV-positive, 38 were BV-negative, and 5 were BV intermediate. Fungal relative abundance for each
BV state was determined by aggregation of fungal proteins for each individual assigned to a specific BV state. A The total relative abundance

of fungal genus by BV state at each visit was determined by summing total fungal iBAQ values of proteins assigned to each fungal genus. Genus
assignments were determined using UniProt on protein groups. Candida was the most relatively abundant across all BV states. B Fungal community
composition at the genus level across BV states at different visits. C Relative abundance of biological processes according to Gene Ontology (GO).
GO determined using UniProt across BV states at different visits. Biological process relative abundance was determined by aggregation of fungal
protein iBAQ values assigned to the same GO term. Histone H4 acetylation and membrane raft polarization were the most abundant biological
processes across BV states
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the BV-negative group at visit 1 (adj. p=2.38e —05), with
a similar trend at visit 2, although non-significant (adj.
p=0.08).

The BV positive group had the highest relative abun-
dance and total iBAQ protein values of Conidiobolus,
Rhizopogon, and Malassezia compared to BV negative
and BV intermediate women (Fig. 2A, B). These differ-
ences were significant for Comnidiobolus and Malasse-
zia at visits 1 and 2 (adj. p=0.04; adj. p=0.002 and adj.
p=2.38e—05; adj. p=2.21e—06, respectively), suggest-
ing that these genera are likely more abundant during BV.
The remainder of the differentially abundant genera were
those that constituted less than 1% of the total fungal
relative abundance and were included under the category
“other”

Fungal proteins differed between BV states

We performed a limma test and Wilcoxon rank sum
test to identify significant differentially abundant (adj.
p-value<0.05) proteins between BV groups. The results
were found to be consistent between methods (Table 1
and Additional file 3). Based on the limma results, the
comparison between BV positive and BV negative groups
revealed that 17 fungal proteins were significantly differ-
ent between BV positive compared to negative women at
visit 1 (Table 1). However, only two proteins, M5EKD5
(proteasome subunit alpha type, from M. sympodia-
lis) and AO0A137P973 (fructose-bisphosphate aldolase
assigned to Conidiobolus coranatus), were more abun-
dant in the BV positive state compared to BV negative
groups. At visit 2, six fungal proteins were significantly
different (Supplementary Table 2, Additional file 2); five
of these fungal proteins were the same as those identi-
fied as differentially abundant at visit 1. The compari-
son between BV negative and BV intermediate groups
revealed that 13 fungal proteins were more abundant in
the BV negative group in visit 1 (Table 1). Five of these
fungal proteins were the same as those identified in
the comparison between BV-positive and BV-negative
women. The comparison between BV-positive and BV
intermediate samples identified one more abundant fun-
gal protein at visit 1 in the BV-positive group (Table 1),
C4Y881 (Gp_dh_C domain-containing protein, from C.
lusitaniae). However, some of these associations were no
longer significant after adjusting for vaginal cytokine pro-
files and pH, suggesting that differences in certain fungal
taxa and proteins may be influenced by cytokine and pH
changes associated with BV.

Hierarchical clustering according to fungal protein
iBAQ values confirmed clustering according to BV
status (Fig. 3A). The first cluster was a mixture of BV
states, the second cluster was majority BV positive, and
the third cluster was majority BV negative (Fig. 3A).
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Four proteins, AOAOC3J1M2 (an uncharacterized pro-
tein, from Pisolithus tinctorius), AS5E2Z2 (an unchar-
acterized protein, from Lodderomyces elongisporus),
B6Q757 (translation elongation factor EF-2, from Tal-
aromyces marneffei), and AOA1D8PFR4 (actin, from
C. albicans), were consistently highly expressed across
clusters (Fig. 3A), with AOA1D8PFR4 showing the
highest expression. The BV-negative dominant cluster
showed the highest expression of the majority of pro-
teins in comparison to the other clusters, suggesting
that fungi express more protein during the BV-negative
state than the BV-positive state.

Principal component analysis (PCA) using fungal pro-
teins shows that BV-positive and BV-negative individu-
als tended to cluster together into their respective groups,
with a few outliers (Fig. 3B); the clustering was more clearly
visible in visit 1 samples (Fig. 3B; ANOSIM R=0.2413,
p=0.001) compared to visit 2 samples (Fig. 3C; R=0.1695,
p=0.001). This suggested that fungal communities differ
between BV-positive and BV-negative individuals. Indi-
viduals belonging to the BV intermediate group tended to
cluster with the BV-negative samples (Fig. 3B, C).

We investigated fungal protein signatures that dif-
fered between BV-positive and BV-negative individu-
als to assess which fungal taxa were likely influenced by
the disruption of the vaginal microbiome caused by BV.
We used an ENSEMBLE Bagging Decision Tree, which
gave the best results compared to other machine learn-
ing models when employing a classification approach
on protein iBAQ data. For this analysis, we removed
the BV intermediate state due to the small sample size
(n=7). Our training classification model incorporated
80% of the dataset as input, which included 84 samples,
50 predictors (proteins), and two classes (BV-positive and
BV-negative). We evaluated the performance of the clas-
sification model, and the accuracy of the training data-
set model was found to be a 100%, with a sensitivity and
specificity of 100%, and a positive and negative predic-
tion rate of 100%. The test dataset included the remaining
20% of the dataset (#=20) and had an accuracy of 90%
(p-value=0.01). The model had a sensitivity of 100%, a
specificity of 85%, the positive predictive value was 78%,
and it had a negative predictive value of 100%. Although
the moderate positive predictive value of this analysis
suggests that some BV-negative women were incorrectly
classified as positive, the overall accuracy of 90% upon
validation suggests that vaginal fungal and bacterial pop-
ulations are very closely related. The area under the curve
(AUC) was determined to be 0.99. The model found
that the most important fungal proteins distinguish-
ing the BV-positive from the BV-negative category were
MS5EKD?5 (assigned to M. sympodialis), AOAID8PFR4 (C.
albicans), and J7TM8M3 (C. thasaenensis) (Fig. 4).



Gangiah et al. Microbiome

(2025) 13:76

Page 9 of 22

Table 1 Differentially abundant proteins, fungal taxa and biological processes between bacterial vaginosis (BV) state at the first study

visit

BV-positive—BV-negative (visit 1)

Protein
J7M8M3
A5E272
MS5EKD5
AOATD8PFR4
AOA177DGX3
AOAOC3J1M2
ROAPA2
H8WXM9
C4XYH4
AOA137P973
B6Q757

B3FE91
AOATYTWOZ6
K1w4z9
AOATY2GNC9
AOA068S101
SOXAK4

Protein name
Actin
Uncharacterized

Proteasome subunit alpha type

Actin

Glutamate dehydrogenase
Uncharacterized
Calmodulin

Kar2 protein

HATPase_c domain-containing protein
Fructose-bisphosphate aldolase
Translation elongation factor EF-2 subu-

nit, putative
Calmodulin

Putative mitochondrial Hsp70 chaperone

Heat shock protein 70
Tubulin beta chain

Xap5-domain-containing protein

Sporulation protein Spo15

BV-negative—BV intermediate

Protein
AOATVERS99
G8zUB2
AOAODTCPW1
C4Y881
AOA068SI01
AS5E272
AOAOC3J1M2
AOATY2CHJ5
W3VSGO

Protein name
Uncharacterized

Exocyst complex component SEC15

Proteasome subunit beta

Gp_dh_C domain-containing protein
Xap5-domain-containing protein

Uncharacterized
Uncharacterized

H(+)-transporting two-sector ATPase

Elongation factor 2

Fungal species
Candida thasaenensis
Lodderomyces elongisporus
Malassezia sympodialis
Candida albicans
Alternaria alternata
Pisolithus tinctorius
Wallemia ichthyophaga
Candida orthopsilosis
Clavispora lusitaniae
Conidiobolus coronatus
Talaromyces marneffei

Petromyces alliaceus

Linderina pennispora

Trichosporon asahii

Lobosporangium transversale
Lichtheimia corymbifera
Schizosaccharomyces cryophilus
Biological process

Histone H4 acetylation

Membrane raft polarization

Cell adhesion

Cellular response to heat

Cellular response to osmotic stress
Cellular response to oxidative stress
Plasma membrane organization
Cellular amino acid metabolic process
Calcium-mediated signaling
Chromatin organization

Adenylate cyclase activating glucose
Chaperon-mediated protein folding
Heterochromatin assembly by small RNA
Glycolytic process

Protein folding

Proteasome-mediated ubiquitin-dependent
protein catabolic process

Microtuble-based process

Fungal species
Penicillium vulpinum
Torulaspora delbrueckii
Ustilago maydis

Clavispora lusitaniae
Lichtheimia corymbifera
Lodderomyces elongisporus
Pisolithus tinctorius
Rhizoclosmatium globosum
Pseudozyma aphidis

logFC
—1.31
-0.64
1.24
-1.76
—1.31
—0.54
-1.14
-1.14
—1.06
1.85
—0.50

-0.96
-0.84
-0.81
-0.85
-0.91
-1.63
logFC
-1.77
-1.77
-0.61
—0.61
—0.61
—0.61
-0.61
—1.24
-0.79
-0.87
-0.91
-0.91
-091
1.49
-0.85
047

-041

logFC
253
262
177
1.71
252
097
094
1.70
1.58

p-value
9.88e—-08
3.71e-06
1.02e—07
2.03e-08
3.00e—-05
2.11e-05
1.72e—05
3.45e-05
0.0002
0.0009
0.001

0.001

0.01
0.004
0.008
0.006
0.004
p-value
2.19e-07
2.19e-07
9.27e-06
9.27e-06
9.27e-06
9.27e-06
9.27e-06
0.0002
7.05e-05
0.002
0.002
0.002
0.002
0.01

0.01

0.02

0.02

p-value
8.86e—-05
3.98e—05
0.0005
0.0008
0.001
0.001
0.002
0.002
0.005

adj. p-value
1.70e-06
4.64e—05
1.70e—06
1.02e-06
0.0002
0.0002
0.0002
0.0002
0.001
0.004
0.005

0.005
0.04

0.02

0.02

0.02

0.02

adj. p-value
3.28e—-06
3.28e—-06
3.97e-05
3.97e-05
3.97e-05
3.97e-05
3.97e-05
0.0006
0.0003
0.005
0.005
0.005
0.005
0.02

0.03

0.04

0.04

adj. p-value
0.0004

0.001

0.009

0.01

0.01

0.01

0.01

0.01

0.02
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Table 1 (continued)
BV-positive—BV-negative (visit 1)
J7M8M3 Actin Candida thasaenensis 134  0.009 0.04
AOATIOWQJ7 Actin Teratoramularia persicariae 1.71 0.009 0.04
AOA178DXV7 Elongation factor 2 Pyrenochaeta sp. 1.91 0.01 0.04
AOATY2GNC9 Tubulin beta chain Lobosporangium transversale 1.81 0.01 0.04
Biological process logFC p-value adj. p-value
Golgi to plasma membrane transport 275  438e-06 6.56e—05
Vesicle docking involved in exocytosis 275  438e-06 6.56e—-05
Cell adhesion 096  0.0005 0.002
Cellular response to heat 096  0.0005 0.002
Cellular response to osmotic stress 0.96  0.0005 0.002
Cellular response to oxidative stress 096  0.0005 0.002
Plasma membrane organization 0.96  0.0005 0.002
Translation 1.74  0.0008 0.002
Proteasome-mediated ubiquitin independent 1.72  0.0005 0.002
protein catabolic process
Proteasomal protein catabolic process 1.72  0.0005 0.002
Microtubule-based process 1.17  0.001 0.003
ATP metabolic process 168  0.002 0.006
Chromatin organisation 138 002 0.04
BV-positive—BV intermediate
Protein Protein name Fungal species logFC p-value adj. p-value
C4Y881 Gp_dh_C domain-containing protein Clavispora lusitaniae 1.92  0.0001 0.007
Biological process logFC p-value adj. p-value
Proteasome -mediated ubiquitin independent 129  0.004 0.03
protein catabolic process
Golgi to plasma membrane transport 262 0.006 0.03
Vesicle docking involved in exocytosis 262 0.006 0.03
Proteasomal protein catabolic process 146 0.009 0.03
Proteasome-mediated ubiquitin-dependent 146 0.009 0.03
protein catabolic process
ATP metabolic process 127 0.006 0.03
Endocytosis 165 001 0.03
Histone exchange 165 001 0.03
Mitotic actomycosin contractile ring assembly 165 001 0.03
Regulation of nucleosome density 165 001 0.03

The false discovery rate (FDR) corrected p-values were obtained based on the log2-transformed intensity-based absolute quantification (iBAQ) values of each protein
by applying the moderated t-test (limma R package). Proteins with FDR-adjusted p-values < 0.05 were considered as differentially abundant proteins

(See figure on next page.)

Fig. 3 Fungal proteins associated with bacterial vaginosis (BV) status. A Unsupervised hierarchical clustering was used to group samples based

on the log2-transformed imputed intensity-based absolute quantification (iBAQ) values of fungal proteins at visit 1. Red indicates the highest
expression, and blue indicates the lowest expression. The darker the red banding pattern, the higher the iBAQ value. The darker the blue banding
pattern, the lower the iBAQ value. Samples showed some clustering according to BV status indicated by the top dendrogram. BV status was defined
based on Nugent score values. B Principal component analysis (PCA) was used to group individuals based on the log2-transformed imputed

iBAQ intensities of fungal proteins for visit 1. Grouping was based on BV status and each point represented an individual women. BV-positive

and BV-negative individuals tended to cluster together into their respective groups, with a few outliers. C PCA was used to group individuals based
on the log2-transformed imputed iBAQ intensities of fungal proteins for visit 2. Grouping was based on BV status and each point represented
individual women. BV-positive and BV-negative individuals tended to cluster together into their respective groups, with a few outliers
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Fig.4 ATheimportance of identified fungal proteins in discriminating the BV-positive group from the BV-negative group was determined

by an ENSEMBLE bagging decision tree. M5EKDS5 (Malassezia sympodialis) was the most important fungal protein distinguishing the BV-positive
from the BV-negative group. B An ENSEMBLE bagging decision tree using previously identified important fungal proteins between the BV-positive
and the BV-negative state to predict BV status. Candida albicans (AOATD8PFR4) was selected as the root feature of the decision tree. Each fungal
protein on the tree has an iBAQ value unit for cutoff. Each node provides the percentage of the satisfied condition at the node and provides

the probability of it not being the BV status of the node

Fungal protein functional profiles were associated with BV

status

In total, 17 and 12 GO biological processes were signifi-
cantly differentially abundant between the BV positive
and BV-negative groups at visits 1 and visit 2, respec-
tively (Table 1; Supplementary Table 2, Additional

file 2). Both histone H4 acetylation and membrane raft
polarization were the most relatively abundant biologi-
cal processes across BV-negative and BV intermedi-
ate samples (Fig. 2C). In the BV-negative group, both
biological processes cumulatively made up over 80%
of the relative abundance at both visits, similar to the
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BV intermediate group at visit 1 (Fig. 2C). Histone
H4 acetylation and membrane raft polarization were
significantly less abundant in the BV-positive group
across both visits compared to the BV-negative groups
(Table 1, Supplementary Table 2, Additional file 2).

The glycolytic process had the highest relative abun-
dance in the BV-positive group (31.3% v1; 33.7% v2)
(Fig. 2C) and was significantly more abundant in the BV-
positive group at both visits in comparison to the BV-
negative group (7.6% v1; 7.2% v2; Table 1; Supplementary
Table 2, Additional file 2). Proteasome-mediated ubiq-
uitin-dependent protein catabolic processes were also
more abundant in BV-positive women (4.0% visit 1; 4.2%
visit 2), and this was significant at both visits compared
to BV-negative women (0.6% visit 1; 0.7% visit 2) (Table 1;
Supplementary Table 2, Additional file 2). Biological
processes that constituted less than 1% across each BV
state were included under the category “other” for visual
purposes.

Thirteen biological processes were more abundant in
the BV negative group compared to the BV intermedi-
ate group at visit 1, including Golgi to plasma membrane
transport and vesicle docking involved in exocytosis, and
several cellular responses to stresses (heat, osmotic, and
oxidative) (Table 1). Ten biological processes were found
to be significantly more abundant in the BV-positive
compared to the BV intermediate group.

Fungal and bacterial taxa relative abundance correlated

We calculated Spearman’s rank correlation coefficients
using iBAQ values to explore the strength of linear rela-
tionships between common fungal taxa that were identi-
fied to be differentially expressed from the limma ¢-test
(n=10) and bacteria (identified using our metaproteom-
ics data) found to be associated with BV states in the lit-
erature (n=11) (Fig. 5). M. sympodialis had the strongest
positive correlation with the key BV-associated bacterium
Gardnerella vaginalis, as well as positive associations
with other BV-associated bacteria including Mobiluncus
mulieris, Prevotella amnii, Prevotella sp. S7-1-8, Megas-
phaera genomosp. type_l, Megasphaera sp. UPII 135-E,
and Sneathia amnii (Fig. 5). Candida spp. (including C.
albicans, C. thasaenensis, C. lusitaniae) correlated posi-
tively with multiple lactobacilli, including Lactobacillus
crispatus, L. iners, and L. jensenii (Fig. 5). The strongest
negative correlations were observed between M. sympo-
dialis and L. crispatus, followed by G. vaginalis and C.
albicans (Fig. 5). Furthermore, C. albicans, C. thasaen-
ensis, and C. lusitaniae had many negative associations
with bacteria: P amnii, Megasphaera genomo sp. type_1,
Megasphaera sp. UPII 135-E, and S. ammnii (Fig. 5). C.
coronatus also correlated negatively with lactobacilli: L.
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crispatus, L. iners, and L. jensenii (Fig. 5). These correla-
tions reflect that M. sympodialis and C. coronatus were
more prevalent in the BV-positive state than the BV-neg-
ative state, whereas Candida spp. were more prevalent in
BV-negative compared to BV-positive women.

A Bayesian network was used to model the conditional
dependencies among fungi and bacterial species, to cap-
ture interactions among species [81]. This provides a
more accurate representation of the underlying relation-
ships than what is represented by the linear relationships
in Spearman’s correlations. This analysis confirmed many
of the fungal-bacterial associations identified from the
Spearman’s correlation (Fig. 6). The fungus M. sympodi-
alis was again strongly associated with L. crispatus and
G. vaginalis (Fig. 6). Likewise, C. albicans was strongly
associated with G. vaginalis, P. amnii, and Prevotella sp.
S77-1-8. C. thasaenensis was strongly associated with
Prevotella sp. S7-1-8, and L. crispatus. Regarding the
relationships between fungal taxa, the strongest associa-
tions were observed between C. albicans, C. lusitaniae,
and C. thasaenensis (strength =1) (Fig. 6).

Fungal community composition was associated with pH,
STls and inflammation
A redundancy analysis was performed to determine
whether any of the clinical variables significantly
explained the variation in vaginal fungal community
composition (Supplementary Fig. 3, Additional file 2).
The variables vaginal pH (r*=0.14; p-value=0.002),
Nugent score (#=0.28; p-value=0.001), clue cells
(*=0.14; p-value=0.001), C. trachomatis infection
(r*=0.04; p-value=0.020), pro-inflammatory cytokines
(*=0.05; p-value=0.044), and chemokines (*=0.15;
p-value=0.001) were each associated with fungal com-
munity composition. We also quantified the associations
between fungal taxa (n=45) and clinical factors at visit
1 using Spearman’s correlation tests (Supplementary
Fig. 4, Additional file 2). Fungal taxa that correlated posi-
tively with BV-associated bacteria, including M. sympo-
dialis and A. alternata, were positively correlated with
increased Nugent score, a diagnostic marker of BV. Con-
versely, other yeast taxa (including C. abicans, C. thasae-
nensis, C. lusitaniae, C. orthopsilosis, and T. delbrueckii)
were negatively correlated with Nugent score and clue
cells (Supplementary Fig. 4, Additional file 2). The taxa
M. sympodialis, L. pennispora, Wallemia mellicola, A.
alternata, and R. vinicolor had positive correlations with
vaginal pH (Supplementary Fig. 4, Additional file 2).
Regarding STI associations, the total iBAQ value
for M. sympodialis had a negative correlation with the
presence of 1. vaginalis, whereas R. globosum, Schizo-
saccharomyces japonicus, O. colligata, and Schizosac-
charomyces cryophilus had a positive correlation with
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Fig. 5 Correlations between differentially expressed common fungal (n=10) and bacterial taxa associated with BV and inflammation from visit
1 samples (n=113) using a Spearman’s correlation. Fungal taxa are highlighted in purple. Red circles represent negative correlations (negative
r-value), and blue circles represent positive correlations (positive r-value). The size of the circle represents the strength of the correlation (r-value),
darker colors, and circle size represent stronger correlations. M. sympodialis had the strongest positive correlation with the bacterium G. vaginalis.
The strongest negative correlation was observed between C. albicans and G. vaginalis

the presence of this STI (Supplementary Fig. 4, Addi- Additional file 1); however, this correlation was nega-
tional file 2). The only significantly positively correlated  tive (Supplementary Fig. 4, Additional file 2). A number
fungal taxon with the presence of N. gonorrhoeae was  of fungal taxa showed significant positive correlations
Cryptococcus neoformans, an opportunistic fungus that ~ with the visible presence of yeast cells (determined by
has been previously reported in one study to infect Gram staining), including yeast species C. neoformans,
the vagina ( [82]; Supplementary Table 1 in Additional C. orthopsilosis, Cutaneotrichosporon oleaginosum, L.
file 1). Similarly, the only significantly correlated fun-  elongisporous, T. marneffei, C. dubliniensis, and Tricho-
gal species with the presence of M. genitalium was C.  derma gamsii (Supplementary Fig. 4, Additional file 2).
orthopsilosis, a commonly found species in the vagi- The presence of visible yeast cells tended to positively
nal mycobiome [22, 83] (Supplementary Table 1 in correlate with the total fungal iBAQ value, but this
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Fig. 6 Bayesian network depicting the associations between differentially abundant common fungal taxa (n=10) and optimal (green)

and non-optimal bacterial (red) taxa linked with BV and inflammation (n=11) at visit 1 (1=113). The selected BV and inflammation-associated
bacteria were obtained from the literature. Arrows represent the microbial taxa that have an association with other microbial taxa,

with only associations with a strength > 0.8 depicted. Candida species are highlighted in yellow and the remainder of fungi are highlighted in white

correlation was not found to be significant (Supple-
mentary Fig. 4, Additional file 2), and C. trachomatis
showed a positive correlation, although insignificant
(Supplementary Fig. 4, Additional file 2). Candida spe-
cies (C. albicans, C. orthopsilosis, C. thasaenensis, C.
lusitaniae, K. marxianus, and C. dubliniensis) were
found to be significantly positively correlated with total
fungal iBAQ value, with C. orthopsilosis as the most
strongly associated (Supplementary Fig. 4, Additional
file 2). All correlations observed between fungal taxa
and clinical variables were confirmed using samples for
visit 2 (n=289).

A Bayesian Network analysis allowed us to confirm
most of the fungal-clinical variable relationships identi-
fied from Spearman’s correlation analysis (Supplemen-
tary Fig. 5, Additional file 2). In this analysis, one of
the strongest associations was between M. sympodialis
with T. vaginalis and with Nugent score, which could be

a result of T vaginalis and M. sympodialis both associ-
ating with BV (Supplementary Fig. 5, Additional file 2).
Clue cells had strong associations with C. thasanensis,
while C. albicans was associated with Nugent score and
vaginal pH.

Discussion

Here, for the first time, we explore the vaginal metapro-
teome. Fungi constituted 0.4% of the FGT metaproteome
and consisted of genera previously detected by molecu-
lar techniques in vaginal samples, Candida, Aspergillus,
Alternaria, Clavispora, Trichosporon, and Malassezia
[22, 83-87]. We also identified genera that have been
reported less frequently, including Cryptococcus, Peni-
cillium, Torulaspora, and Lodderomyces [84, 86, 88],
and several unique genera, such as Teratoramularia,
Endocarpon, and Rhizoclosmatium that have not been
detected in previous human mycobiome studies, to our
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knowledge. Rhizoclosmatium has characteristically been
found in damp and aquatic environments and Endocar-
pon in soil [89] and could be a result of contamination in
the environment and swabs. However, many opportunis-
tic pathogens (e.g., Aspergillus fumigatus and C. neofor-
mans) are naturally found in soil or other environmental
niches. Since these taxa contain ubiquitous housekeep-
ing proteins (actin and ATPase), sequences are simi-
lar across fungal taxa, peptides can be shared between
multiple organisms [90] and clear taxonomic annota-
tion is not always feasible in metaproteomics or could
represent unsequenced human fungi. Another hypoth-
esis is that these taxa were present as a result of vaginal
product use, hygiene habits, and water purity [91] since
surfaces and cavities in the human body are exposed to
exogenous environmental fungi that can enter the FGT
from various external sources [88]. For example, a South
African study by [92] showed that women insert a range
of products into their vaginas, such as crushed tobacco,
Knorrox stock cubes (a food seasoning), rice water, and
water after soaking jellyfish or tree bark. However, more
work is required to determine the influence of vaginal
insertion and hygiene practices on the microbiome [93].
Just as the microbial underpinnings of BV are complex
and varied, so too are the influences of a woman’s sexual,
sanitary, and other practices [94]. Finally, we did not per-
form proteomics on an environmental swab, and some
fungi may have been present in the collection room or on
the swabs themselves. The FGT microbiome also differs
between different geographic areas; therefore, it is possi-
ble these fungal taxa are normal commensals as no other
studies have examined the FGT mycobiome in South
African women to date [3, 53, 95]. Since many factors are
able to drive change and dysbiosis in the microbiome; in
the future, it will be beneficial to examine the contribu-
tion of environmental factors and geography to the FGT
mycobiome.

Some fungal taxa found in the gut are transient and
allochthonous [96-98]. Since the anus and the vagina
are in close proximity, microorganisms can be trans-
located externally via wiping and/or during bathing;
consequently, members of the gut microbiota may be
shared with the FGT microbiota [98]. This may explain
the presence of Ustilago maydis (a maize fungus) previ-
ously found in the gastrointestinal tract [99, 100], and the
food-associated fungus Hebeloma cylindrosporum (an
edible mushroom) in our study, since fungi consumed as
part of the diet can be detected in gut microbiome stud-
ies [98, 99]. U. maydis has been previously found in the
FGT [85] and has also been found to be closely related
to Malassezia, a commonly detected skin fungus which
has been found in the vagina [101]. Clinical samples are
highly susceptible to environmental contamination, such
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as airborne fungi [22]. Controlling all factors in a clini-
cal environment proves difficult during sample collec-
tion; however, to determine whether our unique fungal
identifications are true FGT colonizers, transient fungi,
or merely contaminants, additional controls are required
to account for environmental contaminants (e.g., air sam-
ples from clinics and laboratories, and skin samples from
clinicians and laboratory technicians). Further, whether
the proteins are from viable organisms remains to be
demonstrated.

Understanding the FGT mycobiome in the context of
BV is critical for the development of effective treatment
strategies to reduce the prevalence of this condition and
the associated adverse outcomes. The many correlations
that were observed between fungal taxa and bacteria sug-
gest that interactions between the mycobiome and the
bacteriome likely occur and may be explained by bio-
physical and metabolic interactions, including quorum
sensing, biofilm formation, production of secondary
metabolites, and cellular signal transduction [102-106].
Negative correlations between C. albicans and the fun-
gal taxa that had a greater relative abundance during
the BV-positive state (M. sympodialis, C. coronatus, and
A. alternata) may be due to differing abilities to survive
in different BV states or may be due to quorum-sensing
molecules such as farnesol. C. albicans secretes farnesol,
which is able to control the morphology of other fungi,
inhibiting hyphal growth, and early biofilm forma-
tion [107, 108], thereby controlling the pathogenesis of
fungi. Fungi flourish as biofilms and Candida, Aspergil-
lus, Cryptococcus, Fusarium, Malassezia, Trichosporon,
and Rhizopus have all been shown to form biofilms
[109-115]. In light of this, more work needs to be done to
understand the interactions that occur between fungi in
the FGT microbiome.

Several Candida spp. have been suggested to form part
of an optimal microbiome, without causing a sympto-
matic infection [22, 50, 51, 53, 87]. The majority of Can-
dida spp. in our study were prevalent, significantly more
abundant in BV-negative women and positively corre-
lated with Lactobacillus spp. Similarly, FGT colonization
with Candida spp. has been shown to be more common
in women with a Lactobacillus-dominated FGT than in
women with dysbiosis [22, 44, 48]. Hong et al. (2016) and
Moodley et al. (2002) [4, 116] also showed that women
with detectable C. albicans were more likely to have a low
Nugent score (<4). However, C. albicans is also detected
and is the most dominant fungal taxon in BV-positive
women [88, 117] since Candida spp. have the potential to
be pathogenic and proliferate due to its dimorphic nature
[118]. From previous studies, fungal mutants limited
to either the hyphal or yeast form were avirulent, sug-
gesting that the ability to reversibly transition between
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morphological forms is essential for virulence [119, 120].
The transition of yeast to hyphae in C. albicans is usu-
ally triggered by certain environmental cues, such as high
temperature (37 °C), pH, nutrition availability, and the
transition can be inhibited by quorum-sensing molecules
[107, 108]. The hyphal state is required for vaginal infec-
tion as it affects numerous properties that contribute to
the virulence of this species, including the expression
of morphology-dependent cell wall adhesins, secreted
hydrolytic enzymes, proteases, and the ability to form
biofilms [50, 121, 122]. Membrane raft polarization, a
biological process that was inversely associated with BV
in this study, has been suggested to contribute to hyphal
growth and to the pathogenesis of C. albicans and may
thus aid in the colonization of BV-negative women [123].
Candida can also metabolically adapt to the host micro-
environment and the nutrients available [124]. For exam-
ple, C. albicans cells are able to induce glycolytic genes
during mucosal invasion [125, 126]. Glucose metabolism
by C. albicans appears to be essential during infection
because immune cells rely on glucose for survival [127];
therefore, glycolysis is thought to contribute to success-
ful host colonization and pathogenesis [128]. This may
explain the high relative abundance of the fungal glyco-
lytic biological process during the BV-positive state.

A number of other differences in fungal GO biological
processes between BV-positive and BV-negative women
were identified. However, these may be a reflection of
the differential abundance of the associated fungal taxa,
rather than an indication of specific functional changes,
as many biological processes identified as being differ-
entially abundant have housekeeping roles. However,
differences in processes such as histone H4 acetylation,
chromatin organization, and heterochromatin assembly
by small RNA may indicate alterations in fungal tran-
scriptional activity between BV-negative and BV-positive
women [129]. Additionally, the increased relative abun-
dance of various stress response biological processes in
BV-negative women may relate to environmental differ-
ences associated with BV status, such as vaginal pH.

Malassezia has been found in molecular studies to be a
constituent of an optimal FGT microbiome [88], however
Malassezia and Lactobacillus spp. have also been shown
to co-occur infrequently [85]. There are two hypoth-
eses that could explain this observation: either reduced
colonization with Lactobacillus may give Malassezia an
opportunity to colonize the FGT microbiome from the
skin or specific fungal inhabitants could create an envi-
ronment that inhibits Lactobacillus growth. M. sympo-
dialis is a lipid-dependent yeast and has the ability to
hydrolyze lipids in its surrounding environment by using
lipolytic enzymes and integrate the fatty acids into the
fungal cells, which are essential for their survival and
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possibly play an essential role in the pathogenesis of this
species [130]. Fatty acids have been demonstrated to have
an inhibitory effect on fungal growth, which may explain
the negative correlation between M. sympodialis and C.
albicans (usually highly abundant in BV-negative indi-
viduals) [131]. Conversely, pathogens like C. trachoma-
tis are obligate intracellular bacteria and auxotrophic
for various metabolites, such as nucleotides, ATP, and
amino acids [132]. They depend on host cells to provide
these compounds, allowing them to replicate within
vaginal epithelial cells. For instance, yeasts secrete an
array of metabolites, mainly amino acids, and may ben-
efit the feeding of species such as C. trachomatis [133].
The upregulation of various amino acid biosynthesis
processes in our study may be attributed to this nutrient
cross-feeding.

Malassezia was also found to be prevalent in the FGT
of women with high-risk human papillomavirus types
and has been shown to be associated with a high Nugent
score (>8) [4]. Therefore, the overabundance of M. sym-
podialis during BV is plausible, as Malassezia appears to
be associated with non-optimal conditions. The relative
abundance of the fungal species C. coronatus was also
greater during BV; however, only one study has shown
the presence of this taxon in the FGT and more work
would be required to confirm this species’ involvement in
the FGT [134].

This study had some limitations since mycobiome
research is relatively new in the metaproteomics field,
and this method requires a well-annotated protein
sequence database that sufficiently represents the diver-
sity of proteins present in samples. Therefore, many fun-
gal taxa cannot be classified due to the scarcity of fungi in
sequence databases. To overcome this limitation, we sug-
gest the use of shotgun metagenomics to further examine
more fungal taxa present in samples, in addition to the
bacteriome. It should be noted that databases only allow
us to uncover fungi that have already been cultured, and
characterized, which remains difficult with ~90% of fun-
gal species remaining unknown. Cultivation of many
fungi remains challenging due to their diverse and spe-
cialized requirements, but there is significant motiva-
tion to advance fungal cultivation techniques to provide
medical treatments and ecological insights. The depth of
data collected could be improved by developing fraction-
ation methods to increase the representation of lower
abundance proteins prior to mass spectrometry analysis
and reduce the interference between peptides. This will
consequently increase the coverage of the metaproteome,
and in turn, increase fungal identifications. Future work
should incorporate environmental swabs and fungal cul-
ture to confirm which aspects of the FGT mycobiome are
true inhabitants of that space.
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Conclusion
This study illustrates on a small scale the complex rela-
tionship between the mycobiome and the bacteriome
in the FGT. Fungal communities likely affect and/or are
affected by bacterial communities, their metabolites, and
host responses. Since we are only beginning to under-
stand the potential role fungal communities play in the
FGT microbiome, more work is needed to improve our
understanding of the relationship between the FGT myc-
obiome and FGT diseases.
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wall swabs from 123 women from Cape Town, South Africa. Raw MS files
were processed with MaxQuant using a database that was created by
manually curating a fungal pan proteome database and concatenated

to a Metanovo database. The intensity-based absolute quantification
(iBAQ) values for fungal proteins were normalised, log2-transformed,

and imputed using the k-nearest neighbor method. Bacterial vaginosis
(BV) groups were defined by Nugent score. At visit 1, 57 patients were

BV positive, 47 were BV negative and 7 were BV intermediate. At visit

2, 37 patients were BV positive, 38 were BV negative, and 5 were BV
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intermediate. From left to right, BV negative, BV intermediate to BV
positive. Figure S3. Redundancy analysis (RDA) showing the relationships
between fungal community composition and clinical factors at visit 1 (n
= 113). The length of arrows represents the degree of the contribution of
the factor to the fungal community structure. Factors are not depicted on
the RDA plot as they are not quantifiable like vectors. Six variables (vaginal
pH, Nugent score, clue cells, C. trachomatis infection, pro-inflammatory
cytokines, and chemokines) were associated with fungal community
composition. Nugent score associated the most with fungal community
composition. Figure S4. Correlations between fungal taxa identified (n =
45) and clinical variables at visit 1 (n = 113) using a Spearman’s correla-
tion analysis. Fungal taxa are highlighted in purple. Red circles represent
negative correlations (negative r-value), and blue circles represent positive
correlations (positive r-value). The size of the circle represents the strength
of the correlation (r-value), the darker colours and increased circle size
represent stronger correlations. Yeast species negatively correlated with
Nugent score and clue cells. Malassezia sympodialis, Linderina pennispora,
Wallemia mellicola, Endocarpon pusillum, Hebeloma cylindrosporum,
Alternaria alternata, Trichosporon asahii, and Rhizopogon vinicolor had
significant negative correlations with Nugent score and clue cells. Candida
species were significantly positively correlated with total fungal iBAQ
value. Figure S5. Bayesian Network depicting the associations between
common differentially abundant fungal taxa (n = 14) and clinical variables
(blue) visit 1 (n = 113). Arrows represent associations between fungal taxa
and clinical variables, with only associations with strength values > 0.8
depicted. Thickness of arrow represents strength of the association. The
strongest associations were between Malassezia sympodialis, L. transver-
sale and Trichomonas vaginalis. M. sympodialis and C. albicans showed

an association with Nugent score. Clue cells had strong associations with
Candida thasaenensis. Clinical variables are highlighted in blue.

Additional file 3: Table S1. Differentially abundant proteins, fungal taxa,
and biological processes between bacterial vaginosis (BV) states using a
non-parametic Wilcoxon rank sum test and adjusted limma test at visit

1. Table S2. Differentially abundant proteins, fungal taxa, and biological
processes between bacterial vaginosis (BV) states using a non-parametic
rank sum test an adjusted limma test at visit 2.
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