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Abstract. Orphan genes refer to a group of protein-coding
genes lacking recognizable homologs in the other organisms.
Extensive studies have demonstrated that numerous newly
sequenced genomes contain a significant number of orphan
genes, which have important roles in plant's responses to the
environment. Due to a lack of phylogenetic conservation, the
origin of orphan genes and their functions are currently not
well defined. In the present study, a Poaceae orphan genes data-
base (POGD; http://bioinfo.ahau.edu.cn/pogd) was established
to serve as a user-friendly web interface for entry browsing,
searching and downloading orphan genes from various plants.
Four Poaceae species, including Brachypodium distachyon,
Oryza sativa, Sorghum bicolor and Zea mays, are included
in the current version of POGD. The database provides gene
descriptions (chromosome strands, physical location), gene
product records (protein length, isoelectric point, molecular
weight as well as gene and protein sequences) and functional
annotations (cellular role, gene ontology category, subcellular
localization prediction). Basic Local Alignment Search Tool
and comparative analyses were also provided on the website.
POGD will serve as a comprehensive and reliable repository,
which will help uncover regulatory mechanisms of orphan
genes and may assist in the development of comparative
genomics in plant biology.

Introduction

Orphan genes, with coding sequences being utterly unique
or genes producing previously non-existing (novel) proteins,
have important roles in the function and evolution of biological
networks that are conserved among various species (1). To the
best of our knowledge, these genes were initially discussed
when analyzing the yeast genome, and approximately one third
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of the identified genes were defined as orphan genes according
to their genetic features (2). Previously, several studies have
reported that orphan genes comprised a considerable fraction
of genes in all domains of species (3-5). It was estimated that
1-71% of genes are orphan genes in various species (4,6-15),
among which 5-15% are relatively typical (7,13-15). Despite
the fact that these genes are abundant in quantity, their evolu-
tionary and functional roles have remained to be elucidated.
To date, several orphan genes have been reported to have
imperative roles in several developmental processes. For
instance, certain products of orphan genes were reported to be
essential for early brain development in humans (16), as well
as the regulation of tentacle formation in hydra species (17).
By now, genome sequencing has been accomplished in several
plant species, and several orphan genes have been reported
to be closely involved in regulating responses to the environ-
ment (18-22). Therefore, identification and comparison of
orphan genes on a genome-wide scale will greatly contribute
to the current understanding of the molecular functions and
the evolution of orphan genes.

The present study reported on a novel online database
resource named Poaceae orphan genes database (POGD)
that offers comprehensive information about orphan genes in
four Poaceae species, including Brachypodium distachyon,
Oryza sativa, Sorghum bicolor and Zea mays. The informa-
tion was presented in a friendly web interface, which listed
the orphan genes of each species and included a series of
functional annotations. Compared to databases dedicated to
individual organisms, the POGD database provides compara-
tive analyses of genomic data. In conjunction with the Basic
Local Alignment Search Tool (BLAST), it will efficiently
facilitate the analysis and extraction of data generated from the
POGD. To the best of our knowledge, databases focusing on
orphan genes in plant species are currently rare. Therefore, the
POGD database will be a valuable data resource, particularly
for the investigation of molecular functions and the evolution
of orphan genes in plant species.

Materials and methods

Dataset collection. Protein sequences and gene coordinate infor-
mation of 54 plant species were downloaded from the Phytozome
database (version 10.3; https://phytozome.jgi.doe.gov/pz/portal.
html) (23). Furthermore, protein sequences and gene coordinate
information of 69 animal species was retrieved from the Ensembl
database (release 81; http://www.ensembl.org) (24).
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Figure 1. Overview of the architecture of POGD. The web-accessible POGD allows for four Poaceae plant orphan genes to be clearly browsed, searched,
downloaded and compared, under a well-organized platform framework. POGD, Poaceae orphan genes database; GO, gene ontology; BLAST, Basic Local
Alignment Search Tool; PSI, Position-Specific Iterative; BLASTp, protein BLAST; CDS, coding DNA sequence.

Identification of orphan genes. Identification of orphan genes in
Poaceae species was performed according to previous studies
with certain modifications (25-31). In brief, a systematic method
was used based on homology search. Protein BLAST (BLASTp)
was used to identify the homologs of all proteins annotated to
each Poaceae species against the protein sets of other plant and
animal species with an e-value cutoff at 107, To eliminate the
false positivity caused by incompleteness of the annotated protein
sets, the obtained proteins were then searched against the current
non-redundant protein database in of the US National Center for
Biotechnology Information using BLASTp. In order to further
screen for similarity between sequences, the Position-Specific
Iterated BLAST (PSI-BLAST) method (32) was used to identify
weaker homologous associations, which may have been missed
by standard BLAST algorithms. Finally, a dataset containing
3,281 orphan genes in Brachypodium distachyon, 8,852 in
Oryza sativa, 3,607 in Sorghum bicolor and 20,021 orphan
genes in Zea mays were obtained.

Database construction. As a web-based platform, the POGD
database was a combination of the MySQL database manage-
ment system (version 5.5.8) and a dynamic web interface based
on PHP (version 5.3.3) and Javascript (version 1.2). As illus-
trated in Fig. 1, the architecture of POGD was stratified and
structured (Fig. 1).

The detailed annotations of orphan genes in Poaceae species
were integrated in the POGD database. Physical locations as
well as gene strand and protein sequence length were obtained
from Phytozome. The isoelectric points (PI) and molecular
weights (Mw) were retrieved from Expasy (http:/www.expasy.

org/) (33). Function prediction based on the cellular role and
Gene Ontology (GO) were collected from Protfun (http:/www.
cbs.dtu.dk/services/ProtFun/) (34). WOLF PSORT (http:/www.
genscript.com/psort/wolf_psort.html) (35) was used for the
prediction of subcellular localization.

Results

In total, 35,761 orphan genes from four sequenced Poaceae
species were accumulated in the POGD database (Table I).
The designed database web portal comprised the following
components: Home, Search, BLAST, Browse, Comparison,
Download and Help (Fig. 2). By clicking on the ‘Browse’
column, the overview and image of each species was displayed,
in which the chromosomal distribution, functional categoriza-
tion (cellular role and GO category) (Fig. 3), the distribution of
PI, Mw and protein length were provided (Fig. 4). The option
to open a new page with detailed annotations for each gene by
directly clicking on the image was also available. The results
were provided in the form of a hit list represented by the POGD
identifier, gene ID, species, chromosome, cellular role and GO
category of all associated gene entries. Access to an individual
entry page containing the gene annotation was given upon
clicking on the POGD identifier or Gene ID, which included
chromosome strand, physical location, PI, Mw, protein length,
coding DNA sequence (CDS) and protein sequence.

Easy access to detailed annotations of interest was provided
via a truncated version or the entire Gene ID at the top right of
each page. In the search page, a more advanced search allowed
for filtering by parameters, such as species, chromosome,
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Figure 2. Overview of the website and gene annotation page. (A) Home page. (B) Search page. (C) Example of the gene annotation page. POGD, Poaceae

orphan genes database.

Table I. Orphan genes in each species.

Species Orphan genes, n (%)

3,281 (10.35)
8,852 (22.78)
3,607 (10.92)
20,021 (31.54)

Brachypodium distachyon
Oryza sativa

Sorghum bicolor

Zea mays

cellular role, GO category, POGD identifier and gene ID
(Fig. 2B). Finally, the users were given free access to navigate
from the search results to pages containing detailed annota-
tions (Fig. 2C).

The POGD database provided the tool utility BLAST, where
an online interface was available to input any sequence of
interest in fasta format. A search against all orphan genes in this
database was also available. All of the processed data contained
in this database were made available on the download page.

A comparative analysis of the genomes of Brachypodium
distachyon, Oryza sativa, Sorghum bicolor and Zea mays
was available in the ‘Comparison’ module. The percentage of
orphan genes contained in the genome of each species was
10.35% (n=3,281), 22.78% (n=8,852), 10.92% (n=3,607) and
31.54% (n=20,021), respectively (Fig. 5A; Table I). Four bar
charts displaying the protein length were obtained in order
to investigate the general trends in protein length distribution
(Fig. 5B). The average protein length was 142 amino acids
(aa) in Brachypodium distachyon, while that in the Oryza
sativa, Sorghum bicolor and Zea mays was 138, 120 and
114 aa, respectively, which was in agreement with the results
of previous studies, according to which the protein products
of orphan genes were shorter than those of non-orphan
genes (6,10,15,27). Furthermore, in all of the four Poaceae
species, a bimodal distribution of PI was observed in proteins
encoded by orphan genes, in which a smaller third peak
between two main peaks was noticed (Fig. 5C). The Mw of
each orphan gene was unimodal with a peak value ranging
from 7 to 13 kDa (Fig. 6A). In the present study, GO annotations
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Figure 3. Summary data for orphan genes identified in Brachypodium distachyon. (A) Distribution of orphan genes on chromosomes. (B) Cellular role

categories. (C) GO categories. GO, gene ontology.

were predicted together with a comprehensive comparison to
trace the potential functional significance of orphan genes. The
results indicated a similarity across species in the percentages
of orphan genes that fell under the different functional catego-
ries. Of note, translation was the most abundant functional
category among the cellular roles and structural protein was
the most common GO category (Fig. 6B and C). Comparative
analysis of orphan genes indicated the presence of several

common functional and evolutionary characteristics, which
may be present in other major eukaryote kingdoms.

Discussion
Orphan genes have been widely identified across all domains

of life with the advance of next-generation sequencing tech-
nology (3,4,18). At present, research focuses on the traits
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Figure 4. Summary data for orphan genes identified in Brachypodium distachyon. (A) Distribution of PI. (B) Distribution of Mw. (C) Distribution of protein
length. PI, isoelectric point; Mw, molecular weight; aa, number of amino acids.

of orphan genes, and numerous attempts have been made to  environmental stress and species-specific traits or regulatory
explore their evolutionary and functional roles in different  patterns in plants. Therefore, it is necessary to understand
species. In particular, accumulating evidence has demonstrated ~ the basis for orphan gene evolution in synthetic biology.
that orphan genes are closely involved in the response to  Establishing a database for plant orphan genes contributes to
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advances in the field by providing valuable genomic resources
for data mining. To the best of our knowledge, no databases
of orphan genes in plant species are currently available. In
the present study, the POGD database providing a platform
for obtaining detailed information on these orphan genes was
established. The database web portal offers a comprehensive

repository of four Poaceae species. A total of 35,761 orphan
genes with extensive annotations and a user-friendly web inter-
face are contained in the database.

A detailed bioinformatics analysis was provided for
each gene, including chromosome strand, physical location,
protein length, PI, Mw, CDS, protein sequence, cellular role,
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GO category, as well as subcellular localization prediction.  orphan genes. For scientific communication and data sharing,
Furthermore, the database provides online tools for sequence  an interactive platform was established in the database, where
similarity searches such as BLAST. Furthermore, a conve-  researchers may download freely available data. In addition,
nient submission interface was also provided, through which  associated external databases were accessible via the web
independent researchers may upload information on novel links provided on the POGD database platform.
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POGD was developed whilst keeping an eye on scalable
aspects of the datasets in order to expand this project in the
near future. On this basis, several available plant species will
be added with more annotations for comparative analysis.
Furthermore, powerful comparative analysis tools will be
developed for further in-depth study on orphan genes. The
POGD database will be updated with the progression in the
field. Indeed, integration and analysis of orphan gene data may
provide crucial clues to understand differences in the differ-
entiation, morphology and chemical composition between
species.
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