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Metagenomic analysis identified
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pathological association hetween
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Objective: To identify different microbial species in women with polycystic ovary syndrome (PCOS) and reveal a possible relationship
between gut dysbiosis and pathological changes.

Design: Cross-sectional study.

Setting: Academic institution.

Patient(s): Reproductive-aged women with PCOS (n = 14) and controls (n = 14) from the Centre for Reproductive Medicine.
Intervention(s): Shotgun metagenomic sequencing on fecal samples from patients, and clinical parameters (including body mass in-
dex, endocrine hormone levels, and glycemia level) gathered for correlation analysis.

Main Outcome Measure(s): Identification of different gut microbial strains and relativity between microbiota and clinical parameters.
Result(s): We found several microbial strains were statistically significantly more abundant in the PCOS group, including Parabacteroides
merdae, Bacteroides fragilis, and strains of Escherichia and Shigella, whereas Faecalibacterium prausnitzii was enriched in the control group.
Metagenomic species (MGS) analysis revealed that the microbes of the PCOS group were negatively correlated with those of the control group.
Of note, we observed a positive correlation between MGS relevant to PCOS and endocrine disorders, including body mass index and elevated
levels of serum testosterone, luteinizing hormone, and antimiillerian hormone. Functional alterations, reflected by Kyoto Encyclopedia of
Genes and Genomes orthologues, could imply potential mechanisms of microbial involvement in the developmental progress of PCOS.
Conclusion(s): Our findings suggest an intimate association and potential mechanisms linking microbial dysbiosis and the pathophys-
iologic changes of PCOS. We address the importance of monitoring and modulating microbial composition and functional shifts in
future clinical practice. (Fertil Steril® 2020;113:1286-98. ©2020 by American Society for Reproductive Medicine.)

El resumen esta disponible en Espaiiol al final del articulo.
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and endometrial cancer (3-5). Polycystic ovary syndrome
affects not only women’s physical health but also their
mental health (6). Although the pathogenesis of PCOS
remains unknown, the interplay between genetic and
environmental factors has been suggested to play a key role
in its development (7).

As one of the environmental factors, gut microbiota has
attracted increasing attention owing to its vital role in the
metabolic and immune systems. The composition of gut mi-
crobiota depends not only on disease states but also on age,
gender, ethnicity, dietary habits, and medication (8-11). Gut
microbial dysbiosis is associated with the development of
chronic metabolic conditions such as obesity, diabetes, and
nonalcoholic fatty liver disease (12-14). Bacteria dysbiosis
is also linked to altered energy homeostasis, increased
inflammation, and choline and bile acid metabolism, all of
which are considered important to the development of a
metabolic disorder (15).

Many studies using 16S rRNA sequencing techniques to
compare women with PCOS and control groups have found
distinctive differences in the diversity and composition of
gut microbiota (16-19). They have observed altered
microbial taxa associated with clinical parameters,
including the levels of serum total testosterone and
luteinizing hormone (LH), and insulin resistance (17-20).
Moreover, research conducted by Qi et al. (21) to
investigate the impact of the gut microbiota on the
regulation of PCOS-associated ovarian dysfunction and in-
sulin resistance found the application of probiotics improved
steroid hormone levels in PCOS patients (22) and murine
models (23). These findings suggested that modifying the
gut microbiota and altering bile acid metabolism could be
of value for the treatment of PCOS.

However, despite the correlations between microbial dys-
biosis and clinical parameters in PCOS patients, some inves-
tigations have had inconsistent results regarding the altered
gut microbial taxon. Although 16S rRNA sequencing allows
reliable taxa resolution up to the genus level, it has not pro-
vided information about the functional characteristics.
Shotgun metagenome studies go far beyond conventional
16S rRNA microbiome sequencing, and add a functional
component to the microbiome analysis (24, 25). Thus, we
used multiomics technologies to explore the taxonomic struc-
ture of specific strains and identify the microbial function and
metabolic mechanisms of strain-specific involvement in the
developmental progress of PCOS.

In addition, we conducted a correlation analysis between
the clinical parameters and microbial abundance. Although
many researchers have found gut microbiologic dysbiosis in
PCOS, few have explained the pathologic changes these mi-
crobiota promote. Understanding this pathologic progression
would further our knowledge of how gut microbiota apply to
PCOS. By comparing the functional Kyoto Encyclopedia of
Genes and Genomes (KEGG) orthologues (KOs) enriched in
women with PCOS compared with controls, we profiled the
functional differences of the corresponding microbiomes
and propose possible pathologic mechanisms of PCOS devel-
opment. Our study provides novel prospects for microbial
investigation into the pathogenesis of PCOS as well as
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suggests the value of monitoring microbiomes in future clin-
ical treatments for PCOS.

MATERIALS AND METHODS
Study Participants

The participants in our study were recruited from female pa-
tients during their first appointment with the Centre for
Reproductive Medicine at Ren Ji Hospital, part of the School
of Medicine at Shanghai Jiao Tong University. The medical
information from all the participants was reviewed, and we
recorded data on the age of menarche, duration of menstrual
periods, menstrual cycle, fertility desires, and history of infer-
tility and treatments. The inclusion criteria for this study were
[1] 20 to 35 years of age and [2] Han ethnicity. The exclusion
criteria were [1] hyperprolactinemia, hypo- or hyperthyroid-
ism, or abnormal liver, kidney, or heart function; [2] gastro-
intestinal disease, active infections, thyroid dysfunction,
hyperprolactinemia, hypertension, or diabetes mellitus; [3]
oral contraceptives, glucocorticoids, antiandrogen agents,
ovulation induction agents, diabetic drugs, or other steroid
agents taken within 3 months; or [4] antibiotic therapy
received within at least 3 months before the study.

Fourteen PCOS patients fulfilled all three of the Rotter-
dam criteria (2), and 14 non-PCOS patients were selected
who had tubal factor infertility with regular menstrual cycles
and normal ovarian morphologies. All the participants were
defined as either not overweight (<24 kg/m?) or overweight
(=24 kg/mz) by the cutoff points for body mass index
(BMI) in the Chinese BMI reference from the Group of China
Obesity Task Force (26). All participants were asked to record
their daily dietary habits, including the different types and to-
tal amount of carbohydrate ingestion per day. Their daily
intake of desserts, beverages, yogurt, vegetables, and fruit
as well as their defecation routine and preferred method of ex-
ercise were also collected via written questionnaire.

This study was approved by the Ren Ji Hospital, School of
Medicine, Shanghai Jiao Tong University, and all participants
gave their written, informed consent about the use of clinical
data and fecal samples. All experimental procedures were re-
viewed and approved by the institutional review board, and
signed, informed consent was obtained from each patient
(number 2015030307).

Laboratory Measurements

Baseline blood samples were collected on day 3 of a natural
cycle for hormone and metabolic measurements. The plasma
and serum aliquots were stored at —80°C before the tests. The
levels of follicle-stimulating hormone (FSH), luteinizing hor-
mone (LH), total testosterone, fasting blood glucose, thyroid-
stimulating hormone (TSH), and antimillerian hormone
(AMH) were measured by chemiluminescent assay (Roche Di-
agnostics) or enzyme-linked immunosorbent assay (Kangrun)
kits.

Sample Collection and DNA Extraction

Fresh fecal samples were collected from the participants on
their first visit and before any pharmacotherapy treatment
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at the Centre for Reproductive Medicine. These samples were
then transported to the laboratory with an ice pack within 2
hours. All samples were then snap frozen and stored at
—80°C before analyses. We extracted DNA from each fecal
sample using an improved protocol based on the QIAamp
Fast DNA Stool Mini Kit instructions (Qiagen). In more detail,
1 mL of InhibitEX buffer and a sufficient number of glass
beads (0.5 mm diameter; Qiagen) were added to each 200
mg of feces. The mixture was homogenized and beaten with
60 Hz for 1 minute, twice with a homogeneous instrument
(FASTPREP-24; Aosheng Biotech). We subsequently per-
formed DNA purification according to the manufacturer’s
instructions.

Metagenomic Sequencing

Following the Illumina TruSeq DNA Sample Prep v2 Guide (Il-
lumina), we constructed the DNA libraries with approxi-
mately 5,000-base pair (bp) insert sizes for the 28 fecal
samples (14 from PCOS patients and 14 from the controls).
The quality of all libraries was evaluated using an Agilent
2100 Bioanalyzer (Agilent Technologies) and the DNA Lab-
Chip 1000 kit. All samples were subjected to 150-bp paired-
end sequencing on an Illumina HiSeq 4000 platform (Illu-
mina). Reads containing three ambiguous N bases were
removed, and those containing lower-quality (Q <20) bases
were trimmed. Reads containing less than 60% of high-
quality bases (Phred score > 20) were deleted and then map-
ped to the human genome based on alignment with SOAPa-
ligner 2.21) (27). Consequently, an average of 97.88% high-
quality reads were obtained from all samples. The sequence
data we report have been deposited in the NCBI database
(accession no. PRINA549764 [metagenomic sequencing
data]).

De Novo Assembly and Construction of the Gene
Catalogue

To construct the gene catalogue, filtered high-quality reads of
all samples were assembled into contigs using SOAPdenovo
(version 1.05). In total, 935,241 contigs (minimum length of
500 bp) were generated. These contigs had an average N50
length of 12,568 bp and ranged from 3,813 to 43,826 bp. Pre-
diction of open reading frames (ORFs) in contigs was realized
by MetaGeneMark (version 2.10). The nonredundant gene
catalogue set was constructed by pairwise comparison of pre-
dicted ORFs (gene length >100 bp) using CD-HIT (version
4.5.7; identity >95%, and coverage >90%). The final nonre-
dundant gene catalogue contained 842,737 ORFs with an
average length of 843 bp. The nonredundant genes were an-
notated against the KEGG database by BLAST version
2.2.28+ (high-scoring segment pair scoring >60). We accu-
mulated the relative abundance of all orthologous genes to
generate the relative abundance of each KO.

Taxonomic and Gene Profiling

We used SOAPaligner 2.21 to align clean reads to the micro-
bial reference genomes downloaded from the U.S. National
Center for Biotechnology Information (NCBI, http://www.

ncbi.nlm.nih.gov). The taxonomic relative abundance profile
was generated according to the procedure described by Qin
et al. (28). Reads aligned to multiple taxa were allocated pro-
portionally to read counts uniquely mapped to these taxa
(normalized by genome length). The same strategy was used
for the gene abundance profile.

Taxonomic and KO Marker Identification

To identify species that were differentially abundant among
the two groups, we applied Wilcoxon tests—along with
Benjamini-Hochberg multiple test correction—to calculate
the probabilities that frequency profiles did not differ between
the two groups. Based on a threshold of P< .05, we found 506
species. A similar P value and group enrichment method was
also computed for the genes and KOs.

Metagenomic Species Analysis

Genes were clustered into metagenomic species (MGS) as fol-
lows. Briefly, based on the relative abundance across all sam-
ples, the differentially abundant genes (P<.05 in the
Wilcoxon test) were clustered using single-linkage clustering
(Pearson correlation coefficient, P>.8). Subsequently, the
mean relative abundance of each cluster with more than 25
genes was computed separately for controls and PCOS pa-
tients. Clusters with P>.9 were fused to produce MGS. We
generated 52 and 34 clusters from 8,780 “control” enriched
genes and 10,494 “PCOS” enriched genes, respectively. They
were annotated to a taxonomical assignment from strain to
super kingdom level. The relative abundance of the 86 MGS
was computed using the 25 tracer genes.

Correlation Network of MGS

The co-occurrence pattern was constructed between the MGS
using the method described by Zhang et al. (29). Each MGS
was calculated using the mean value from all samples in
each group. Statistical P values were corrected using the false
discovery rate (FDR) method of the p.adjust package in R
(https://www.r-project.org). Correlations have an absolute
Pearson correlation above 0.6 with an FDR-corrected statisti-
cal significance level under 0.1. These correlations were trans-
formed into links between two MGS in the co-occurrence
network. The co-occurrence networks were then visualized
using Cytoscape 3.0.2 (https://cytoscape.org).

Statistical Analyses

To analyze the statistical significance of the different taxo-
nomic (phylum, genus, and species) levels, genes, and KOs,
we used the nonparametric Wilcoxon test (wilcox.test in R).
The Benjamini-Hochberg method correction was used in mul-
tiple comparisons. Enriched features with P<.05 were identi-
fied, and the enrichment group was then determined
according to a higher rank-sum value. The linear discriminant
analysis (LDA) effect size (LEfSe) method was used to deter-
mine the organisms most capable of explaining differences
between the two groups. Different organisms with an LDA
score cutoff of 2.0 were identified. For continuous variables,
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the differences between groups were analyzed with
independent-samples #-tests, and the mean + standard devi-
ation in each group is reported. For categorical variables,
Fisher’s exact test was used at a two-sided significance level
of .05.

RESULTS

Clinical, Hormone, and Metabolic Variables of
Participants

All the participants were at their first visit to our reproductive
center, and none had undergone any antibiotic or hormone
therapy (such as clomiphene, letrozole, or progestins) for at
least 3 months before this study. Age did not differ among
the groups. We summarize the clinical, hormone, and meta-
bolic data of the recruited participants in Table 1.

To examine the characterization of PCOS patients and
effect of BMI, we also subdivided the women with PCOS
and the control group by weight, and found BMI to be statis-
tically significantly higher in the overweight group
compared with the nonoverweight group. Besides longer
menstrual cycles, women with PCOS had higher levels of
AMH, LH, and total testosterone compared with the control
group. When excluding the effect of BMI, the AMH, LH,
and total testosterone levels were increased in the over-
weight women with PCOS, whereas only AMH and LH levels
were increased in the normal weight women with PCOS.
Notably, the concentration of FSH was obviously lower in
the overweight group compared with the nonoverweight
group. To distinguish the influence of disease, we then
compared the FSH level between the normal weight and
overweight controls, and the normal weight and overweight
women with PCOS. The baseline FSH level was statistically
significantly lower in the overweight control group
(P=.047) and PCOS group (P=.026) (data not shown). The
levels of TSH and fasting blood glucose were not different
among the groups.

We also obtained information on the daily dietary habits
of each participant via a questionnaire (Supplemental Table 1,
available online). The eating habits, including dietary fre-
quency, dessert and soda beverage intake, and yogurt and
fruit consumption, were not different among the groups.
This excluded the effect of daily diet on gut microbiota and
suggested that any attribution was from disease.

Microbial Composition and Diversity of Gut
Microbiota

A total of 587,358,019 reads were identified as clean reads
through analysis of the high-throughput sequencing results.
An average of 6.3 Gb clean reads was generated per sample.
These reads were aligned to the reference genomes from the
U.S. National Center for Biotechnology Information and Hu-
man Microbiome Project. Accumulation and rarefaction
curves were used to evaluate the adequacy of sample size.
As indicated in Supplemental Figure 1A (available online),
the interquartile range became smaller, and the number of
genera detected was closer to 1,000, as the sample size
increased. The curve began to plateau when the sample size
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reached 28, indicating that the sample size selected for
sequencing was adequate. The rarefaction curve also impli-
cated suitable experimental data for further analysis (see
Supplemental Fig. 1B).

To find out the composition of intestinal microbiota of
women enrolled in this study, we compared the variety and
relative abundance of taxon in the two groups. The major mi-
crobial taxa in samples of two groups were Bacteroidetes, Fir-
micutes, and Proteobacteria at the phylum level
(Supplemental Fig. 2A, available online). At the genus level,
the intestinal flora of the two groups was dominated by
some microbial genera, such as Bacteroides, Prevotella, Alis-
tipes, and Parabacteroides (see Supplemental Fig. 2B). Based
on abundance detection at the species level, most of the mi-
crobial species that composed the gut microbiota are currently
unknown (see Supplemental Fig. 2C). Similar results were ob-
tained in the dominant species analysis. For the top 20 species
that enriched the control group, 14 belonged to the genus
Bacteroides, three to the genus Prevotella, two to the genus
Clostridium, and one to the species Alistipes putredinis (see
Supplemental Fig. 1C). As for the dominant species in the
PCOS group, 15 belonged to the genus Bacteroides, two to
the genus Parabacteroides, two to the genus Prevotella, and
one to the species Alistipes putredinis (see Supplemental
Fig. 1D).

Next, to determine the differences in the community
membership among the different groups, we performed prin-
ciple component analysis (PCA) and analysis of variance (AN-
OVA). There was no difference in the gut microbiota between
the control group and PCOS group (see Supplemental Fig. 2D;
P>.05). The differences between the nonoverweight control
group versus the nonoverweight PCOS group and the over-
weight control group versus the overweight PCOS group
were also not statistically significant (see Supplemental
Fig. 2E and 2F, respectively; P>.05). Briefly, independent of
BMI, the community construction did not differ drastically
between the PCOS and control groups.

Microbial Species Differed between the PCOS and
Control Groups

To further investigate the microbial difference between the
PCOS and control groups, we used the LDA effect size (LEfSe)
method by coupling standard tests for statistical significance
with additional analyses that examined biological consis-
tency and effect relevance. Compared with controls, women
with PCOS had a greater abundance of Bacteroides spp., Es-
cherichia spp., Shigella spp., Enterobacteria phage SfV, Par-
abacteroides merdae, and Comamonas kerstersii at the
species level. Yet the bacteria Bacteroides spp., species Blau-
tia hydrogenotrophica, Tannerella sp 6 1 58FAA CT1, Kleb-
siella pneumoniae, Faecalibacterium prausnitzii, and
Alistipes obesi were associated with the control group (see
Fig. 1). Similar results were obtained with the analysis of
differentially abundant phylotypes via the Wilcoxon rank
sum test (Supplemental Fig. 3, available online). These re-
sults together disclosed the statistically significantly
different microbial species between the PCOS and control
groups.
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TABLE 1

Clinical parameters of polycystic ovary syndrome and control participants in the study.

Control group

PCOS group

Nonoverweight Overweight Nonoverweight
Parameters (n=7) (n=7) (n=7)
Age, y 30.29+390 2857+272 27.14+4.56
BMI, kg/m? 2058 +4.46  27.06 +3.92 20.98 + 0.89
MC, d 2879+ 053 29.71 +£225 7438+ 17.89
AMH, ng/mL 4.06 + 1.41 465+ 132 1272+5.14
FSH, IU/L 7.57 £ 0.74 5.61 £ 2.05 6.79 + 1.28
LH, 1U/L 5.09 £+ 1.18 430+092 18.04+7.67
T, nmol/L 1.06 + 0.28 0.72 +£ 0.32 1.84 +0.81
FBG, mmol/L 5.25 + 0.52 4.90 + 0.59 5.20 +0.22
TSH, plU/mL 1.91 +0.45 1.88 + 1.04 2.204+0.90

Pvalue
Overweight Control vs.  Overweight vs.

(n=7) PCOS Nonoverweight CNvs.PN COvs. PO
29.14 £ 2.87 .339 916 744 157
2793 £ 4.23 .703 <.001° .668 .505
68.79 £ 2621  <.001° 724 011° 022°
14.41 £ 5.68 <.001° .987 .011°P .005°¢

5.17 + 0.88 .343 .003¢ .647 216
9.05 + 3.93 .001¢ .073 .025P .006¢
1.41 £ 0.51 .003¢ 13 .015P .058
5.31 +0.44 .076 293 426 .078
1.73 £ 0.62 496 .603 .309 .808

Note: Data are shown as mean =+ standard deviation. AMH = antimtillerian hormone; BMI = body mass index; CN = nonoverweight control group; CO = overweight control group; FBG = fasting
blood glucose; FSH = follicle-stimulating hormone; LH = luteinizing hormone; MC = menstrual cycle; PCOS = polycystic ovary syndrome; PN = nonoverweight PCOS group; PO = overweight PCOS

group; T = total testosterone; TSH = thyroid-stimulating hormone.
? P<.001.

® p<.05.

€ P<.01.

Chu. Microbial metagenomic analysis in PCOS. Fertil Steril 2020.

MGS Reassembly and Correlation Analysis

To further explore the differential intestinal microbes at the
strain level, we binned the shotgun metagenomic sequencing
data into coabundance gene groups and reassembled them
into MGS (28). Finally, 86 MGS were clustered, and 46 MGS
were assigned specific taxonomic levels (Supplemental
Table 2, available online). Among them, we observed that
34 MGS, including Faecalibacterium prausnitzii L2-6, Para-
bacteroides goldsteinii CLO2T12C30, Parabacteroides gold-
steinii CLO2T12C30, Bacteroidales, Alistipes indistinctus
YIT 12060, and Bacteroides intestinalis DSM 17393, were
enriched in the control group, whereas 52 MGS, including
Parabacteroides merdae, Clostridiales, Enterobacteriaceae,
Bacteroides fragilis, Bacteroides, and Bilophila, were enriched
in the PCOS group. This finding was in accordance with that
of the LEfSe analysis (see Fig. 1).

To decipher the relationship between the MGS of the
PCOS and control groups, we performed a correlation anal-
ysis. It is interesting that we found the MGS enriched in the
PCOS group were completely different (Fig. 2A). These MGS
were subsequently used to construct a network for further de-
tecting intragroup and intergroup correlations of microbial
taxon (see Fig. 2B, Spearman’s rank correlation coefficient
>0.6, adjusted P<.05). A notable characteristic in our study
was that taxonomically related microbes tended to cluster.
This was consistent with a previous report (28). We found
that the intragroup associations were completely positive,
with species Parabacteroides merdae, Bacteroides fragilis, or-
der Clostridiales, and family Enterobacteriaceae positively
correlated with each other in the PCOS group, yet negatively
associated with control-enriched MGS, including strains Fae-
calibacterium prausnitzii L2-6, Parabacteroides goldsteinii
CL02T12C30, Bacteroides intestinalis DSM 17393, and Alis-
tipes indistinctus YIT 12060. Although some of these MGS
are yet to be annotated to specific taxonomy, the intragroup
and intergroup correlation results revealed that some mi-
crobes possibly tend to cluster and constitute a different

community. The microbes that correlated positively in PCOS
patients may function together under specific pathologic con-
ditions, and their negative correlation with control group sug-
gested physiological ecological damage in the same time

MGS Association with Clinical Parameters

We further explored the correlation between MGS and clinical
manifestations of PCOS. Thirty-nine MGS showed a statisti-
cally significant correlation with reproductive hormones.
Three were associated with glucose metabolism (Fig. 3A).
Among the MGS relevant to PCOS, nine were annotated to
the Enterobacteriaceae family and positively correlated with
testosterone, AMH, and LH. Additionally, MGS annotated to
species Parabacteroides merdae and Bacteroides fragilis had
a statistically significant positive association with LH and
AMH, respectively. Furthermore, the species Bacteroides fra-
gilis was found to increase as BMI increased in the PCOS
group. By contrast, the MGS related to the control group
were entirely negatively correlated with the serum levels of
testosterone, AMH, and TSH. The Enterobacteriaceae family
had a positive association with the fasting blood glucose level.
Limited annotation information revealed that only one MGS
belonged to the microbial order Bacteroidales, and it was
negatively correlated with the AMH level (see Fig. 3B;
Supplemental Table 2). This could have been a result of the
finite investigation on gut microbiota under the current phys-
iologic conditions, so more studies on gut microbial properties
and functions are needed in the future.

DISCUSSION

In this study, we recruited outpatient participants, divided
them into control and PCOS groups, and collected their clin-
ical indices. In accordance with the current literature (30), we
found LH, AMH, and testosterone levels were much higher in
the PCOS group compared with the control group. It is inter-
esting that we found the baseline FSH abundance to be

1290

VOL. 113 NO. 6 /JUNE 2020



Fertility and Sterility®

I Control I PCOS

s_Parabacteroides_merdae

's_Bacteroides_sp_020 [N

s_ Escherichia_coli

s_Bacteroides_fragilis CAG_558 [ NNEEEEEE

s_ Ruminococcus_sp_CAG_353

s Escherichiasp_1_1_43 [N
s_Escherichia_sp_4_1_408 [ NN
. s_shigella_sonnei [ NN

s_ Shigella_boydii

© s_Shigella_flexneri _
s_En'Ierobacteriaf_phage_SfV _
s_shigella_sp_PAMC_28760 [N
's_Shigella_dysenteriae
's_Shigella_sp_SF_2015
s;_Comamona's_kerstersii

—4

—

—2

I
=

o -

]
1
L = 1
s_Bla utia_hyd rogenotréph ica
s_Bacteroi%jes_sp_CAGiZO
s_Tannerella_sp_6_1 58FAA _CT1
s_Bacteroides_gallinarym
s_KIebsieIIé_pneumoniée
s_BamesieiIIa_intestiniriaominis
s_ Faecalibacterium_prausnitzii
s_ Alistipes_obesi :

s_Bacteroides_massiliensis
| | | |

1 2 3 4

LDA SCORE (log 10)

Linear discrimination analysis (LDA) effect size (LEfSe). Histogram of the LDA scores computed for differentially abundant species between the
polycystic ovary syndrome (PCOS) and control groups. The LDA scores (log 10) > 2 are listed. The s_ indicates microorganisms in species level

(n = 14/group).
Chu. Microbial metagenomic analysis in PCOS. Fertil Steril 2020.

higher in the nonoverweight participants, which was in
agreement with a previous study conducted by Xu et al.
(31). Other studies have found this abnormality and lower
serum estradiol (E,) level at baseline in normal weight
women (32). We hypothesize that this is associated with
the fact that overweight women have peripheral conversion
of androgens to estrogens; the negative feedback at the hy-
pothalamus level thus suppresses FSH release by the pitui-
tary (33).

Because differences in daily food intake could have a
considerable effect on gut microbiota, we collected the partic-
ipants’ diet information and found no differences between the
groups. We could exclude the effect of daily diet on gut mi-
crobiota, which suggests the attribution was related to dis-
ease. Through deep shotgun metagenomic sequencing of the
participants’ fecal samples followed by the LEfSe method
and top abundance analysis by Wilcoxon rank sum test, we
found that many gut microbial species differed between the
PCOS and control groups.

The microbes enriched in the control group were critical
to stable, beneficial gut microbiota constitution. For example,
Faecalibacterium prausnitzii produces formate and butyrate,
and requires acetate for growth. Blautia hydrogenotrophica
can grow on carbon dioxide, hydrogen gas, glucose, and fruc-
tose and generates acetate. This kind of system thus consti-
tutes a rare example of two strain pairs that simultaneously
compete and mutually cross-feed (34). In addition, both mi-
crobial species, which were enriched in the control group,
can produce butyrate, a beneficial short fatty acid that is an
important energy source for gut epithelial cells (34).

By contrast, many kinds of opportunistic pathogens were
enriched in PCOS group, including Bacteroides spp., Escheri-
chia spp., Shigella spp., Enterobacteria phage SfV, Parabac-
teroides merdae, and Comamonas kerstersii, which was in
accordance with the findings of Liu et al. (18). Based on pre-
vious studies, these pathogens could be associated with meta-
bolic disorders and severe inflammation. In particular,
Parabacteroides merdae, which could be associated with
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developing antimicrobial drug resistance (35), has been
related to a ketogenic diet through decreasing gamma-
glutamyl transpeptidase activity as well as inhibiting
gamma-glutamylation (36). Also, Escherichia could readily
use ethanolamine, a common intestinal carbon and nitrogen
source in the lumen during intestinal inflammation, to
outcompete the host microbiota (37). Their ability to trans-
form the metabolism profile in vivo indicates the possible
mechanism underlying pathologic metabolic disorders.

In addition, we discovered that Shigella flexneri, Shigella
sonnei, Shigella dysenteriae, Shigella boydii, Shigella
sp PAMC 28760, Shigella sp SF 2015, and Enterobacteria
phage SfV, a temperate serotype-converting phage of Shigella
flexneri, were enriched in the PCOS group. These are believed
to cause disease by secreting virulence factors, inducing se-
vere inflammation, and mediating enterotoxic effects on the
colon. They inject virulence effectors into epithelial cells to
allow invasion of the epithelial cells and produce effectors
to down-regulate inflammation (38). Comamonas kerstersii,
another pathogen we found to be enriched in PCOS patients,
has been associated with inflammation in peritonitis and uri-
nary tract infections (39, 40). The different properties and
metabolic functions of these pathogens possibly make the
host more susceptible to metabolic disorders and inflamma-
tion, thus contributing to the development of PCOS.

In addition to species differences between the PCOS and
control groups, we reassembled coabundance gene groups
into MGS and investigated their associations. As expected,
the MSG that were enriched in the PCOS group tended to posi-
tively associate with each other, whereas the intergroup
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correlations seemed to be almost negative (28). This indicates
that gut microbes could possibly mutually promote each other
and take roles together in vivo. Different bacterial commu-
nities and properties might function distinctively in PCOS pa-
tients. Afterward we made a correlation analysis to reveal the
relationship between microbiota and PCOS. We found that the
MGS annotated to the family Enterobacteriaceae and species
Parabacteroides merdae and Bacteroides fragilis were posi-
tively correlated with reproductive hormones such as testos-
terone, AMH, and LH. Furthermore, species Bacteroides
fragilis was found to increase as BMI increased in the PCOS
group. Accordingly, previous research conducted by Liu
et al. (18) revealed a positive correlation among Bacteroide,
testosterone, and BMI.

However, in women of the control group enriched MGS
were entirely negatively correlated with serum levels of repro-
ductive hormones. Surprisingly, in our finding, one MGS an-
notated to the microbial order Bacteroidales negatively
correlated with the AMH level. As one dominant Gram-
negative bacteria in the healthy human gut microbiome, order
Bacteroidales could produce antagonistic forms of lipopoly-
saccharides (LPS) and drive immune silencing for the entire
microbial community (41). In PCOS patients, the intestinal
LPS composition could be shifted away from anti-
inflammatory subtypes in favor of inflammatory LPS sub-
types. In addition, intrafollicular dysregulation of the trans-
forming growth factor-$ superfamily, such as AMH, was
affected by LPS concentration (42). We hypothesize that
without the protection of order Bacteroidales, higher levels
of an inflammatory form of intrafollicular LPS could be
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linked to poorer follicular development and recruitment, and
higher AMH content in PCOS patients. These findings suggest
a close relationship between flora and reproduction under
different conditions, and indicate an intimate association be-
tween gut microbiota and endocrine disorder in PCOS. How-
ever, the underlying mechanism involved in this process
needs further identification.

To investigate the functional role of the gut microbiota in
PCOS, we identified 389 KOs associated with the disease. KOs
represent functional orthologs in the context of KEGG
pathway maps and are defined by extending experimental
knowledge of specific organisms to other organisms (43).
Collectively they could form KEGG molecular networks and
represent certain aspects of molecular interaction, reaction,
and relation networks. In our study, the most abundant KOs
in PCOS patients and controls belonged to enzyme families
(see Fig. 3A). At the module or pathway level, the PCOS asso-
ciated KOs referred to cationic antimicrobial peptide resis-
tance, phosphotransferase system (PTS), pyruvate
metabolism, glutathione metabolism, short-chain fatty acids
metabolism, glycolysis/gluconeogenesis, glycerophospholi-
pid metabolism, and lipopolysaccharide biosynthesis.

With the numerous results of KOs, we propose a hypoth-
esis of potential mechanisms regarding how imbalanced mi-
crobiota assume a role in the pathologic progress of PCOS
(Supplemental Fig. 4, available online). According to this hy-
pothesis, enriched KOs and MGS suggest that PCOS patients

harbor disrupted intestinal tight junctions and increased gut
permeability. Acetaldehyde, hydrogen sulfide, and ammonia,
whose metabolic enzymes were enriched in the PCOS group,
are known to be related to reduced gut lining integrity (44-
46). Additionally, MGS annotated to Parabacteroides
goldsteinii, which was enriched in the PCOS group, has also
been found to be associated with enhanced intestinal
integrity (47). In addition, the enriched Bacteroides fragilis
and Shigella flexneri we found in PCOS patients have been
reported to play a role in degrading and inhibiting mucin
production (48, 49). Once mucin production is impaired, the
mucus layer protection against pathogens is lost, and a
more permeable gut barrier could trigger local or distant
inflammation (48). All these results suggest the flora in the
PCOS group could probably harm intestinal gut
permeability and cause barrier dysfunction in intestinal tract.

Second, overgrowth of different microbes could lead to
flourishing of pathogens due to a higher reactive oxygen spe-
cies (ROS) environment. In our experiment, the opportunistic
pathogen Enterobacteriaceae was found to be enriched in the
PCOS group. This pathogen has been reported to overgrow in
circumstances when it has acquired an adaptive advantage
(50). Accumulation of these proinflammatory Enterobacteri-
aceae suggests a higher tolerance to an increased reactive ox-
ygen species (ROS) level due to the respiratory flexibility of
the enriched facultative bacteria (50, 51). In addition, ROS
promote selective growth of bacterial groups through nitrate
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and tetrathionate respiration (52). Therefore, Escherichia coli
and other commensal Enterobacteriaceae are likely to profit
and flourish under the inflammatory environment (51, 53).
Additionally, the microbes enriched in the PCOS group
were mostly Gram-negative bacteria, which were abundant
with LPS. As one of the most potent inducers of inflammatory
signaling, LPS was reportedly increased in a variety of meta-
bolic diseases (54, 55). In our experiment, endotoxin excess
along with a permeable gut barrier may have resulted in a
greater release of LPS into the circulation. In spite of the rela-
tionship with metabolic disorders, some scientists have found
that intraperitoneal (56) or intracerebroventricular (57) injec-
tion of LPS into mice reduces the expression and activity of
the steroidogenesis enzyme Cyp3all, the homologue of
CYP3A4 in human livers. CYP3A4 is a member of the cyto-
chrome P450 family. As the major form of CYP enzyme ex-
pressed in enterocytes (58), CYP3A4 undertakes
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metabolizing xenobiotics, including inactivation of testos-
terone, by hydroxylation (59). Briefly, the association be-
tween gut microbiota and endocrine disorders indicates the
crucial role of bacteria, which, together with previous find-
ings, suggests a possible mechanism underlying this patho-
logic progress in PCOS.

Gut microbiota and KO enriched in the PCOS group were
associated with cardiovascular diseases. Parabacteroides mer-
dae has been found to be higher in hypertensive individuals
(60). The pathway of phosphatidylcholine dissimilation was
enriched in PCOS patients, and the degradation products,
such as choline, can be transformed into trimethylamine
(TMA), the precursor to trimethylamine oxide (TMAO), by
gut microbiota, which is a vital risk factor for cardiovascular
diseases such as atherosclerosis (61).

Among the limitations of our study was the limited sam-
ple size, which likely accounts for the unchanged diversity in
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gut microbiota. Moreover, when our findings are taken
together with those of previous studies, it remains unclear
how gut microbiota influences reproduction and metabolism
in PCOS. More underlying mechanical investigations in ani-
mal models are needed to decipher the related pathologic
progress. In addition, due to our limited knowledge of the
gut microbiota, as well as the difficulty in distinguishing
each strain, we currently cannot annotate every MGS into
species or strain level, especially in the women of the control
group. Another limitation was that we did not record the fre-
quency, intensity, and duration of the participants’ physical
activity or include their sleeping habits in our research.
Data on exercise and circadian rhythm would help to clarify
the relationship between environment and PCOS.

CONCLUSION

Our study demonstrates microbiota dysbiosis and represents
the microbiome alterations at the species and strain level in
women with PCOS. It used shotgun metagenomic sequencing,
a technology that clarifies distinctions with high sensitivity to
study the potential functions of the microbiome underlying
the pathologic progress of PCOS. Modulation of gut microbes
toward microbiota dysbiosis, such as probiotic and prebiotic
agents, may influence the degree of pathology, so this could
lead to potential treatment options for women with PCOS.
Our study suggests the importance of the gut microbiota in
the occurrence and developing progress of PCOS, indicating
that modulation of the gut microbiome could be a potential
treatment option for PCOS patients.

Our study revealed alterations in the microbiome of PCOS
patients in the southeast area of the People’s Republic of China,
pointing to an intimate association between gut microbiota and
clinical parameters. We propose that the interplay between gut
dysbiosis and inflammation plays a vital role in the develop-
ment of endocrinal and metabolic disorders as well as compli-
cations in PCOS. It reveals the value of monitoring intestinal
microbiota as an indicator and modulation of microbial dysbio-
sis in the clinical practice of PCOS in the future.
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ORIGINAL ARTICLE: REPRODUCTIVE ENDOCRINOLOGY

Alteraciones del microbioma en el analisis metagenomico y asociacion patologica entre la microbiota intestinal y sindrome de ovario
poliquistico

Objetivo: Identificar las diferentes especies microbianas en mujeres con ovario poliquistico (PCOS) y relevar una posible relacion entre
la disbiosis intestinal y los cambios patoldgicos.

Diseno: Estudio transversal.
Ambito: Institucién académica.
Pacientes: Mujeres en edad reproductiva con PCOS (n=14) y controles (n=14) del Centro de Medicina Reproductiva.

Intervencion (es): Secuenciacién metagenémica aleatoria en muestras fecales de pacientes y los parametros clinicos (incluyendo indice
de masa corporal, niveles hormonales endocrinos, y glicemia) recogidos para analisis de correlacion.

Principales medidas de resultado(s): Identificacion de diferentes cadenas microbianas y la relacién entre microbiota y parametros
clinicos.

Resultados: Las cadenas microbianas de Parabacteroides merdae, Bacteroides fragilis, Escherichia y Shigella, fueron significativa-
mente mas abundantes en pacientes con PCOS, mientras Faecalibacterium prausnitzii lo fue en el grupo control. El analisis meta-
gendmico de especies (MGS) reveld, que los miroorganismos del grupo PCOS estaban negativamente correlacionados con los del
grupo control. Es de destacar que observamos correlacion positiva entre MGS relevantes en PCOS y desérdenes endocrinos, incluyendo
indice de masa corporal, y niveles séricos elevados de testosterona, hormona luteinizante y hormona anti-Miilleriana. Las alteraciones
funcionales reflejadas en la enciclopedia de Kyoto de genes y genomas ortélogos, podrian implicar mecanismos potenciales de la im-
plicacién microbiana en el desarrollo y progreso del PCOS.

Conclusion (es): Nuestros hallazgos sugieren una asociacion estrecha y potenciales mecanismos entre la disbiosis microbiana y los
cambios fisiopatoldgicos del PCOS. Destacamos la importancia de monitorizar y modular la composicion microbiana y los cambios fun-
cionales practica clinica futura.

Palabras clave: Microbiota intestinal, KEGG ort6logo, secuenciaciéon metagenémica, evolucion fisiopatoldgica, sindrome de ovario
poliquistico.
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(A) Accumulation curve of genus profile. (B) Rarefaction of reads in the experiment. (C) The top 5, top 15, and top 20 dominant microbes of control
group in phylum (left), genus (right), and species (below) level, respectively. (D) The top 5, top 15, and top 20 dominant microbes of PCOS group in
phylum (left), genus (right), and species (below) level, respectively (n = 14/group).
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Relative abundance of microbes at (A) phylum level, (B) genus level, and (C) species level in the control and polycystic ovary syndrome (PCOS) groups
(n = 14/group). (D) Principal component analysis (PCA) between control and PCOS groups. (E) PCA of bacterial communities of CN and PN groups (n
= 7/group). (F) Principal component analysis of bacterial communities of CO and PO groups (n = 7/group). CN = nonoverweight control group; CO
= overweight control group; PN = nonoverweight PCOS group; PO = overweight PCOS group.
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(A-B) Comparison between the PCOS-enriched and control-enriched relative abundance of genus level microbes ranked by descending order in
control group and PCOS group, respectively. (C-D) Comparison between the PCOS-enriched and control-enriched relative abundance of species
level microbes ranked by descending order in control group and PCOS group, respectively (n = 14/group). Blue and green represent groups of
controls and patients with PCOS, respectively. The top 20 statistically significantly different genera or species between two groups are shown
for clarity. The phylotypes with median relative abundances greater than 0.01% of total abundance in either the healthy group or PCOS group
are included (false discovery rate <.01, Wilcoxon rank sum test corrected by the Benjamini-Hochberg method). The boxes represent the
interquartile range (IQR), from the first and third quartiles, and the inside line represents the median. The whiskers denote the lowest and
highest values within 1.5 IQR from the first and third quartiles.
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Diagram for a hypothesis regarding the possible mechanisms underlying relationship between gut bacteria abundance and pathologic changes of
polycystic ovary syndrome (PCOS). Gray text boxes denote enriched microbes, product, or pathway in PCOS patients. Red text boxes denote the
pathologic changes and complications in PCOS patients. H,S = hydrogen sulfide; LPS = lipopolysaccharides; TMA = trimethylamine.
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