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Abstract

Fertility refers to the ability of animals to maintain reproductive function and give birth to offspring, which is an important
indicator to measure the productivity of animals. Fertility is affected by many factors, among which environmental factors
may also play key roles. During the past years, substantial research studies have been conducted to detect the factors
related to fecundity, including genetic factors and environmental factors. However, the identified genes associated with
fertility from countless previous studies are randomly dispersed in the literature, whereas some other novel fertility-related
genes are needed to detect from omics-based datasets. Here, we constructed a fertility index factor database FifBase based
on manually curated published literature and RNA-Seq datasets. During the construction of the literature group, we
obtained 3301 articles related to fecundity for 13 species from PubMed, involving 2823 genes, which are related to 75
fecundity indicators or 47 environmental factors. Eventually, 1558 genes associated with fertility were filtered in 10 species,
of which 1088 and 470 were from RNA-Seq datasets and text mining data, respectively, involving 2910 fertility-gene pairs
and 58 fertility-environmental factors. All these data were cataloged into FifBase (http://www.nwsuaflmz.com/FifBase/),
where the fertility-related factor information, including gene annotation and environmental factors, can be browsed,
retrieved and downloaded with the user-friendly interface.

Key words: biological database; domestic animal; fertility; genetic factors; environmental factors

Introduction
Fertility characterizes the ability of animals to maintain nor-
mal reproductive function and produce offspring [1]. The level
of fecundity directly affects the economic benefits of animal
husbandry [2–5], so the genetic basis of variation about fertility
between individuals is of great interest in mammals, particularly
in humans and livestock [6]. Furthermore, infertility and sub-
fertility also impact the success of embryo transfer in animals
and humans [7, 8]. In agricultural production, the transition
from late pregnancy to early lactation in domestic animals has
important implications for animal health, milk production and
reproductive performance, and consequently the profitability of
poultry industry [9, 10]. Therefore, detecting the genes and envi-
ronmental factors that play roles in reproduction will facilitate to
accelerate genomic selection for improving fertility of livestock
and poultry and reducing the high rates of early embryonic
mortality [6, 11].

Though tremendous efforts have been devoted to elucidate
factors that influence fertility, there are evidences about that
fertility in domestic animals has declined significantly in recent
decades [12, 13]. The causes of this decline are multifactorial
[12, 13], including nutrition [14], food intake [15], temperature
[16], drug [17], illumination [18] reproductive management level
[19, 20], etc. These evidences indicate environmental factors
increasingly become a major obstacle to animal reproduction.
Beyond them, there are growing evidences that genes also play
key roles in animal fertility [21–24]. With the development of
RNA-Seq technologies, it becomes possible to detect fertility-
related genes on a genome-wide scale. Numerous studies have
been performed by RNA-Seq to identify gene associated with
fertility [15, 25–28].

Based on the above basis, researchers have developed sev-
eral databases for the storage of fertility data. For example,
DevOmics (http://www.devomics.org) integrated epigenetic and
transcriptional data on human and mouse germ cells. Sper-
matogenesisOnline 1.0 [29] collected and predicted genes that
have been reported to be involved in spermatogenesis in 37
species. Gametogenesis molecule online (GMO) [30] detected
the dynamic process of gametogenesis from the perspective of

systems biology based on protein–protein interaction networks
and functional analysis and provided a computational perspec-
tive and frame to the analysis of the gametogenesis dynamics
and modularity in both human and mouse. However, all of them
focused on gametogenesis, and there is a lack of research on
domestic animals. Most importantly, these research studies did
not address factors related to fertility.

To fill this gap, we built FifBase as benchmark for future
animal fertility-related research. In order to achieve this, more
than 100 000 from PubMed were fetched, among which 3301
papers were manually surveyed. Finally, 1279 literatures were
filtered and kept in our database. What’s more, 473 potential
RNA-Seq datasets were extracted from gene expression omnibus
(GEO). All the above datasets were related to 75 fertility indicators
and 47 environmental factors or their lexicological variants of
keywords. In our database, 1547 genes associated with fertility
were obtained in 10 species, of which 1077 and 481 were from
RNA-Seq dataset and text mining data, respectively, involving
2910 fertility-gene pairs and 58 fertility-environmental factors.
Finally, FifBase provides a user-friendly interface to conveniently
browse, retrieve and download the list of genes related to animal
fertility. This elaborate database can serve as an important and
valuable resource for facilitating the exploration of the poultry
and livestock.

Materials and methods
Data collection, curation and processing

The data we collected were divided into two parts. The first
part is mined from literatures in PubMed. A list of keywords,
involving 17 species, 75 fertility indicators and 47 environmental
factors or their lexicographical variants was used to search
PubMed. The keywords are connected by the logical word ‘AND’
or ‘OR’. Then we called E-search and E-fetch programs in the E-
utilities interface to retrieve literature information in PubMed by
Perl script. Altogether, more than 100 000 related papers from
PubMed were obtained and imported into MySQL(version 5.6.40).
Then, we connected literatures and genes by mapping PubMed
IDs to gene list with gene2pubmed file from NCBI, and a total of
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3301 publications were obtained. We manually surveyed these
publications with their abstracts and checked their relevant
supplement information. Finally, we further checked the full text
of the filtered public literature manually and extracted the per-
tinent information including gene symbols, PubMed ID, fertility
indicator, tissues, and species. At last, 1279 reproduction-related
articles, 470 genes, were obtained after manual retrieval.

In the second part of the data collection, we systematically
extracted RNA-Seq datasets related to poultry and livestock
fertility from NCBI short read archive (SRA, http: //www.ncbi.
nlm.nih.gov/sra/) and NCBI GEO (http://www.ncbi.nlm.nih.gov/
geo/) based on scientific name of species and keywords such
as ‘fertility’ or ‘fecundity’ or ‘reproduction’. In total, 14 RNA-Seq
datasets related to fertility were obtained for further selection,
involving 4 species and 473 potential SRA runs.

Analysis of RNA-Seq data

All obtained raw RNA-Seq datasets were processed through
the same pipeline. Raw RNA-Seq data were downloaded from
SRA and mapped to corresponding reference genomes with
HISAT2 (version2.0.5, [31]. We sorted HISAT2 output using SAM-
tools (version 1.8, [32], converted sam format to bam format,
and then assembled and integrated transcripts of all samples
using StringTie (version 1.3.6, [33]. Eventually, Ballgown package
(version 2.16.0, [34] was used to standardize reads counts and
identified the differentially expressed genes between the high
and low fertility groups. We also normalized read counts into
the FPKM values (fragments per kilobase of transcript per million
mapped reads). We defined genes with adjusted P-value <0.05
and|log2 (H/L ratio)| ≥ 2 in each group as genes associated with
fertility. At last, 1077 genes-associated fertility was obtained.

For quality control, we focused on the repeatability among
biological replicates. We defined a suppositional standard sam-
ple for each species/fertility/tissue as the median value of nor-
malized read counts of their combined samples. Based on the
standard samples, we calculated the Spearman correlation coef-
ficients of normalized read counts between each sample and
its corresponding standard sample. Samples with a correlation
over 0.8 were defined as qualified and remained for the following
analysis.

Database implementation

FifBase database runs entirely on open source software (MySQL
5.6.40 database server, Apache web server with the interface
written in PHP, Ubuntu Linux operating system). Perl scripts
were written for data collection and processing in text mining.
What’s more, FifBase has been tested in Mozilla Firefox, Google
Chrome and Apple Safari browsers. Web user interfaces are
developed using JSP, HTML5, CSS3 as well as JS. For dynamic
data visualization, ECharts with version 4.1.0 is incorporated to
generate charts. The web interface is available online at http://
www.nwsuaflmz.com/FifBase/.

Results
Data summary

A total of 470 genes associated with fertility through text mining
were extracted in 10 species, whereas 1077 genes in 4 species
were detected using high-throughput datasets of 473 samples
from 14 projects, involving 2910 fertility-gene pairs and 58
fertility-environmental factors. Currently, FifBase hosts various
data types including genomes, protein–protein interaction from

STRING database, and gene expression level calculated by us
based on our collected RNA-Seq datasets. The latest reference
genomes and annotated information of different species were
downloaded from Ensembl. Figure 1 shows the data types
managed by the database and summarizes the statistics. In
order to identify gene functions, gene ontology (GO) [35] and
pathway and their annotation information were organized and
imported into the database. In addition, some commonly used
data analysis and visualization tools, such as BLAST [36] and
Genome Browser, are included to provide free-accessed data
visualization services to users. The basic information about our
database, including species, literature number, gene number and
so on were list in Table 1.

Fertility-related gene

FifBase provides annotation of fertility-related genes through
Ensembl BioMart [37], such as gene ID, gene name, related GO
term and pathway ID. In total, 1558 genes with unique ‘ENSEMBL’
IDs were obtained. Subsequently, we integrated other annota-
tion information for each gene, such as gene structure, litera-
ture source, expression of gene and protein–protein interaction
information, etc. All these information are shown on one page
for easy browsing. This page contains nine parts: summary of
gene (Figure 2A), expression of gene (Figure 2B), gene structure
(Figure 2C), protein of gene (Figure 2D), pathway information of
gene (Figure 2E), subcellular location of gene (Figure 2F), Go term
of gene (Figure 2G), literature resource (Figure 2H) and regulation
function (Figure 2I).

Functional annotation

GO was used to annotate the detected fertility-related gene
functions. Based on GO consortium [35] and BioMart annotation
tool in Ensembl [38], FifBase tried to provide more abundant
annotation information. We retrieved GO terms based on the
criteria that, if one gene is annotated into a GO term, then
it should be annotated into its parent GO term [39], and it
is achieved with Python script. As results, 1250 genes with
9044 annotations in molecular function, 1258 genes with
16 257 annotations in biological process, 1274 genes with
7677 annotations in cellular component were identified. The
GO information is presented in a table, which contained
‘GO_term_accession’, ‘GO_term_name’, ‘GO_term_definition’,
‘GO_term_evidence’ and ‘GO_domain’, explaining the function
of the gene in detail.

Pathway information of 10 species was also integrated into
FifBase, based on KEGG: Kyoto Encyclopedia of Genes and
Genomes (https://www.genome.jp/kegg/pathway.html), which
was completed with Python scripts. As a result, 895 pathways
involving 581 genes related to fertility were identified. Pathway
information is also presented in the form of table, including
‘Term’, ‘ID’, ‘P-value’ and external links, through with users
can directly jump into the KEGG Pathway page to browse the
information of the gene and its role in the pathway.

Expression

The expression section integrates genome-wide gene expres-
sion profiles derived from RNA-Seq datasets about various tis-
sues of 10 species. We collected the RNA-Seq datasets about
the 10 species from GEO and SRA database from NCBI. We
then used FASTQ-dump to convert the data format to FASTQ,
and trim_galore (Version 0.5.0) to process quality control (e.g.
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Figure 1. An overview of FifBase database. All datasets were collected from PubMed, GEO, and SRA, and were manually annotated and curated. We collected refined 10

species, all data resources were deposited in FifBase and displayed in web pages (gene search, browse, download, and submit).

Table 1. Basic information about FifBase database

Species Literature Gene Environmental factor Fertility-gene pair Fertility-environment

Cat 8 8 1 8 1
Cattle 177 158 14 158 22
Chicken 35 34 5 34 5
Dog 17 19 1 19 1
Duck 8 8 1 8 1
Goat 21 23 3 23 3
Horse 26 24 3 24 3
Pig 143 130 14 130 14
Rabbit 9 9 3 9 4
Sheep 93 80 13 80 15

base quality >20, remove adaptors). Then, we mapped the high-
quality reads to the corresponding species reference genome
using HISAT2 (v2.2.0) [40], filtered samples and data with low
mapping rates (<70%), and adopted FPKM (fragments per kilo-
base of exon per million fragments mapped) tool to estimate
expression levels of genes and transcripts with Ballgown (ver-
sion 2.16.0) [34]. For data with multiple replicates, we took the
average of these replicates to characterize the gene expression.
In the end, gene expression profiles of 151 tissues were con-
structed in10 species. FifBase provides a user-friendly web inter-
face to enable easy access, search and view of gene expression
profiles. For a given gene, the expression profile for all tissues
will be visualized in a box plot. User can observe the expression
of the gene visually in different tissues.

Literature

In order to provide a public literature repository and collection of
various research studies on fertility of livestock and poultry, we
provide literatures section with search navigation bar. Users can
quickly locate specific articles by searching ‘PubMed ID’, ‘Gene

Symbol’, ‘Species’, ‘Title’ or other related words. Abstracts of
these papers were fetched from PubMed (http://www.ncbi.nlm.
nih.gov/pubmed) using NCBI’s E-utilities tool. The relationship
between given literature and fertility was built according to
fecundity index keywords, and then the genes were filtered by
manual curation. In total, 1279 papers/books are included and
481 genes linked to them accordingly in 10 species, involving 75
fertility indicators and 47 environmental factors.

Blast online tool

In addition, FifBase incorporated the ViroBLAST tools for online
data analysis. We formatted the nucleic acid database and pro-
tein database of 10 species including pig, cow and chicken and so
on. Users can upload their sequence or sequence file to perform
blastn, blastp, blastx, tblastx or tblastn against whole genome
sequences, CDS regions or peptides.

Subcellular location

Subcelluar location annotation for all genes in different
animals was gathered based on the subcelluar location
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Figure 2. Annotation information of gene. (A) Genome summary. (B) Expression information. (C) Gene structure. (D) Interacting proteins. (E) KEGG pathway. (F) Subcellular

location. (G) GO. (H) Search page and search result. (I) Regulation function.

term in UniprotKB database (https://www.uniprot.org/). Raw
subcelluar location term was divided into two sections,
including subcelluar location (e.g. secreted) and corresponding
supporting evidence [e.g. ECO:0000256|PIRNR:PIRNR036893
(type|source, the detail description: https://www.uniprot.org/
help/evidences)].

Gene regulation

In order to provide mechanistic insight into fertility of domes-
tic animals, FifBase provides gene regulation function, includ-
ing transcriptional regulation and miRNA regulation. In case
of transcriptional regulation, based on JASPAR [41], we used
the multiple EM for motif elicitation (MEME) and Homer algo-
rithm to perform genome-wide identification and annotation

on the relationship of TFs and their target gene. In the end, we
annotated 205 genes and 512 TFs with 2834 TF-Gene regulation
relationship pairs in 8 species about fertility-related genes. In
case of miRNA regulation, we integrated miRecords [37], miRTar-
Base [42], TarBase [43], miRWalk [44], TargetScan [45] and miRDB
[46] results to annotate our fertility-related genes. Finally, we
obtained more than 100 000 miRNA-target gene pairs among our
research species.

Downloads

All the search results can be downloaded as CSV files for cus-
tomized analysis by clicking the Download button on the top
navigation bar. Alternatively, FifBase offers users the RNA-Seq
data analysis results in CSV files for each group on the Download
page [47].
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Data submission

FifBase also provides a function to upload data in the naviga-
tion bar. After registering and logging in, users can submit the
relevant data with table form to us through the submit button.
In our current version, FifBase only accepts results from open
access RNA-Seq datasets. The submitted data would be added
to FifBase after curation and analysis as described in the section
of Materials and methods.

Discussion and conclusion
Since the first fertility paper appeared in 1868, more than
100 000 papers have been published and more than 1400 genes
associated have been identified. Though some of these genes
have been shown to be important regulators or biomarkers
in animal fertility [48], these genes scattered in thousands of
papers. So, the construction of a systematic database for genes
associated fertility would be a valuable and challenging work
to the detection, evolution, function and mechanism studies of
animal reproduction.

In addition, with the development of high-throughput detec-
tion technology, it is possible to detect the potential fertility-
related genes. So, we also hunted biomarkers associated with
fertility based on RNA-Seq datasets, including gene and protein–
protein interaction, which will provide references for mecha-
nism research of animal reproduction.

Furthermore, animal fertility is affected by various factors,
which involve inherent and external factors. With the develop-
ment of industrialization, the influence of environmental factors
on animal fecundity is increasingly prominent. Many studies
worldwide showed that the reproductive performance and birth
rate of animals lived in contaminated environments were sig-
nificantly lower than control group [49, 50]. So, detection and
collection of environmental factors related with fertility are also
an important work.

FifBase is dedicated to a comprehensive resource for animal
reproduction. On one hand, we curated available high-quality
RNA-Seq datasets about fertility through the same pipeline.
On the other hand, information in literatures related to ani-
mal fecundity indicators from PubMed were extracted by text
mining. After processing and filtration, factors associated with
fertility were obtained and stored in FifBase, which provides
user-friendly website for researchers.

As far as we know, this is the first database that systemati-
cally integrates literature and RNA-Seq information associated
with fertility to support functional research and facilitate users
to explore the genes and environment factors that they are
interested in. As fertility-related research expand rapidly, we
will update FifBase regularly by adding more genes associated
with fertility when additional RNA-Seq datasets and literatures
become available. FifBase will also provide more annotation
information in future. Through this work, we expect FifBase will
contribute to improving the productivity of poultry and livestock
and become a useful resource for fertility.

Key Points
• Manually curated database FifBase, which is of genetic

information about domestic animal fertility, was pro-
vided.

• FifBase covers results from both published literature
and RNA-Seq datasets.

• A total of 1558 genes associated with fertility were
filtered in 10 species, of which 1077 and 481 were from
RNA-Seq datasets and text mining data, respectively,
involving 2910 fertility-gene pairs and 58 fertility-
environmental factors in FifBase.

• User-friendly interface of FifBase was provided,
through which users where the fertility-related
factor information, including gene annotation and
environmental factors can be browsed, retrieved and
downloaded.

Data Availability

FifBase is an open database, all data are freely available
at: http://www.nwsuaflmz.com/FifBase. This statement was
also recorded in abstract.
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22. Janečka JE, Davis BW, Ghosh S, et al. Horse Y chromosome
assembly displays unique evolutionary features and puta-
tive stallion fertility genes. Nat Commun 2018;9:2945.

23. Zhang W, Chen Z, Zhang D, et al. KHDC3L mutation causes
recurrent pregnancy loss by inducing genomic instability of
human early embryonic cells. PLoS Biol 2019;17:e3000468.

24. Smarr MM, Sundaram R, Honda M, et al. Urinary concen-
trations of parabens and other antimicrobial chemicals and
their association with couples’ fecundity. Environ Health Per-
spect 2017;125:730–6.

25. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconduc-
tor package for differential expression analysis of digital
gene expression data. Bioinformatics 2009;26:139–40.

26. Moraes JGN, Behura SK, Geary TW, et al. Uterine influences
on conceptus development in fertility-classified animals.
Proc Natl Acad Sci U S A 2018;115:E1749–58.

27. Willems E, Guerrero-Bosagna C, Decuypere E, et al. Differ-
ential expression of genes and DNA methylation associated
with prenatal protein undernutrition by albumen removal in
an avian model. Sci Rep 2016;6:20837.

28. Tao Z, Song W, Zhu C, et al. Comparative transcriptomic
analysis of high and low egg-producing duck ovaries. Poult
Sci 2017;96:4378–88.

29. Zhang Y, Zhong L, Xu B, et al. SpermatogenesisOnline 1.0:
a resource for spermatogenesis based on manual literature
curation and genome-wide data mining. Nucleic Acids Res
2012;41:D1055–62.

30. Che D, Wang Y, Bai W, et al. Dynamic and modular gene reg-
ulatory networks drive the development of gametogenesis.
Brief Bioinform 2016;18:712–21.

31. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner
with low memory requirements. Nat Methods 2015;12:357–60.

32. Li H, Handsaker B, Wysoker A, et al. The sequence align-
ment/map format and SAMtools. Bioinformatics 2009;25:
2078–9.

33. Pertea M, Pertea GM, Antonescu CM, et al. StringTie enables
improved reconstruction of a transcriptome from RNA-seq
reads. Nat Biotechnol 2015;33:290–5.

34. Frazee AC, Pertea G, Jaffe AE, et al. Ballgown bridges the gap
between transcriptome assembly and expression analysis.
Nat Biotechnol 2015;33:243–6.

35. The Gene Ontology Consortium. Expansion of the gene
ontology knowledgebase and resources. Nucleic Acids Res
2016;45:D331–8.

36. Deng W, Nickle DC, Learn GH, et al. ViroBLAST: a stand-alone
BLAST web server for flexible queries of multiple databases
and user’s datasets. Bioinformatics 2007;23:2334–6.

37. Kinsella RJ, Kähäri A, Haider S, et al. Ensembl BioMarts:
a hub for data retrieval across taxonomic space. Database
2011;2011.

38. Tang B, Zhou Q, Dong L, et al. iDog: an integrated resource
for domestic dogs and wild canids. Nucleic Acids Res
2018;47:D793–800.

39. Kim D, Paggi JM, Park C, et al. Graph-based genome align-
ment and genotyping with HISAT2 and HISAT-genotype. Nat
Biotechnol 2019;37:907–15.

40. Fornes O, Castro-Mondragon JA, Khan A, et al. JASPAR 2020:
update of the open-access database of transcription factor
binding profiles. Nucleic Acids Res 2020;48:D87–92.

41. Xiao F, Zuo Z, Cai G, et al. miRecords: an integrated
resource for microRNA-target interactions. Nucleic Acids Res
2009;37:D105–110.

42. Chou CH, Shrestha S, Yang CD, et al. miRTarBase update 2018:
a resource for experimentally validated microRNA-target
interactions. Nucleic Acids Res 2018;46:D296–302.

43. Karagkouni D, Paraskevopoulou MD, Chatzopoulos S, et al.
DIANA-TarBase v8: a decade-long collection of experimen-
tally supported miRNA-gene interactions. Nucleic Acids Res
2018;46:D239–45.

44. Sticht C, De La Torre C, Parveen A, et al. miRWalk: an online
resource for prediction of microRNA binding sites. PLoS One
2018;13:e0206239.

45. Agarwal V, Bell GW, Nam JW, et al. Predicting effec-
tive microRNA target sites in mammalian mRNAs. Elife
2015;4:e05005.

46. Chen Y, Wang X. miRDB: an online database for prediction
of functional microRNA targets. Nucleic Acids Res 2020;48:
D127–31.

47. Shi M-W, Zhang N-A, Shi C-P, et al. SAGD: a comprehensive
sex-associated gene database from transcriptomes. Nucleic
Acids Res 2018;47:D835–40.

48. Wang D, Yang L, Zhang P, et al. AAgAtlas 1.0: a human
autoantigen database. Nucleic Acids Res 2016;45:D769–76.

49. Hani YMI, Turies C, Palluel O, et al. Effects of a chronic expo-
sure to different water temperatures and/or to an environ-
mental cadmium concentration on the reproduction of the
threespine stickleback (Gasterosteus aculeatus). Ecotoxicol
Environ Saf 2019;174:48–57.

50. Bjørklund G, Aaseth J, Dadar M, et al. Exposure to environ-
mental organic mercury and impairments in human fertility.
J Reproduct Infer 2019;20:195–7.

D
ow

nloaded from
 https://academ

ic.oup.com
/bib/advance-article/doi/10.1093/bib/bbaa432/6120284 by U

niversity of C
alifornia, San Francisco user on 26 M

ay 2021


	FifBase: a comprehensive fertility-associated indicators factor database for domestic animals
	Introduction
	Materials and methods
	Data collection, curation and processing
	Analysis of RNA-Seq data
	Database implementation

	Results
	Data summary
	Fertility-related gene
	Functional annotation
	Expression
	Literature
	Blast online tool
	Subcellular location
	Gene regulation
	Downloads
	Data submission

	Discussion and conclusion
	Key Points

	Data Availability
	Funding


