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ABSTRACT

Infertility is a complex multifactorial disease that af-
fects up to 10% of couples across the world. How-
ever, many mechanisms of infertility remain unclear
due to the lack of studies based on systematic knowl-
edge, leading to ineffective treatment and/or trans-
mission of genetic defects to offspring. Here, we
developed an infertility disease database to provide
a comprehensive resource featuring various factors
involved in infertility. Features in the current IDDB
version were manually curated as follows: (i) a to-
tal of 307 infertility-associated genes in human and
1348 genes associated with reproductive disorder in
9 model organisms; (ii) a total of 202 chromosomal
abnormalities leading to human infertility, including
aneuploidies and structural variants; and (iii) a to-
tal of 2078 pathogenic variants from infertility pa-
tients’ samples across 60 different diseases caus-
ing infertility. Additionally, the characteristics of clini-
cally diagnosed infertility patients (i.e. causative vari-
ants, laboratory indexes and clinical manifestations)
were collected. To the best of our knowledge, the
IDDB is the first infertility database serving as a sys-
tematic resource for biologists to decipher infertil-
ity mechanisms and for clinicians to achieve better
diagnosis/treatment of patients from disease pheno-
type to genetic factors. The IDDB is freely available
at http://mdl.shsmu.edu.cn/IDDB/.

GRAPHICAL ABSTRACT

INTRODUCTION

Infertility is a diverse multifactorial disease affecting ap-
proximately 10% of couples worldwide, and it includes dis-
orders of the female reproductive tract, ovulation defects,
inferior quality of spermatozoa, etc. linked with infertility
(1). For many affected couples, molecular infertility mecha-
nisms remain unclear, and a considerable number of couples
suffer from misdiagnosis and ineffective treatment of infer-
tility or bypass the issues with assisted reproductive tech-
nologies (ART) leading to transmission of genetic defects to
offspring. The identification of molecular infertility mech-
anisms enables the selection of the most appropriate man-
agement strategy for each couple (2).

Previous studies of human infertility revealed that a large
number of pathogenic variations and chromosomal abnor-
malities play essential roles in patients with infertility and
could be responsible for causing human infertility (3–6).
Patients with infertility are at a high risk of being carri-
ers of genetic anomalies (7,8). For example, mutations of
PANX1 in sporadic female infertility cause oocyte death
and infertility (9). An extra X chromosome is commonly
found in men with Klinefelter syndrome (47,XXY), char-
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acterized as eunuchoid body proportions, gynecomastia,
small firm testes and azoospermia (10). Meanwhile, gene-
targeted model organisms have advantages in the study of
risk factors in infertility (11,12). Several model organisms,
such as Mus musculus (mouse), Drosophila melanogaster
(fruit fly), Caenorhabditis elegans (nematode) and Danio re-
rio (zebrafish), have been widely used to assess reproduction
and infertility (13–16). Recently, piwi mutants were found
to have spermatogenic arrest in the mouse model, a find-
ing that was quickly followed by confirmation in patients
with azoospermia (17). Despite growing awareness of ge-
netic causes of infertility, progress in diagnosis and treat-
ment has remained ineffective due to the lack of systematic
data and analyses in infertility diseases.

To facilitate the understanding of the pathology and
molecular mechanisms underlying infertility, we present the
Infertility Disease Database (IDDB), a novel and curated
gene database related to infertility for studying the biol-
ogy of infertility. Manually curated information on associ-
ated gene mutations, chromosomal abnormalities, patients’
characteristics, diseases/gene ontology terms and pathways
along with supporting reference literature has been col-
lected and included in the IDDB. The IDDB also collected
findings from model organisms, and a great many entries
represent human homologs of genes shown to affect repro-
duction in model organisms.

DATA COLLECTION AND ORGANIZATION

A search for original articles published through May 2020
was performed using PubMed to identify studies on genetic
variants and chromosomal abnormalities that cause infer-
tility; the data pertaining to the single-nucleotide polymor-
phisms (SNPs) and irrelevant references were therefore ex-
cluded. We curated the data manually and retrieved gene–
disease relationships according to the ClinGen clinical va-
lidity classification (18). Hyperlinks to the original articles
in the PubMed database were provided. We also annotated
the gene (genetic variants, gene function and pathway an-
notation), disease and infertility patients’ samples.

Similarly, relevant information on chromosomal abnor-
malities causing infertility was also sorted out. The key mes-
sages were linked to online existing database browsers, such
as National Center for Biotechnology Information (NCBI),
GeneCards (19), HUGO Gene Nomenclature Committee
(HGNC) (20), Kyoto Encyclopedia of Genes and Genomes
(KEGG) (21), UniProt (22) and Gene Ontology (GO) (23).
Moreover, we also collected model organism genes involved
in reproductive progress, which were annotated with corre-
sponding infertile status and infertile phenotypic informa-
tion.

Standardization of disease names in infertility was the
first step for data integration, sharing and exchange, and it
facilitates better communication and diagnosis of infertility
diseases. We integrated the disease list from the following
sources: (i) Online Mendelian Inheritance in Man (OMIM)
(24); (ii) Unified Medical Language System (UMLS); and
(iii) NCI Thesaurus (NCIt). We considered the term us-
age variations in disease names and identifiers (IDs). We
mapped all the disease categories among the currently
controlled disease ontology databases, including interna-

tional classification of diseases-version 10/11 (ICD10/11),
Mondo Disease Ontology (MONDO) (25), Human Pheno-
type Ontology (HPO) (26) and ORPHANET (27). As a re-
sult, 60 infertility diseases and their identifiers (IDs) were
archived in the IDDB, comprising the Infertility Disease
Ontology (IDO).

Collectively, all data on infertility were ultimately orga-
nized in a unified way into four data entities in the IDDB:
genes, diseases, regions (chromosomal abnormalities) and
model organisms.

DATA ARCHITECTURE AND WEB INTERFACE

The main page of the IDDB is divided into two main sec-
tions: infertility-associated genes and regions in humans
and reproduction-associated genes in model organisms. For
each human infertility-associated gene, the details were
subdivided into six main sections, i.e., infertility pathway
maps, pathogenic variants, patient characteristics, regions
and chromosomes, disease and gene ontology. The compre-
hensive descriptions of these sections and the relationship
between them are shown in Supplementary Figure S1.

The current version of the IDDB offers multiple web in-
terfaces and data visualizations to facilitate a better under-
standing of the relationships between the phenotype and
the infertility disease genotype. The following five brows-
ing tools were designed under the web site ‘BROWSE’ and
‘ORGANISM’ menus: (i) Disease Browser: infertility dis-
eases are arranged and depicted in interactive Sankey dia-
grams, and clicking each node displays the disease descrip-
tion and genes and regions records; (ii) Gene Browser: this
tool links to infertility-associated genes in the IDDB; at the
first level, users can preview the list of genes and filter the
records with the names of infertility diseases in the left tree
panel; at the second level, prosperity of details for the gene–
disease relationships is viewed in multiple sections, as illus-
trated in Supplementary Figure S1. When studying a single
gene, if it has a residual mutation that can be mapped to
its experimental crystal structures or computational mod-
eled structures predicted by the ITASSER server (28), the
mutation will be shown in the PDB loading file by the JS-
Mol panel under the mutation section; (iii) Region Browser:
this page shows all regions of the disorder found in human
chromosomes. The region list and details are shown with
the first and second level pages similar to those for Gene
Browser; (iv) Chromosome Browser: all human genes in the
IDDB are labeled in an ideogram based on their chromo-
some location, and users can select a single chromosome
and search the genes in the Gene Browser section; and (v)
Model Organism Browser: users can easily explore genes of
a species by selecting the options under the ‘ORGANISM’
menu. All entities stored in the IDDB web site are efficiently
cross-linked and annotated. Users can easily navigate be-
tween genes and their associated, corresponding model or-
ganisms, gaining a current and composite snapshot of inter-
disciplinary research on infertility. Users can query, create
subsets and download a single source––the module-specific
dataset––for further analysis.

In addition to the navigation features described above,
the IDDB also supports flexible queries for diseases, genes,
regions and their annotations. With the three search options
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Table 1. Summary statistics for infertility genes and chromosomal abnor-
malities in the IDDB 2020

Diseases/Phenotypes
No. of
genes

No. of
CAa

1. Female infertility 131 53
Endocrine diseases 47 1
Ovarian dysfunction 60 12
Infertility due to oocyte factors 10 0
Unspecified syndrome with female infertility 19 19
Female infertility, unspecified 3 21

2. Male infertility 209 136
Endocrine diseases 58 5
Abnormal spermatogenesis 96 56
Abnormal sperm morphology 51 0
Genital tract obstruction 2 0
Unspecified syndrome with male infertility 26 35
Male infertility, unspecified 8 40

3. Recurrent pregnancy loss/miscarriage 25 13
4. Reproductive disorder in model organisms 1348

Mouse 1076
Fruit fly 168
Nematode 68
Zebrafish 29
Rat/Rabbit/Sheep/Pig/Chicken 7

aChromosomal ‘abnormalities’ means visible structural changes in kary-
otype that are sufficiently large to cause clinical abnormalities. Genetic
variants (e.g., frameshifts) are not included; CA, chromosomal abnormal-
ities.

under the ‘SEARCH’ menu, users can (i) query any field by
Global Search, (ii) extract gene records by inputting a list
of gene symbol (e.g., CPEB1 LHCGR ZP1) or NCBI Gene
ID (e.g., 64506 3973 22917) by Gene Search or (iii) choose
Chromosome Search and query disorder regions by chro-
mosome number (e.g., 1–22, X, Y) or chromosome details
(e.g., 47, XXY). To facilitate use, the IDDB provides the list
and corresponding links in the ‘MISC’ menu for ontologi-
cal infertility. The data statistics and data download can be
executed under the ‘DOWNLOAD’ menu. The help doc-
uments and detailed tutorials are readily accessible in the
‘HELP’ menu.

DATA CONTENT AND ANALYSIS

The IDDB comprises a total of 307 human infertility-
associated genes, 202 chromosomal abnormalities in the
human infertility-associated genes and regions section and
1348 model organism genes associated with infertility (Ta-
ble 1).

The human infertility-associated genes and regions sec-
tion is described in Figure 1. There is a total of 79 genes
shared by both sexes causing infertility in human (Fig-
ure 1A). Most of the 79 genes (e.g., GNRHR, CYP21A2,
FSHB) are involved in signal transduction, steroidogenic
pathways, etc. (29), and loss-of-function of these genes may
cause endocrine infertility. We further annotated 202 cases
of human infertility-associated chromosomal abnormalities
(e.g., Klinefelter’s syndrome, as known as 47, XXY), includ-
ing 69 cases of both numerical and structural chromoso-
mal abnormalities (Figure 1B). These results demonstrate
that the IDDB is a valuable source of information related
to common genetic causes of human infertility.

A total of 307 genes causing human infertility were visu-
ally represented according to their gene locations on high-
resolution chromosome ideograms to allow clinical and
laboratory geneticists and clinical pharmacists to access
convenient visual images of the position and distribution
of human infertility-associated genes. The detected human
infertility-associated genes were unevenly distributed across
chromosomes (Figure 1C). Specifically, the percentage of
human infertility-associated genes ranged from 0.11% to
1.22% on chromosomes. The largest percentage (1.22%) of
human infertility-associated genes was discovered on Chro-
mosome X. This suggests that Chromosome X is the most
pathogenic chromosome in human infertility, which is con-
sistent with an earlier study (30). Next, these genes were
rated by the number of unique pathogenic variants and the
10 most frequently mutated genes in human infertility were
identified, including AR, CYP21A2, FGFR1, CYP17A1,
NR5A1, ANOS1, GNRHR, PROKR2, KISS1R and CHD7
(Figure 1D). All of the top 10 mutated genes are associ-
ated with three main categories of human infertility in the
IDDB, including androgen-insensitive syndrome (causative
gene: AR), hypogonadotropic hypogonadism (causative
genes: FGFR1, NR5A1, ANOS1, GNRHR, PROKR2,
KISS1R and CHD7) and congenital adrenal hyperpla-
sia (causative genes: CYP21A2, CYP17A1). Androgen-
insensitive syndrome (AIS) is the most common type of
46, XY sex development disorder (DSD) and has a wide
range of clinical symptoms, ranging from hypospadias,
completely normal female external genitals to male infer-
tility. Mutation of AR is the leading cause of AIS (31). The
current version of our developed database includes a total
of 82 different pathogenic variants of AR in various AIS pa-
tients. We also compiled a total of 2078 pathogenic variants
from infertility patients’ samples across 60 different types
of human infertility diseases obtained from published lit-
erature. We classified the mutations into five categories, in-
cluding substitution, frameshift, deletion or insertion, splic-
ing and duplication, and we generated a pie chart showing
the proportion in each category (Figure 1E).

Additionally, a total of 1348 genes that had been genet-
ically modulated and resulted in significant changes in re-
productive phenotype (e.g., azoospermia in mice) in model
organisms were included. Most observations were from the
four most popular biomedical model organisms: mouse,
fruit fly, nematode and zebrafish. However, several results
from other model organisms, such as rat, rabbit, sheep, pig
and chicken were also included (Table 1). All of the 1348
candidate genes associated with reproductive disorders in
model organisms were mapped to their human orthologs
using the comparison orthology predictor search engine
HCOP (http://www.genenames.org/cgi-bin/hcop) and vice
versa; subsequently, as shown in supplementary Figure
S2A, approximately 57.2% (176/307) of human infertil-
ity genes were found to be associated with reproductive
disorder in model organisms. However, 131 human infer-
tility genes had no overlap with the reproduction associ-
ated genes, including three genes without homologous gene
found in model organisms (TUBB8, SHOX, RMST). More-
over, 1219 reproductive associated genes found in model
organisms had no mutation found in infertility patients.

http://www.genenames.org/cgi-bin/hcop
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Figure 1. Statistics of human infertility genes and chromosomal abnormalities in the IDDB 2020. (A) The intersection of infertility genes between females
and males. (B) The intersection of chromosomal abnormalities between aneuploidies and structural variants. (C) Schematic representation of the chromo-
somal location of human infertility-associated genes leads to human infertility disease. (D) Top 10 mutated human infertility-associated genes calculated
by unique pathogenic variants for each gene. (E) Statistics of protein variants collected from infertility patients’ samples in the IDDB 2020.

The distribution of infertility genes (were listed into six cat-
egories) is associated with infertility diseases/phenotypes
classified by species and sexes (only in humans), as shown
in Supplementary Figure S2B.

To identify the primary functions of human infertility-
associated genes, we performed GO enrichment analysis us-
ing DAVID (32) and the R package Bioconductor (33). The
bubble chart of GO enrichment analysis depicted in Fig-
ure 2A lists the top 15 GO functions for both male and

female gene sets. Compared to the context of all protein-
coding genes, approximately 46% of genes from both female
(65/131) and male (93/209) gene sets are enriched in ‘re-
productive process’ and ‘reproduction’ functions, indicating
that the collected data in the current version of the IDDB
are significantly related to infertility mechanisms. Notably,
there are 167 (54%) human genes that were not covered
by the ‘reproduction’ or ‘reproductive process’ GO terms in
IDDB. Among the 167 genes, 87 infertility related genes are



D1222 Nucleic Acids Research, 2021, Vol. 49, Database issue

Figure 2. Enrichment analysis for human infertility gene sets. (A) Gene Ontology (GO)-based functional annotation of female/male infertility gene sets
and enrichment analysis. The X-axis represents the rich factor corresponding to the GO term, and the Y-axis represents the name of the GO term. The
color of the dot represents the size of the q-value. The smaller the q-value, the closer the color is to blue. (B) Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway annotation of human infertility gene sets: for each gene in each disease category, records with a total frequency >2 are displayed in this
histogram.

enriched in ‘response to stimulus’, 74 in ‘developmental pro-
cess’, 53 in ‘cilium movement of cell or subcellular compo-
nent’ and 27 in ‘cilium assembly’. The genes were reported
to be closely related to either endocrine system and devel-
opment (e.g. KISS1R, FGFR1, GNRHR) or sperm motil-
ity (e.g. DNAAF5, ARMC4, DNAH6). Therefore, the infer-
tility diseases in IDDB are not only caused by the genes
in ‘reproduction’ or ‘reproductive process’ GO terms, but
also associated with genes that play important roles in en-
docrine, development and sperm motility functions. Com-
paring the enriched GO function terms, we found that both
male and female genes are expected to have become dis-
tinct from one another. For females, the genes are asso-
ciated with female-specific functions, including female sex
differentiation, development of primary female sexual char-
acteristics, generation of the female gamete, oogenesis, etc.
Specific GO terms such as axoneme assembly, motile cil-
ium, male gamete generation and spermatogenesis are fo-
cused primarily on males. Accordingly, these results suggest
that human infertility is a complex disease that can be influ-
enced by a multitude of mechanisms. Sex-related gene dis-
orders might indeed cause potential reproductive issues for
a particular sex, i.e. dysfunction of GDF9 affects important
reproductive-related functions in females including female
gamete generation and oocyte growth that could result in
primary ovarian insufficiency (IDO:01020100). Another ex-
ample is AR, which plays an important role in the androgen
receptor signaling pathway, and its dysregulation leads to
male androgen-insensitivity syndrome (IDO:02010300).

We also conducted KEGG pathway enrichment analysis
(29) using Omicshare CloudTools (http://www.omicshare.
com/tools/?l=en-us) to recognize the human genes included
in the current version of the IDDB from a cellular net-
work perspective. The human infertility-associated genes
are involved in 27 pathway subcategories from 6 KEGG
categories, namely, organismal systems, human diseases,
metabolism, cellular processes, environmental information
processing and genetic information processing (Figure 2B).
Over 20 infertility-associated genes are enriched in the path-
way categories of the endocrine system (34 genes), signal
transduction (29 genes) and cancer (21 genes); therefore,
dysregulation of these physiological processes may induce
infertility. Subsequently, in the top 5 enriched pathways, we
found that 3 of 5 belong to the endocrine system category,
namely, ovarian steroidogenesis (hsa04913, 10 genes), pro-
lactin signaling pathway (hsa04917, 8 genes) and cortisol
synthesis and secretion (hsa04927, 8 genes), as listed in sup-
plementary Table S1. The CYP17A1 gene is common to
each of the endocrine pathways above. In addition, numer-
ous different receptor genes also play a significant role in
two endocrine pathways, i.e., STAR in ovarian steroidoge-
nesis and cortisol synthesis and secretion. Indeed, the cur-
rent version of the IDDB has integrated infertility disease-
causing genes reported in numerous references with a large-
scale gene collection. In addition to extracting the disor-
dered pathways associated with infertility diseases, we can
also decode new target genes from the pathways in our fu-
ture work.

http://www.omicshare.com/tools/?l=en-us
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CONCLUSION AND FUTURE DIRECTION

The IDDB platform provides information about pathogenic
variants and chromosomal abnormalities associated with
human infertility. We also identified reproduction-
associated genes in 9 different model organisms. This
integrated platform will facilitate the discovery of genes or
clusters of genes, construction of networks and study of
pathways to decipher mechanisms of infertility and identify
potential targets for therapeutic intervention. Additionally,
clinicians may also benefit from the accumulated clinical
and molecular information in the IDDB, leading to more
accurate diagnoses and therapy for infertility diseases. In
the future, the IDDB database will be continually updated
with new information on human infertility-associated
genes and regions and reproduction-associated genes in
model organisms.

In the future, we will provide at least one updated release
of IDDB per half of year to include more infertility patients’
samples and maintain it as a useful resource for the research
and physician community. Future work will also include the
integration of additional genetic features associated with in-
fertility into the database.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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