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ABSTRACT

STUDY QUESTION: Do polycystic ovary syndrome (PCOS), menstrual cycle phases, and ovulatory status affect reproductive tract
(RT) microbiome profiles?

SUMMARY ANSWER: We identified microbial features associated with menstrual cycle phases in the upper and lower RT micro-
biome, but only two specific differences in the upper RT according to PCOS status.

WHAT IS KNOWN ALREADY: The vaginal and uterine microbiome profiles vary throughout the menstrual cycle. Studies have
reported alterations in the vaginal microbiome among women diagnosed with PCOS.

STUDY DESIGN, SIZE, DURATION: This prospective case-control study included a cohort of 37 healthy control women and 52
women diagnosed with PCOS. Microbiome samples were collected from the vagina as vaginal swabs (VS) and from the uterus as en-
dometrial flushing (EF) aspirate samples, and compared according to PCOS diagnosis, the menstrual cycle phases, and ovulatory sta-
tus, at Oulu University Hospital (Oulu, Finland) from January 2017 to March 2020.

PARTICIPANTS/MATERIALS, SETTING, METHODS: A total of 83 VS samples and 80 EF samples were collected. Age and body mass
index (BMI) were matched between women with and without PCOS. Clinical characteristics were assessed using blood samples col-
lected between cycle days 2 and 8, and microbial DNA was sequenced on the Ion Torrent platform. Microbial alpha diversity (i.e. the
observed number of unique genera and Shannon diversity index) was analysed across sample types, PCOS diagnosis and menstrual
cycle phases. Linear mixed-effects models were utilised to identify microbial features in relation to PCOS and the menstrual cycle
phases. Associations between the beta diversity of the RT microbiome and PCOS- and cycle-related clinical features were calculated
using PERMANOVA.

MAIN RESULTS AND THE ROLE OF CHANCE: Microbial alpha diversity showed no difference with PCOS (VS: Popserved feature = 0.836,
Pshannon = 0.998; EF: Pobserved feature = 0.366, Pshannon = 0.185), but varied with menstrual cycle phases (VS: Pobserved feature = 0.001,
Pshannon = 0.882; EF: Pobserved feature = 0.026, Pshannon = 0.048). No difference was observed in beta diversity based on either PCOS or the
menstrual cycle phases (VS: Ppcos = 0.280, Peycle = 0.115; EF: Ppcos = 0.234, Pcyce = 0.088). In the endometrial flushing samples, we
identified two novel microbial features, characterised by the ratio of differential abundance of two genera, associated with PCOS
(FDR < 0.1) and 13 novel features associated with the menstrual cycle phases (FDR < 0.1).

LIMITATIONS, REASONS FOR CAUTION: Although this was the first study to simultaneously analyse, the lower and upper RT micro-
biome in women with and without PCOS, the limited sample size of anovulatory cases may hinder the detection of differences re-
lated to PCOS and ovulatory status.

WIDER IMPLICATIONS OF THE FINDINGS: The main finding suggests that PCOS and the menstrual cycle phases are associated with
specific microbial features in the upper RT, indicating that the analysis of the upper RT microbiome can potentially identify bio-
markers for both PCOS and menstrual cycle phases.
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Introduction

With numerous studies leveraging advanced sequencing technol-
ogies to examine the communities of microorganisms, termed
the microbiome, the analysis of the female reproductive tract
(RT) microbiome has also become possible (Baker et al., 2018;
Molina et al., 2020). The vagina is predominantly inhabited by
Lactobacillus (Chen et al., 2017), which helps to maintain an acidic
environment with a pH ranging between 3.5 and 4.5, effectively
preventing pathogen infections (Skarin and Sylwan, 1986; Hawes
et al., 1996). The vaginal microbial community shifts in response
to hormonal changes during the menstrual cycle, with an in-
creasing abundance of Lactobacillus from menses during the pro-
liferative phase (PP) and into the secretory phases (SP), under
high oestrogen levels, accompanied by a decrease in alpha diver-
sity (Gajer et al., 2012; Chaban et al., 2014; Chen et al., 2017; Krog
et al., 2022). Importantly, alterations in the vaginal microbial
community have been associated not only with gynaecological
diseases, such as bacterial vaginosis (BV) (Skarin and Sylwan,
1986), chronic endometritis (Liu et al., 2019), and endometriosis
(Hernandes et al., 2020), but also with reproductive complica-
tions, such as in vitro fertilisation (IVF) failure (Hyman et al., 2014;
Benner et al., 2018). However, thus far, the majority of research
on the RT microbiome has focused on the vaginal microbiome,
leaving a significant gap in understanding the upper RT micro-
biome, including its composition in fertility and infertility-
associated diagnoses (Molina et al., 2020).

Polycystic ovary syndrome (PCOS) is a common endocrine and
metabolic disorder affecting one out of eight women (Teede et al.,
2023). PCOS is not only characterised by systemic low-grade in-
flammation and insulin resistance but also by the increased risk
of adverse reproductive outcomes, such as anovulation, pre-
eclampsia, and preterm birth (Palomba et al., 2015; Teede et al.,
2023). The aetiology of PCOS is complex and multigenic (Bruni et
al., 2022; Stener-Victorin et al., 2024), while some data also sug-
gest a role for altered gut microbiome (Lull et al., 2021; Sola-Leyva
et al., 2023; Lee et al., 2024). Recently, the involvement of the RT
microbiome in PCOS has gained attention (Sola-Leyva et al,
2023). Previous studies have demonstrated an increased alpha di-
versity and a decreased relative abundance of Lactobacillus in the
vaginal microbial communities of women with PCOS (Hong et al.,
2020; Tu et al.,, 2020). Nevertheless, research on the RT micro-
biome lags behind gut microbiome studies. Moreover, changes in
the upper RT microbiome in relation to PCOS, particularly in the
endometrium, remain unexplored.

In this study, we aimed to characterise and compare the vagi-
nal and uterine microbiome using less-invasively acquired sam-
ples, namely vaginal swab (VS) and endometrial flushing (EF)
samples, in contrast with tissue biopsies. Secondly, we analysed
the associations between microbial compositions and PCOS, con-
sidering both ovulatory and anovulatory status, as well as their
associations with menstrual cycle phases, irrespective of PCOS
diagnosis. To our knowledge, this is the first study to simulta-
neously explore the lower and upper RT microbiome in women
with and without PCOS.

Materials and methods

Study population

A total of 83 VS samples from 28 healthy controls and 33 PCOS
women and 80 EF samples from 30 healthy controls and 37 PCOS
women were collected at Oulu University Hospital (Oulu,
Finland) from January 2017 to March 2020 (Fig. 1). The study was
approved by The Regional Ethics Committee of the Northern
Ostrobothnia Hospital District, Finland (65/2017), and all study
participants provided signed informed consent. We followed the
principles of the Declaration of Helsinki in designing and con-
ducting the study. Women who had used hormonal medication
during the 3 months prior to sample collection and smokers were
excluded. Some women donated multiple samples; however,
only one sample was collected in each cycle. Control women
were in good health, had regular menstrual cycles, and did not
have a diagnosis of PCOS (Table 1). PCOS was diagnosed based on
the Rotterdam consensus, which requires the presence of a
minimum of two of the following three clinical features: oligo-
anovulation, hyperandrogenism, and polycystic ovarian mor-
phology (Teede et al., 2023). Within the PCOS group, women were
divided according to the presence or absence of ovulation defined
by urinary LH testing, clinical evaluation in ultrasonography, and
histological analysis of the endometrial biopsy. In those with an-
ovulatory PCOS (no positive LH surge after longer tracking), ultra-
sonography revealed ovaries with arrested antral follicles that
fail to progress to the preovulatory stage, while histological
analysis confirmed an inactive endometrium characterized by
quiescent glands and a lack of mitotic activity (Franks and
Hardy, 2020).

Clinical measurements

Clinical parameters, including sex hormones and metabolic indi-
ces, were measured on the day of the clinical visit. Blood samples
collected between cycle days 2 and 8 were analysed. Serum levels
of LH, follicle-stimulating hormone (FSH), anti-Millerian hor-
mone (AMH), and sex hormone-binding globulin (SHBG) were
measured by Elecsys assays (Roche) using a cobas e411 analyser,
and serum testosterone and progesterone were measured by an
Agilent 1290 Rapid Resolution LC System (Agilent, San Jose, CA,
USA) (Hakkinen et al., 2019). Free androgen index (FAI) was calcu-
lated by dividing testosterone (nmol/L) by SHBG (nmol/L) and
multiplying by 100. Plasma glucose was analysed by an enzy-
matic dehydrogenase method (Advia 1800, Siemens Healthcare
Diagnostic Inc., Tarrytown, NY, USA), and serum insulin was
measured by a chemiluminometric immunoassay (Advia
Centaur XP, Siemens Healthcare Diagnostics, Tarrytown, NY,
USA). Homeostatic model assessment insulin resistance (HOMA-
IR) was calculated using the following formula: (fasting serum in-
sulin  [uU/ml] x fasting plasma glucose [mmol/1/22.5).
Demographic and anthropometric traits of the study subjects are
summarised in Table 1.

G20z Alenuepr gz uo Jasn seues) seull\ 8 [eiepa- apepisiaAiun Aq 90¥ 1 S6./0.Z8eep/daiwny/ce0 L 0L /1op/ajole-aoueape/daiwny/wod dnoolwapese//:sdyy Woll papeojumo(



Reproductive tract microbiome in PCOS and cycle | 3

Vaginal swab (VS)

Endometrial flushing (EF)

Both sample type
providers
18 healthy controls
21 women with PCOS

33 women with PCOS

N

28 healthy controls

N

Single sample Multiple sample

Single sample Multiple sample Single sample Multiple sample

37 women with PCOS

N

Single sample Multiple sample

30 healthy controls

N

provider provider provider provider provider provider provider provider
(18 women) (10 women) (26 women) (7 women) (23 women) (7 women) (31 women) (6 women)
No. of samples No. of samples No. of samples No. of samples || No. of samples No. of samples No. of samples No. of samples
(n=18) (n=23) (n=26) (n=16) (n=23) (n=14) (n=31) (n=12)

Figure 1. Study cohort overview. A total of 83 VS samples were obtained from 28 controls and 33 women with PCOS, and a total of 80 EF samples were
collected from 30 healthy controls and 37 women diagnosed with PCOS. A subject who provided two or more samples, collected from different
menstrual cycle phases, was represented as a ‘multiple sample provider'. EF, endometrial flushing; VS, vaginal swab.

Table 1. Clinical characteristics of women with and without PCOS.

Controls PCOS ovulatory PCOS anovulatory P-value
Age, years 31.00 [28.00; 37.50] (37) 35.00 [30.00; 38.00] (43) 32.00 [24.00; 38.50] (9) 0.238
BMI, kg/m? 26.40 [23.15; 31.65] (37) 27.60 [22.80; 32.00] (43) 28.60 [23.75; 37.70] (9) 0.432
Fasting glucose, mmol/l 5.20 [4.80; 5.50] (37) 5.30 [4.98; 5.60] (42) 5.60 [5.25; 6.35] (9) 0.038
Fasting insulin, mU/ 7.10 [5.00; 9.85] (37) 8.10 [5.50; 10.80] (43) 9.90 [7.15; 19.15] (9) 0.121
HOMA-IR 1.63 [1.08; 2.55] (37) 1.87 [1.16; 2.63] (42) 2.81[1.98; 4.99] (9) 0.024
AMH, ng/ml 2.51[1.54; 4.06] (37) 4.73[2.53;5.82] (42) 9.08 [4.35; 10.78] (9) <0.001
Testosterone, nmol/l 0.89 [0.80; 1.33] (37) 1.19 [o 95; 1.40] (43) 2.22[1.76;2.71] (9) <0.001
SHBG, nmol/l 62.00 [41.10; 89.57] (37) 49.43 [40.36; 70.27] (42) 34.62[19.97; 56.97] (9) 0.038
FAI 1.85[1.14; 2.33] (37) 2.43[1.48;3.10] (42) 6.42 [3.36; 10.37] (9) <0.001
LH, IU/1 6.93 [5.94; 10.22] (31) 7.87 [6.47;9.33] (36) 16.46 [11.57; 25.23] (9) 0.005
FSH, IU/1 7.14 [6.36; 8.34] (31) 6.49 [5.56; 7.63] (36) 6.59 [5.59; 8.86] (9) 0.571
Progesterone, nmol/l 0.54 [0.34; 0.77] (31) 0.48 [0.30; 0.75] (37) 0.36[0.22; 0.67] (9) 0.129

Clinical parameters were assessed using blood samples collected between cycle days 2 and 8 (median with [Q1; Q3]). The number of subjects is indicated in
parentheses. A P-value was determined by the Kruskal-Wallis test, and bold values represent P < 0.05.
AMH, anti-Miillerian hormone; BMI, body mass index; FAI, free androgen index; FSH, follicle-stimulating hormone; HOMA-IR, Homeostatic Model Assessment for

Insulin Resistance; LH, luteinizing hormone; SHBG, Sex hormone-binding globulin.

Microbiome sample collection and
DNA extraction

Ovulatory samples were collected during either the PP (cycle
days 6-8) or the SP following the LH surge, at LH +2-4 (2-4days
post-LH-peak, early SP (ESP)), +7-8 (7-8 days post-LH-peak, mid-
SP (MSP)), or +11-12 days (11-12 days post-LH-peak, late SP (LSP)).
The LH surge was identified using a Clearblue digital urine test in
the morning, and the presence of the corpus luteum was con-
firmed through transvaginal ultrasonography using Voluson E8
(GE Healthcare Technologies, USA). The anovulatory samples
were obtained on any day convenient for the women.

Following the examination of the corpus luteum via transvagi-
nal ultrasonography, a swab was gently inserted into the vagina,
brushed on the vaginal wall, and then removed. The swab was

immediately placed into a sterile tube and stored in a —80°C deep
freezer before microbial DNA extraction. Subsequently, 1 ml of
sterile 0.9% saline solution was administered into the uterine
cavity using a syringe connected to a Pipelle® catheter. Following
a ten-second interval, the flushing was aspirated and promptly
transferred into a sterile tube. The EF samples were then placed
on ice and stored at —80°C deep freezer for subsequent microbial
DNA extraction. There were 18 control women and 21 women
with PCOS provided who both types of samples (i.e. VS and EF
samples) (Fig. 1). Finally, a total of 83 VS samples (controls n =41
and PCOS n=42) and 80 EF samples (controls n=37 and PCOS
n=43) were acquired, which were categorised according to the
menstrual cycle phases as follows (PP: controls VS n=11, EF
n=38, PCOS VS n=18, EF n=38; ESP: controls VS n=4, EF n=11,
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PCOS VS n=38, EF n=8; MSP: controls VS n=12, EF n=10, PCOS
VS n=4, EF n=11; LSP: controls VS n=14, EF n=8, PCOS VS
n=7, EF n=10; anovulatory: PCOSVSn=5, EFn=56).

Microbial DNA was extracted from the frozen VS and EF sam-
ples using the DNeasy PowerSoil PRO kit (Qiagen) following the
manufacturer’s instructions, and the quantity and quality of
DNA were measured using a NanoDrop 1000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The hypervariable
regions V4-V5 of the 16S small ribosomal unit gene were ampli-
fied with a forward primer 519F (5'-CAGCMGCCCGCGGTAATWC-
3) with a 30bp long Ion Torrent adapter sequence, a 9-bp long
barcode sequence, and a single nucleotide linker A, and a reverse
primer 926R (5'-CCGTCAATTCCTTTRAGTTT-3'), which included
an lon Torrent adapter sequence. Polymerase chain reactions
(PCRs) were conducted in duplicates. A total reaction volume of
20l included a 1xPhusion HF buffer, 0.5uM of forward and re-
verse primers, 200uM of dNTPs, 0.5 U of Phusion enzyme
(Thermo Scientific, Finland), 20 ng of genomic community DNA
as the template, and molecular-grade water. After an initial
3min denaturation at 98°C, the following cycling conditions were
used: 26 cycles at 98°C, 10s; at 64°C, 10s; and at 72°C, 20s. PCR
products were pooled and purified using the AMPure XP PCR
clean-up kit (Agencourt Bioscience, CA, USA), and the purified
DNA was quantified with a Bioanalyzer DNA chip (Agilent
Technologies, CA, USA). The DNA samples were sequenced on a
316 Chip v2 with Ion Torrent 400 bp chemistry (Life Technologies,
USA) at the Biocenter Oulu Sequencing Center (Oulu, Finland)
with an Ion Torrent PGM sequencer.

Microbiome data analyses

The sequences were processed and analysed using Quantitative
Insights Into Microbial Ecology 2 (QIIME2) (Bolyen et al., 2019). A
sequence quality threshold was set as 20 and reads shorter than
200bp were removed. In the demultiplexing step, primer, bar-
code sequences and chimeric reads were filtered out from the
dataset, and the reads were denoised using QIIME2-implemented
DADA? (Callahan et al., 2016). The reads were trimmed at base 18
and truncated at base 30 based on the quality plots. After the
demultiplexing step, a total of 2 086 749 reads (range: 1644-8262)
with an average of 12 802 reads per sample was identified:
1049 311 reads from the VS samples (range: 368-48 048) with an
average of 12 988 reads per sample and 1 008 696 reads from the
EF samples (range: 1644-54 166) with an average of 12 608 reads
per sample. The sequences were clustered into observed fea-
tures, and taxonomy assignment was conducted using a
pre-trained naive Bayes taxonomy classifier against the SILVA
database (version 138.1) with a similarity threshold of 99%. To
eliminate contaminant reads from the negative control samples
used during RT-PCR and sequencing, an R package decontam
(version 1.8.0) was performed, resulting in the removal of 65
amplicon sequencing variants (ASVs). In total, 2636 ASVs were
identified. For downstream analysis, the ASVs were aggregated
into the genus level, which resulted in a total of 578 genera.

Filtering microbiome data

We removed seven EF samples with exceptionally low numbers
of reads (<1000), resulting in 83 samples for VS and 73 samples
for EF. In total, 114 genera were identified from the VS samples
and 545 genera, from the EF samples. These genus-level micro-
biome profiles were used to calculate the alpha diversity metrics
and inter-individual microbiome differences for beta-diversity
analysis for each sample type separately. For differential abun-
dance analysis, we focused on genera detected in at least 20% of
the samples for the corresponding sample type to limit the

number of tests carried out. This resulted in 13 genera for the VS
samples and 33 genera for the EF samples.

Statistical analysis

The baseline characteristics of the study subjects were analysed
using IBM SPSS Statistics version 27 (IBM Corporation, Armonk,
NY, USA). For continuous variables, statistical differences were
analysed using the Kruskal-Wallis test.

The observed number of unique genera and the Shannon di-
versity index were used to assess the alpha diversity of the micro-
bial community using the vegan package (version 2.5.6). Linear
mixed models were used to assess the association between alpha
diversity, PCOS, and menstrual cycle phases. Likelihood ratio
tests were used to assess the statistical significance of PCOS and
menstrual cycle phases, with the baseline model having the co-
variate of interest removed from the model description.

The Euclidean distance on the unfiltered centred log-ratio
(CLR) transformed genus-level microbiome profile was used to
calculate the between-sample distances for the beta diversity
analysis. Permutational analysis of variance (PERMANOVA) on
the Euclidean distances was used to test the associations be-
tween the phenotypes (i.e. PCOS diagnosis, menstrual cycle
phases) and microbiome composition using 10 000 permutations
for the P-value calculations (Anderson, 2001). PERMANOVA was
carried out using the adonis function in the vegan package (v.2.5-
6.). To apply the CLR transformation, zero counts were imputed
with a pseudocount of 0.5.

For differential abundance analysis, linear mixed-effects mod-
els on the pairwise log-ratios (PWLRs) of the microbial genera
were applied considering PCOS status and menstrual cycle
phases as fixed effects (78 log-ratios for VS and 595 log-ratios for
EF). Similar to beta diversity analysis, zero counts were imputed
with a pseudocount of 0.5 before the PWLR transformation. The
analysis was conducted for VS and EF separately. Likelihood ratio
tests were used to assess the significance of PCOS and menstrual
cycle phases, with the baseline model having the covariate of in-
terest removed from the model description. The Benjamini-
Hochberg procedure was used to account for multiple tests.

Results

Clinical characteristics of study subjects

We refer to VS as the lower RT microbiome sample and EF as the
upper RT microbiome sample. PCOS cases and the controls were
matched for age (controls, median 31; PCOS ovulatory, median
35; PCOS anovulatory, median 32; P=0.238) and BMI (controls,
median 26.40; PCOS ovulatory, median 27.60; PCOS anovulatory,
median 28.60; P=0.432) (Table 1). The women with PCOS in our
study displayed significant dysregulation in both endocrine and
metabolic features, which was particularly severe in those who
experienced anovulation. For example, the PCOS cases showed
higher HOMA-IR values compared to the controls (controls, me-
dian 1.63; PCOS ovulatory, median 1.87; PCOS anovulatory, me-
dian 2.81; P=0.024). Additionally, the PCOS cases exhibited
significantly increased testosterone (controls, median 0.89; PCOS
ovulatory, median 1.19; PCOS anovulatory, median 2.22;
P <0.001) and FAI levels (controls, median 1.85; PCOS ovulatory,
median 2.43; PCOS anovulatory, median 6.42; P<0.001), along
with decreased SHBG levels (controls, median 62.00; PCOS ovula-
tory, median 49.43; PCOS anovulatory, median 34.62; P=0.038) in
comparison to the controls (Table 1).
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Landscape and compositional differences within
the RT microbiome

A total of 114 genera (mean=*sd per sample 9*5.8) were
detected for the microbiome obtained from the VS samples,
while 545 genera (mean =+ sd per sample 33 = 23.7) were detected
for the microbiome obtained from the EF samples. Similar to pre-
vious studies, Lactobacillus was the most abundant genera in both
the VS and EF microbiomes (Chen et al.,, 2017; Tao et al.,, 2017;
Kyono et al.,, 2018), with the average abundance being slightly
higher in the VS microbiome (VS: 85.0%30.0; EF: 74.4%35.0%)
(Fig. 2a, Supplementary Table S1). The most prevalent genera
were largely shared by the vaginal and uterine microbial commu-
nities, with Atopobium, Streptococcus, Prevotella, and Shuttleworthia
being the most abundant (Fig. 2a, Supplementary Table S1).

Our first aim was to compare the lower and upper RT micro-
biome profiles. At the compositional level, there was a

remarkable difference between the VS and EF microbiome, as il-
lustrated by the genus-level taxonomic profiles and principal
component analysis biplot (PERMANOVA R? = 4.16%, P < 0.0001)
(Fig. 2b). The EF profiles exhibited significantly higher observed
richness (mean *+sd VS=8.9+5.85; EF=32.9+23.70;
P<2.2¥107'%) and Shannon index (mean*sd VS=0.30+0.47;
EF=0.81+0.84; P=2.6 * 107%) when compared to the VS profiles
(Fig. 2c). Concerning the secondary analysis, a subset of samples
from individuals who provided both VS and EF sample types was
investigated to assess the variation within and between individu-
als as well as the composition of the VS and EF microbiome. We
found that the VS and EF microbiome profiles from the same in-
dividual were more similar than those from two distinct subjects
(P =0.021), as indicated by Aitchison distance (Aitchison et al.,
2000) (Supplementary Fig. S1). This shows that the taxonomic
profiles obtained with different sample types (i.e. VS and EF)
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Figure 2. Microbial landscape and comparison of the lower and upper RT microbiome profiles. (a) genus-level taxonomic profiles for VS (upper panel)
and EF (lower panel) samples. The top ten most abundant genera according to the average relative abundance are shown, with remaining genera
grouped as ‘other’. (b) principal component analysis biplot for the genus-level CLR-transformed microbiome profile, coloured by the lower and upper
RT samples. (c) differences in microbiome alpha diversity between the lower and upper RT samples. CLR, centred log-ratio; EF, endometrial flushing;
PC, principal component; PERMANOVA, Permutational analysis of variance; RT, Reproductive tract; VS, vaginal swab.
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identify individual-specific signals. Additionally, we observed
that the microbiome profiles obtained from the same individual
VS samples (n=13) during different menstrual cycle phases were
more similar when compared to VS samples from random indi-
viduals (P=0.0001). This indicates that the individual-specific sig-
nals are also identifiable across menstrual cycle phases in VS
microbiome. Nevertheless, this pattern was not observed for the
EF microbiome (P=0.32), likely due to the low number of sam-
ples (n=7).

Microbiome alterations associated with PCOS and
menstrual cycle phases

Next, we analysed the associations between the RT microbiome
and PCOS diagnosis, considering the ovulatory status of women
with PCOS, as well as between the RT microbiome and the men-
strual cycle phases. Given the significant differences in composi-
tion between the VS and EF microbiome profiles, we performed
separate analyses for each sample type. We observed no statisti-
cally significant differences in alpha diversity regarding PCOS
status in either the VS or EF profiles (linear mixed-effects models
for controls, PCOS ovulatory, and PCOS anovulatory samples, VS:
Popserved = 0.836, Pshannon = 0.988; EF: Popserved = 0.366, Pshannon =
0.185) (Fig. 3a, Supplementary Fig. S2). Although PCOS microbial
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communities exhibited increased Shannon diversity compared to
the control community in the EF microbiome, these differences
did not reach statistical significance. Similarly, no PCOS-related
differences in microbiome beta diversity were observed
(PERMANOVA, VS: R? = 1.4%, P=0.280, EF: R? = 1.6%, P=0.234)
(Fig. 3b). On the other hand, the menstrual cycle phases were sig-
nificantly associated with microbiome alpha diversity (linear
mixed-effects models for the five different cycle phases, VS:
Popserved = 0.001, Pshannon = 0.882; EF: Popserved = 0.026, Pshannon =
0.048), when all PCOS cases and controls were analysed together
(Fig. 3c, Supplementary Fig. S2). In both VS and EF microbiome
profiles, microbial diversity clearly decreased from the PP into
the SP. The anovulatory samples did not exhibit any statistically
significant differences in alpha diversity compared to all ovula-
tory samples. Similar to PCOS, no statistically significant associa-
tion between the menstrual cycle phases and microbiome beta
diversity was observed (PERMANOVA, VS: R? = 6.5%, P=0.115; EF:
R? = 6.6%, P=0.088) (Fig. 3d). We additionally examined the asso-
ciation between RT microbiome composition and PCOS- and
menstrual cycle phases-related clinical parameters, including
endocrine and metabolic factors. We found that the microbial
community was strongly associated with SHBG (PERMANOVA,
VS: R? = 3.73%, P=0.009; EF: R? = 2.58%, P=0.023) and fasting
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Figure 3. Microbiome changes related to PCOS and menstrual cycle phases. Differences in alpha diversity (Shannon index) by (a) PCOS status and (c)
menstrual cycle phases. P-values on the plot correspond to post-hoc pairwise t-tests. Principal component analysis biplot for the genus-level CLR-
transformed microbiome beta diversity by the (b) PCOS status and (d) menstrual cycle phases. AO, anovulatory; CLR, centred log-ratio; EF, endometrial
flushing; ESP, early secretory phase; LSP, late secretory phase; MSP, mid-secretory phase; PC, principal component; PP, proliferative phase; VS,

vaginal swab.
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Table 2. Reproductive tract microbiome variance explained by
clinical parameters.

VS (R?) P-value EF (R?) P-value
PCOS-related parameters
Fasting glucose 0.73% 0.779 2.02% 0.070
Fasting insulin 3.26% 0.028 1.67% 0.219
HOMA-IR 2.24% 0.093 1.62% 0.234
AMH 0.61% 0.877 1.34% 0.532
Testosterone 0.84% 0.719 1.24% 0.797
SHBG 3.73% 0.009 2.58% 0.023
FAI 2.24% 0.097 1.65% 0.317
Cycle-related parameters
LH 0.93% 0.649 1.07% 0.610
FSH 1.14% 0.504 1.22% 0.434
Progesterone 2.59% 0.050 1.98% 0.115

Variance explained (R?) according to the PERMANOVA model with Euclidean
distance on the CLR-transformed microbiome profiles. Bold values

represent P < 0.05.

AMH, anti-Miillerian hormone; CLR, centred log-ratio; EF, endometrial
flushing; FAI, free androgen index; FSH, follicle-stimulating hormone; HOMA-
IR, Homeostatic Model Assessment for Insulin Resistance; LH, luteinizing
hormone; PERMANOVA, Permutational analysis of variance; SHBG, sex
hormone-binding globulin; VS, vaginal swab.

insulin levels (PERMANOVA, R? = 3.26%, P=0.028) in relation to
PCOS (Table 2). However, no significant associations were found
with the menstrual cycle phases.

To study the microbiome alterations related to PCOS and the
menstrual cycle phases in greater detail, we focused on the
PWLR between two bacterial genera. Microbiome sequencing
data contain only relative information about bacterial abundan-
ces, a property known as compositionality, which can invalidate
the analytical results if not properly accounted for (Gloor et al.,
2017). The aim of analysing log-ratios, which has become a
widely used approach for analysing microbiome data, is to allevi-
ate issues with data compositionality (Aitchison, 1982; Gloor
et al.,, 2017; Quinn et al., 2021). Using linear mixed-effects models,
we identified two log-ratios of bacterial taxa associated with
PCOS related to the abundance of Rhodoferax in the EF micro-
biome. Specifically, the ratios of Acetobacteraceae uncultured/
Rhodoferax and Bryobacter/Rhodoferax were significantly lower in
PCOS anovulatory communities compared to control and PCOS
ovulatory communities (FDR<0.1) (Fig. 4a, Supplementary Table
S2). Additionally, we observed 13 log-ratios of bacterial taxa asso-
ciated with the menstrual cycle phases in the EF microbiome
(FDR<0.1) (Fig. 4b, Supplementary Table S2). Focusing on PWLR
further allowed us to directly compare the effects of PCOS and
the menstrual cycle phases on the studied log ratios obtained
from both the VS and EF microbiomes (Fig. 4c and d). Following
the small number of associations between the RT microbiome
and PCOS, the effect sizes for PCOS obtained from VS and EF
were not correlated (r = —0.037, P=0.769) (Fig. 4c). Therefore, our
findings suggest that PCOS-associated signals found in EF micro-
biome are not shared with the lower (VS) RT microbiome. On the
other hand, the effect sizes for the menstrual cycle phases
showed a strong correlation (r=0.503, P<2.2 * 107*¢), indicating
that the lower (VS) and upper (EF) RT microbiome convey similar
signals and could partially serve as an alternative for each
other (Fig. 4d).

Discussion

Previous studies have identified alterations in the vaginal and en-
dometrial microbiome profile during the menstrual cycle phases
(Chaban et al., 2014; Chen et al., 2017; Sola-Leyva et al., 2021; Krog
et al., 2022) and associations between the vaginal microbiome

and PCOS (Sola-Leyva et al., 2023). Nevertheless, our understand-
ing of the vaginal and uterine microbiome profiles in individuals
with PCOS, as well as those with inherent anovulatory condi-
tions, remains relatively limited. In this study, we addressed this
gap by comprehensively investigating both the lower and upper
RT microbiome: (i) among women with and without PCOS, also
considering the ovulatory status of the participating women, and
(ii) throughout the menstrual cycle.

Our study is the first to investigate the lower and upper RT
microbiome in women with PCOS in parallel. We observed con-
siderable community diversity of the lower and upper RT micro-
biome between PCOS cases and controls. Although the vaginal
microbiome of women with PCOS has been reported to have in-
creased alpha diversity and compositional changes, including a
decreased abundance of Lactobacillus (Hong et al., 2020) and an in-
creased abundance of Mycoplasma and Prevotella (Hong et al., 2020;
Tu et al., 2020), our study did not confirm these findings. This
may be explained by the fact that previous studies did not ac-
count for age, BMI, and ovulatory status, when comparing
women with and without PCOS (Hong et al., 2020; Tu et al., 2020).
Given that these confounding factors are associated with PCOS
characteristics such as hyperandrogenism and insulin resistance
(Hsu, 2013; Moran et al., 2015), as well as with the microbiome
(Allen et al, 2022; Medina-Bastidas et al., 2022), our careful
matching of cases and controls for these factors likely explains
comparable microbiome profiles between women with and with-
out PCOS. Additionally, despite the more pronounced hormonal
imbalances in anovulatory cases, we found comparable micro-
biome profiles between ovulatory and anovulatory PCOS women.
Given that previous studies have demonstrated sex hormone-
associated microbial changes in the RT microbiome (Xu et al,,
2020; Lu et al., 2021; Wu et al., 2021), the lack of significant differ-
ences may be attributed to the limited number of anovulatory
samples analysed.

We also identified potential features of PCOS that may influ-
ence RT microbiome profiles. Our results revealed strong correla-
tions between the RT microbiome profiles and fasting insulin and
SHBG levels, consistent with the clinical characteristics of PCOS,
including insulin resistance and reduced SHBG levels (Stener-
Victorin et al., 2024). SHBG plays a crucial role in regulating se-
rum sex hormone levels by binding to oestrogen and testosterone
(Dunn et al., 1981; Yan et al., 2024). Additionally, SHBG can be in-
directly modulated by chronic inflammation, which may affect
liver function (Osmancevic et al., 2023), and by the presence of
metabolic syndrome (Allan and McLachlan, 2010). Our findings
provide new insights into the impact of endocrine-metabolic dys-
regulation in PCOS on the RT microbiome.

The ratios of Acetobacteraceae to Rhodoferax and Bryobacter to
Rhodoferax in the upper RT microbiome were significantly lower
in PCOS cases compared to those in controls. This suggests a
lower abundance of Acetobacteraceae or Bryobacter or a higher
abundance of Rhodoferax. The family Acetobacteraceae, a group
of acetic acid-producing bacteria, not only demonstrates antimi-
crobial properties but also plays a crucial role in glucose metabo-
lism. This family of microbes impedes the growth of pathogens
by employing organic acids, which reduce intracellular pH and
disrupt cellular processes (Chen et al., 2016). Moreover, the family
Acetobacteraceae contributes to lowering blood glucose levels
through a decrease in disaccharidase activity (Ogawa et al., 2000),
leading to increased glucose uptake and its conversion to glyco-
gen (Hlebowicz et al., 2007), and the adenosine monophosphate-
activated protein kinase pathway (Sakakibara et al., 2006).
Meanwhile, an elevated abundance of Rhodoferax has been noted
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Figure 4. Changes in the abundances of microbial genera based on PCOS status and the menstrual cycle phases. (a) Log ratios of genera associated
with PCOS in the EF samples (FDR <0.1). (b) CLR abundances by menstrual cycle phases for log ratios of genera associated with the menstrual cycle
phases in the EF samples (FDR <0.1). Colours represent z-scores after scaling the data row-wise. Similarity of fixed regression coefficients (beta) for (c)
PCOS and (d) menstrual cycle phases for PWLR obtained from the lower (VS; vertical axis) and upper (EF; horizontal axis) RT microbiome profiles using
the linear mixed-effects model. AO, anovulatory; CLR, centred log-ratio; EF, endometrial flushing; ESP, early secretory phase; FDR, false discovery rate;
LSP, late secretory phase; MSP, mid-secretory phase; PP, proliferative phase; PWLR, pairwise log-ratio; VS, vaginal swab.

within the endometrial microbial community of patients
experiencing recurrent implantation failure (Chen et al., 2022).
This may potentially indicate a less supportive upper RT micro-
biome environment against pathogens, metabolic regulation and
fertility in women with PCOS compared to the microbiome in
non-PCOS controls.

The decrease in alpha diversity observed from the prolifera-
tive phase to the secretory phase is known to be associated with
sex hormone changes (Chen et al., 2017; Krog et al., 2022). The PP
samples were collected at cycle days 6-8 before oestradiol peak,
while the SP samples were obtained after the LH surge.
Oestrogen causes glycogen accumulation in the vaginal epithe-
lium, while progesterone triggers the release of glycogen into the
vaginal lumen by lysing the epithelium (Shen et al, 2022).
Consequently, in the SP, increased nutrient availability leads to
an increase in the abundance of Lactobacillus, along with de-
creased species richness and evenness within the community
(Chen et al., 2017; Song et al., 2020; Krog et al., 2022). This may im-
ply a microbial community that is more stable and less diverse
during the SP compared to the PP. On the other hand, the com-
munity diversity of anovulatory samples was comparable to that
of ovulatory samples, despite severe hormonal imbalances pre-
sent in the anovulatory cases. Further research with increased

sample sizes is necessary to examine the reproductive tract
microbiome in intrinsic anovulatory cases and its associations
with hormonal and metabolic imbalances.

Several log ratios exhibited significant changes throughout
the menstrual cycle, including the ratio between Streptococcus
and Staphylococcus. Both Staphylococcus and Streptococcus are op-
portunistic pathogens related to endometritis and adverse repro-
ductive outcomes (Cicinelli et al., 2008; Kitaya et al., 2018;
Medina-Bastidas et al., 2022). Given the heightened endometrial
immune status in the LSP, which creates a more protective envi-
ronment against pathogens compared to earlier SP (Yang et al.,
2019), one would expect decreases in their abundance. Therefore,
further investigation into this association is warranted, and
employing techniques such as absolute quantification would fa-
cilitate a better understanding of the role of these bacteria.

Our results indicate that EF samples can identify specific
PCOS and menstrual cycle phase-related signals more distinctly
when compared to the VS samples. This can be attributed to the
unique niche of the endometrium. With its low biomass of
microbes and isolated location from the external environment
(O’Callaghan et al., 2020), the substantial changes in endometrial
tissue environment may cause slight, but significant
alterations in the local microbial community. Additionally, the
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endometrium maintains a neutral pH (7.5-7.8), fostering bacte-
rial proliferation, contrasting with the acidic nature of the lower
RT (Lykke et al., 2021). Consequently, these unique anatomical
and biochemical characteristics of the endometrium may lead to
a more pronounced response, leading to PCOS-related changes in
the microbiome, becoming visible only in the endometrial sam-
ples and not in the VS samples. Therefore, we encourage
researchers to study the upper RT microbiome in relation to
PCOS and other infertility-associated conditions, as it may pro-
vide unique and potentially novel biomarkers for reproductive
complications.

Successive sample collection following the exact determina-
tion of the menstrual cycle phases, and even encompassing an-
ovulatory cases, enhanced the reliability of our findings. This
study pioneered the employment of anovulatory samples arising
from intrinsic hormone imbalances, an area that remains rela-
tively unexplored compared to studies on anovulation induced
by hormonal contraception (Song et al., 2020; Krog et al., 2022).
Furthermore, by considering the menstrual cycle phases, which
have significant effects on the RT microbiome (Molina et al., 2021;
Lull and Org, 2023; Sola-Leyva et al., 2023), as well as matching
the age and BMI of cases and controls, both of which impact the
development of PCOS (Hsu, 2013; Moran et al., 2015), we mitigated
the potential influence of confounding factors on the results.
However, the small sample size of anovulatory cases may have
hindered the detection of microbial differences in this particular
condition. Moreover, the limited number of VS samples in certain
menstrual cycle phase may affect the attainability of statistical
power. Furthermore, we cannot rule out the possibility of con-
tamination of the EF samples from the lower RT, despite using a
catheter and conducting careful sample collection by experi-
enced gynaecologists. As summarised in Lill and Org (2023),
sampling methods are critical in endometrial microbiome re-
search, as they can introduce significant biases in microbial com-
position. Given the significant roles of oestrogen in reproductive
health and its influence on RT microbial communities, the fact
that serum oestrogen levels fell below the detection limit of lig-
uid chromatography-mass spectrometry may restrict the investi-
gation of the interactions between oestrogen and the RT
microbiome. Additionally, employing metagenomic approaches
like whole shotgun sequencing could enhance the resolution for
identifying bacteria at the genus and strain levels, as well as their
functional capabilities. This could potentially reveal underlying
mechanisms linking to PCOS or menstrual cycle phases that
were beyond the scope of this study. Despite these limitations,
this study revealed specific alterations in the RT microbiome
among women with PCOS and its ovulatory sub-phenotypes, and
across the menstrual cycle phase, as well as in changes in micro-
bial diversity according to the menstrual cycle phase, in well-
characterised study participants and samples by exploring both
the lower and upper RT microbiome concurrently.

Conclusion

This study simultaneously examined the lower and upper RT
microbiome in relation to PCOS and the menstrual cycle phases.
We found specific novel microbial features, represented by taxo-
nomic ratios, associated with PCOS, as well as with the men-
strual cycle phases in the upper RT microbiome. Additionally,
the PCOS RT microbiome showed significant associations with
fasting insulin and SHBG levels, and there were significant
changes in microbial diversity across the menstrual cycle. This
descriptive study offers initial insight into the upper RT

microbiome in women with PCOS, establishing a foundation for
future research into the role of the RT microbiome in the aetiol-
ogy and potential treatment of PCOS.

Supplementary data

Supplementary data are available at Human Reproduction online.
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