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Abstract

With the numerous genomes sequenced today, it has been revealed that a noteworthy per-

centage of genes in a given taxon of organisms in the phylogenetic tree of life do not have

orthologous sequences in other taxa. These sequences are commonly referred to as

“orphans” or “ORFans” if found as single occurrences in a single species or as “taxonomi-

cally restricted genes” (TRGs) when found at higher taxonomic levels. Quantitative and col-

lective studies of these genes are necessary for understanding their biological origins.

However, the current software for identifying orphan genes is limited in its functionality, data-

base search range, and very complex algorithmically. Thus, researchers studying orphan

genes must harvest their data from many disparate sources. ORFanID is a graphical web-

based search engine that facilitates the efficient identification of both orphan genes and

TRGs at all taxonomic levels, from DNA or amino acid sequences in the NCBI database

cluster and other large bioinformatics repositories. The software allows users to identify

genes that are unique to any taxonomic rank, from species to domain, using NCBI system-

atic classifiers. It provides control over NCBI database search parameters, and the results

are presented in a spreadsheet as well as a graphical display. The tables in the software are

sortable, and results can be filtered using the fuzzy search functionality. The visual presen-

tation can be expanded and collapsed by the taxonomic tree to its various branches. Exam-

ple results from searches on five species and gene expression data from specific orphan

genes are provided in the Supplementary Information.
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1. Introduction

Following the introduction of large-scale, high-throughput automated DNA sequencing in the

mid-1990s, the comparative analysis of whole genomes revealed a large number of protein-

coding open reading frames (ORFs) that occur only in one species or as taxonomically

restricted genes (TRGs). These TRGs occur at systematic ranks from the genus upwards. ORFs

that are specific to one species are designated as “orphan” (sometimes spelled “ORFan”) genes,

while more widely distributed ORFs that are not present universally but only at lower taxo-

nomic ranks, are designated as TRGs [1]. By definition, orphan genes lack detectable homol-

ogy in other species, and TRGs are not present in any genomes outside their respective taxa.

For example, a TRG may be found only in the genus Drosophila, but not in any other Dipteran

or any larger systematic category such as Insecta, Arthropoda, and so on.

Early molecular genetic studies focused on conserved genes, either common to all organ-

isms (e.g., ribosomal genes) or broader systematic categories (e.g., the Wnt signaling pathway

in Metazoa), as it was difficult to study TRGs or orphans when relying on the amplification

and sequencing of sub-kilobase regions. The neglect of orphans has continued to some extent

in the genomic era, as functional roles are mainly assigned to newly sequenced genes mainly

via homology criteria (e.g., existing annotations in other species). However, it has been shown

in some cases that orphan genes are uniquely involved in making one species distinct from

another phenotypically [2–4]. The last decade has seen a rapidly increasing interest in studying

orphan genes [5–7]. Genomic sequencing has revealed that large fractions of genes in a given

species’ complete genome do not possess orthologous sequences in other species, so TRGs rep-

resent important mediators of phenotypic novelty [8–10].

The prevailing theory, given the monopoly of life found on Earth, posits that every gene in

existence today descended from genes present in the Last Universal Common Ancestor

(LUCA). This implies that the genes we see today are directly descended from sequences

found in LUCA. Various molecular mechanisms; for example, gene duplication, recombina-

tion, and divergence have given rise to novel protein-coding regions (or open reading frames)

in the genome, and their associated cell functions [11–13].

More significantly, these origination processes are not expected to eliminate historical

traces of their origins, but rather to continue to show these homologies according to prevailing

theory. Essentially, this means that we should see a connection between the core set of

sequences seen in LUCA and all the genes stemming from this early ancestor.

However, the discovery of orphan genes has led to a changing picture of gene evolution and

formation suggesting that de novo formation may be a predominant mechanism for gene

emergence [10]. This shift in thinking has significant ramifications for understanding genes,

the genome’s non-coding regions, and fully functional sequences and calls for the re-analysis

of existing data and comparative genomic analysis to provide new and accurate understand-

ings [14, 15]. Several mechanisms have been proposed to explain the generation of orphans/

TRGs, including de novo gene birth, divergence beyond recognition, and horizontal gene

transfer [16]. It should be noted that ORFanID does not distinguish between these possibilities.

Its role is to identify orphan/TRGs based on detectable homology. The interpretation of the

underlying mechanism that led to these orphan/TRGs is up to the user, based on the specific

context and supporting evidence. Therefore, users should be aware of these different possibili-

ties as they analyze their results. These represent current understanding, although additional

mechanisms may be discovered or proposed in future research. The biological understanding

of the origins and the functions of orphan genes will have applications in medicine and evolu-

tionary biology across the tree of life. Therefore, orphan genes (and TRGs) represent an
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intriguing aspect of biology, lying at the intersection of genomics, genetics, comparative and

structural biology, phylogenetics, and evolution.

To study growing numbers of these novel genes across genomes, easy-to-use bioinformatics

tools are needed that can be utilized by scientists from the life sciences and those with compu-

tational backgrounds. Tools such as BLAST and related software have been made available [1,

16, 17]. However, further tools are necessary for discovering orphan genes and assigning

TRGs to their taxonomic levels (sometimes known as phylostratigraphy) [18].

Currently, the tool options researchers can find today for studying orphan genes are lim-

ited, as most software solutions focus on identifying orthologs or inferencing ortho groups

and are generally limited to proteins. For instance, ORFanFinder functionality is limited to

plants, bacteria, and fungi, and the URL in the original publication (DOI: 10.1093/bioinfor-

matics/btw122) is not active [17]. However, a web search has revealed that ORFanFinder is

available at http://bcb.unl.edu/orfanfinder/ although this software has not been updated since

2016. SequenceServer performs BLAST without classifying the proteins/DNA sequences into

taxonomic levels [19]. The software Geneious can perform alignment and build a phylogenetic

tree but identifying orphans using this software is challenging [20]. Similarly, OrthoFinder

provides the option to use DIAMOND or its recommended MMseq2 for sequence alignment

[21–24]. OMA orthology or the series of analytical resources developed by the Bioinformatics

Resource Centers (BRCs) for Infectious Diseases program [bioinformatics tools, workspaces,

and services for bioinformatics data analysis like AmoebaDB, FungiDB, OrthoMCL] only

show orthologous genes/proteins and do not identify orphan genes [25, 26]. A newer gene

classification platform, www.shoot.bio, may also be helpful to align and compare gene origins

but it only uses protein (amino acid) sequences. In short, these tools perform alignment or

identify conserved genes from genomes, but they are not suited to identify orphans as ORFa-

nID is designed to do.

ORFanID’s distinctiveness is in three aspects: (1) It processes not just protein/amino acid

sequences but also DNA/nucleotide sequences. (2) With its built-in homology interpreter and

classifier, this search engine provides the taxonomic rank of a gene either as an orphan gene or

as a gene restricted to a taxonomic level in the tree of life; (3) As ORFans and TRGs are identi-

fied, ORFanID builds its own database with the results of the analysis and provides the

researcher with the possibility to further explore the data.

2. Methods

2.1 Algorithm and implementation

ORFanID identifies orphan genes and TRGs from a given list of DNA or protein sequences

mainly using NCBI accession numbers (Fig 1). It detects homologous sequences in the NCBI

non-redundant databases by using the BLAST alignment tool. All the previously mentioned

tools acknowledge that NCBI databases are among the most trusted sources. BLAST is a well-

established tool, but its slowness in processing is acknowledged as the databases continue to

grow rapidly. Since the ORFanID search engine utilizes local BLASting and a 24-core

48-thread server which significantly improves the execution speed of BLAST as compared

with the web-based BLAST searches.

If the query sequence is a protein, the BLASTP algorithm is used, while the BLASTN algo-

rithm is used for the nucleotide sequences. In addition, ORFanID also supports PSI-BLAST

which uses position-specific scoring matrices to detect distant evolutionary relationships

between sequences. ORFanID allows the user to submit multiple sequences in FASTA format,

which are then processed using software message brokering techniques. The results are com-

bined into a single blast report in a tab-delimited format that can be downloaded by the user.
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ORFanID sends a customized BLAST command to retrieve the taxonomy IDs of each hit.

Using the rank lineage information file provided by the NCBI Taxonomy Database, the ORFa-

nID Homology Interpreter determines the defined taxonomy level (species, genus, family,

order, class, phylum, kingdom, and superkingdom) for each sequence found in the BLAST

results (Fig 2).

After finding the complete lineage (Linnaeus taxonomic category) for each individual

homolog of the input DNA or protein sequence, the ORFanID Classifier starts searching from

the Superkingdom level and works its way toward the Species level to find additional homologs

(Fig 3). The taxonomic rank where the homologs are located designates them as a “Taxonomi-

cally Restricted Gene” (TRG) cluster of orthologs (homologs) by the use of the classifier.

ORFanID uses the single ortholog de-classifier rule, meaning that it is sufficient for finding

only one ortholog at a certain level in the tree of life, to classify the gene of interest as a TRG at

that level or as an orphan at the final level. ORFanID does not require a significant number of

orthologs (as the SMOTE technique would) to determine that a sequence is not an orphan

[27]. If no orthologous sequences are found, and the ORF remains a species-unique sequence,

it will be classified as an “Orphan Gene.” If the ORF is unique at the subspecies level, the gene

is classified as a “Strict Orphan”. Using this algorithm, ORFanID identifies and displays both

orphan genes and TRGs. The results can be viewed and analyzed graphically. Further details

on the ORFanID algorithm are shown in Fig 4.

2.2 Operation

ORFanID accepts either protein or nucleotide (gene) sequences singly or as multiple gene

sequences in the FASTA format (Fig 5). Users can easily retrieve multiple protein or gene

sequences by providing multiple accessions to the sequence search engine. ORFanID supports

both NCBI as well as Uniprot accessions. Optionally, the user can upload a FASTA file or

directly copy the sequence into the ORFanID engine as specified on the ORFanID website.

Next, users can select a species from the dropdown menu, which includes species’ scientific

names, NCBI taxonomy IDs, and images of the species for easy visual recognition. Finally, the

Fig 1. A graphical representation of the core engine of ORFanID. DNA and protein sequences are fed through a homology interpreter and

classified. ORFanID is a web-based application developed on the Java Spring Framework.

https://doi.org/10.1371/journal.pone.0291260.g001
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accuracy of the results can be fine-tuned using advanced parameters such as E-value, percent

identity, and a maximum number of target sequences for each BLAST and PSI-BLAST search

(Fig 6). The default values for the advanced parameters are; max target sequences, 500; percent

identity, 40%; E-value threshold, 10−3; as used in most cited papers. The threshold for identify-

ing non-orphans could be adjusted for more accuracy, especially in comparative studies. For

example, if the goal is to compare genes in a narrow taxonomic range to those of a broader tax-

onomic range, then a stricter threshold should probably be used.

ORFanID has a dedicated web page that outlines the installation and operating instructions

and includes video tutorials to help users understand its web interface. As previously noted,

the sequence submissions page also provides four example sets of input gene data for demon-

strational purposes, which can be input either as FASTA file sequences or NCBI accession

numbers. These four examples analyze sequences of the following species: Escherichia coli
(562), Drosophilamelanogaster (7227),Homo sapiens (9606), and Arabidopsis thaliana (3702).

The ORFanID application is designed for ease of use, rich graphics, and reasonable speed to

provide a research tool for identifying orphan genes at all taxonomic levels.

Fig 2. Homologies and taxid found by ORFanID for the input sequence. (A) Displays the homologies and taxid

found by ORFanID for the input sequence. In this example, the homologies and taxids of two sequences,

YP_002791247.1(Q1) and NP_414542.1(Q2), [i.e., genes from Escherichia Coli species (NCBI Taxonomy ID: 562)].

Eight homologous hits were found from four species consisting of the taxonomy ids: 562, 1736699, 61648, and

1972431. (B) Shows the traversal of the algorithm based on the taxid of the sequence homologies that are found by

ORFanID. In this example, eight hits that are homologous to the YP_002791247.1 gene and two hits that are

homologous to NP_414542.1 are shown. Then the rank lineages are extracted from the taxonomy lineage file in NCBI

for each hit.

https://doi.org/10.1371/journal.pone.0291260.g002
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The protocol described in this peer-reviewed article is published on protocols.io (doi.org/

10.17504/protocols.io.14egn37jql5d/v1) and is included for printing purposes as S1 File.

3. Results and evaluations

We tested the functionality of ORFanID by analyzing the protein and DNA sequences (or

NCBI accessions, version 1.2 on November 17th, 2022) of various organisms, such as C. elegans,
S. cerevisiae, D. melanogaster, andH. sapiens (Tables 1 and S1). We adjusted the parameters

(e-value < = 103) to filter low-quality results (transposable elements, low-complexity protein

regions, etc.) from our analyses. Our results show that ORFanID effectively assigns the protein

accessions to their respective taxonomic levels (Tables 1 and S1). For instance, paired box-con-

taining Pax-6 proteins are tissue-specific transcriptional factors highly conserved across most

animal phyla. As expected, ORFanID classified Drosophilamelanogaster Pax-6 proteins, Eye-

less (NP_726607.1), and Twin of eyeless (NP_001259080.1) phylum and class-level proteins,

respectively.

Similarly, we tested several proteins inHomo sapiens, including N-cym (NP_001316897.1)

and SPANX (NP_073152.2). The N-cym protein regulates the stability of the proto-oncogene

MYCN in neuroblastoma cells, while the SPANX family proteins are expressed in human sper-

matozoa and are extensively studied in Down syndrome patients [28]. A previous study pre-

dicted that these two proteins were restricted to the order Primates [29]. Surprisingly,

ORFanID showed that only N-cym is order restricted, while SPANX was classified as a family-

restricted protein. To understand this disparity, we searched OrthoDB and the non-redundant

database of NCBI usingH. sapiens SPANX protein (NP_073152.2) as the query [30].

Fig 3. Gene classification on ORFanID. The search starts from the superkingdom and steps through each subsequent taxonomy to the species level until

it finds homologous sequences. If no homologous sequences are found, the sequence is classified as an ORFan gene.

https://doi.org/10.1371/journal.pone.0291260.g003
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Interestingly, both databases show that SPANX proteins are restricted to the Hominidae fam-

ily. These results support that the ORFanID algorithm is accurate in classifying proteins to

their respective taxonomic group based on the functionality of BLAST and the choice of

parameter settings.

Next, to accurately identify species-specific orphan genes, we tested genes from various spe-

cies that were previously shown to be orphans by using ORFanID. The Arabidopsis thaliana

Fig 4. An example of the algorithm of the ORFanID engine is explained in a UML flow chart diagram. To find the

homolog, our algorithm begins its scan at the Super Kingdom rank. Let SKh be the set of Super Kingdom taxonomies

of the subject genome. If #SKh> 1, there are no common homologs to be found. This gene (G) will be categorized as a

“Multi-domain” Taxonomically Restricted Gene (TRG). However, if all of the subject genomes belong to the same

Super Kingdom as the input genome (#SKh = 1), the algorithm moves to the next level which is the Kingdom (K) rank.

Let Kh be the set of Kingdom taxonomies of the homologous genomes. If #Kh> 1 the subject sequences belong to

multiple Kingdoms. This means that while the Kingdoms are not common, their Super Kingdom is common to the

subject genomes. Therefore, if the homolog can be found at the Super Kingdom rank, the gene (G) will be classified as

“Super Kingdom” TRG. If all the subject genomes belong to the same Kingdom (#Kh = 1), the algorithm moves to the

Phylum level. Let Ph be the set of Phylum taxonomies of the subject genomes. ORFanID then checks to see how many

distinct Phyla (#Ph) are found in the subject sequences. If #Ph> 1 Phyla are not common, but their Kingdom is

common. If the homolog can be found at Kingdom ranks, therefore the gene (G) will be categorized as a “Kingdom”

TRG. In this way, this search will continue to the Class(C), Order(O), Family(F), Genus(G), and Species(S) levels. If a

homolog is found, the ORFanID algorithm will identify the sequence as a TRG at the appropriate taxonomical rank. If

the homologs are found only at the Species level the input sequence is identified as an “ORFan Gene”. If there are no

homologs even at the Species level, the sequence is named a “Strict Orfan”.

https://doi.org/10.1371/journal.pone.0291260.g004
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(A. thaliana) QQS gene was one of the first plant genes shown to be a species-level orphan

[31]. It regulates starch biosynthesis in leaves, increases seed protein, and enhances resistance

to pathogens [31, 32]. Our results show that ORFanID accurately classifies QQS protein

(NP_189695.1) as an A. thaliana-specific protein. Similarly, we tested the species-specific

orphan genes of some model organisms, such as D. melanogaster, C. elegans, and S. cerevisiae.
ORFanID precisely identified these published genes as species-specific orphans. The D. mela-
nogaster group-specific orphan genes, jeanbaptiste, and karr are predominantly expressed in

the male germline and are functionally important [33]. RNAi-mediated knock-down of these

genes leads to male-specific developmental defects and partial lethality. These genes were

Fig 5. ORFanID input page. Four distinct examples are provided to new users for demonstrative purposes. After the user submits their sequence, species, and

advanced parameters, ORFanID will perform the steps discussed in the Algorithm section above (Fig 4) and display results as in Fig 6A.

https://doi.org/10.1371/journal.pone.0291260.g005
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accurately grouped as strict species-level orphans by ORFanID. In Saccharomyces cerevisiae,
the de novo genes bsc4 and fyv5, which regulate DNA repair and vegetative growth, respec-

tively, were accurately predicted as species-specific by ORFanID. Finally, we analyzed the C.
elegans-specific gene ify-1 required for proper chromosome segregation during cell division.

ORFanID correctly categorized ify-1 as a species-specific protein, a result confirmed by the

“wormbase.org” database, which did not show any orthologous of the ify-1 gene [34]. Taken

together, these results suggest that ORFanID works accurately and reliably in classifying and

identifying species-specific orphan genes. A complete list of taxonomically restricted or spe-

cies-specific orphans we tested using ORFanID is available in the Supplemental Information.

Fig 6. ORFanID results page. (A) This page consists of a top left table that summarizes the metadata of the analysis, a

graph on the top right that depicts the taxonomy of the TRGs or orphan genes for easy visualization, and a table at the

bottom that displays the categorization levels and description of the analyzed genes. (B) ORFanID BLAST Results in

Graphical Display. The homology results can be viewed graphically by selecting any of the graph icons at the bottom of

the results page (Fig 6A). This interactive chart visualizes the number of BLAST matches for each taxonomic rank.

Each node in the tree represents the related orthologs found at each taxonomic rank, and. the graphical display is

expandable and collapsible by taxonomy level. In addition, all the tables on the results page are sortable by column and

can be easily filtered using the fuzzy search functionality. In addition to its web service, ORFanID can be downloaded

and installed on a local server, but the local BLAST software must be downloaded from NCBI and run on the server.

The Source-code and installation instructions are freely available online.

https://doi.org/10.1371/journal.pone.0291260.g006
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It is important to note that as the NCBI and other sequence-based databases grow, what is

currently classified as an orphan may not be an orphan with the availability of new sequence

information. Furthermore, the database of orphans and TRGs are dynamic and can change as

sampling grows. However, we have noticed that the percentage of orphans in every species

tends to stabilize with the increasing number of genomes synthesized. The ORFanID is

updated regularly so that the databases and files obtained from NCBI are current.

3.1 ORFanID yields accurate results in comparison with other classifiers

We compared ORFanFinder to ORFanID, from five different organisms (Caenorhabditis ele-
gans, Escherichia coli,Homo sapiens, Oryza sativa, and Zea mays). The results showed that

ORFanID is more sensitive and gives more accurate results in classifying orphan and strict-

orphan genes. It should be noted that ORFanFinder is no longer updated, and the last version

of its database is from 2018. We also compared ORFanID with abSENSE and found that

ORFanID accurately classifies 29% of the fungal genes as orphans and 37% of the Insect genes

(S2 Table) [6]. This supports the accuracy of ORFanID in classifying orphans and TRGs. How-

ever, it should be noted that as more organisms are sequenced and their DNA becomes avail-

able in public databases, a percentage of these classified orphans may prove not to be true

orphans.

4. Discussion

Here we present the implementation of a web-based, easy-to-use, intuitive tool designed to

help geneticists, biologists, bioinformaticians, and computational biologists, identify and dis-

cover orphan genes across any taxonomic lineage. The search engine is designed to be user-

friendly and requires minimal computational skills when compared to other bioinformatics

Table 1. Table showing the ORFanID classification of different genes. Five known sequences are accurately classified by ORFanID.

Species Taxonomy ID Accession ORFanID Classification

D. melanogaster 7227 NP_723266.1 Strict ORFan 1

D. melanogaster 7227 NP_726607.1 Phylum

C.elegans 6239 NP_500848.2 Order 2

C. elegans 6239 NP_494931.1 Orfan gene 3

S.cervisiae 4932 NP_001335743.1 Strict ORFan 4

S. cervisiae 4932 NP_014130.1 Strict ORFan 5

H. sapiens 9606 NP_073152.2 Genus 6

H. sapiens 9606 NP_001316897.1 Order 7

D. rerio 7955 XP_002665008.4 ORFan gene 8

D. rerio 7955 NP_571379.1 Class 9

1 Orphan gene based on Levine et al., 2006 [37]. No orthologs in orthodb.
2 TRG based on Verster et al., 2017 [38]. WormBase & orthodb show Nematode orthologs
3 TRG based on Verster et al., 2017 [38]. WormBase & orthodb show orthologs in Caenorhabditis genus
4 de novo gene. No orthologs in other databases
5 Strict Orphan based on publication (Cai J et al., 2008) [39]. BSC4 may be involved in the DNA repair pathway during the stationary phase of S. cerevisiae and

contribute to the robustness of S. cerevisiae when shifted to a nutrient-poor environment
6 Order restricted based on a publication and family based on ortho database
7 Order restricted based on a publication. Orthodb shows conservation in eutheria clade
8 It was shown to be genus restricted. According to orthodb, this protein has orthologs in the Actinopterygii class
9 Should be present in all seeing animals. should be multi-domain

https://doi.org/10.1371/journal.pone.0291260.t001
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programs. The tool is based on the BLAST algorithm and uses the genomic sequences of vari-

ous species made available through NCBI [1, 16]. Although previous stand-alone programs

such as ORFanFinder existed in the past, their scope was limited to protein databases. ORFa-

nID, on the other hand, is the first web-based, easy-to-use tool that allows users to identify

orphan genes and TRGs using both nucleotide and protein sequences and classify any taxon of

interest found in the NCBI databases.

With the increase in interest in orphan genes, researchers are using various approaches to

identify and understand these unique genes with specific biological significance. Recently a

new deep learning model (CNN + Transformer) was used to identify orphan genes in moso

bamboo [35]. Another recently published website, eggNOG 6.0 database, provides a large

number of species with functional annotations that allows the comparison of genes and poten-

tially further our understanding of orphan genes [36]. One potential limitation of using

BLAST as the approach to identify ORFan genes is that BLAST may not be able to identify

gene lineages lacking detectable homologs. This could lead to the potential erroneous identifi-

cation of ORFan genes. A recent study showed that many lineage-specific ORFan genes could

be explained by homology detection failure [6]. However, these findings will need to be

explored further, and ORFanID would allow the comparison and evaluation of many such

genes. Another possible limitation is potential contamination which is a concern in using the

NCBI databases. Although our program cannot directly control this concern, the NCBI data-

bases have quality checks, manual Curation, and User Feedback redundancy to mitigate the

effects of contamination.

In addition to its interactive user interface, ORFanID allows users to seamlessly use the

BLAST database to investigate and categorically identify orphan genes. These findings can lead

to the creation of databases of these clandestine genes that have been pre-identified at the vari-

ous taxonomic levels by ORFanID, resulting in a deeper understanding of the purpose of

orphan genes, their function in genomes, and their potential impact on life.
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22. Mirdita M, Steinegger M, Söding J. MMseqs2 desktop and local web server app for fast, interactive

sequence searches. Bioinformatics. 2019; 35(16):2856–8. Epub 2019/01/08. https://doi.org/10.1093/

bioinformatics/bty1057 PMID: 30615063; PubMed Central PMCID: PMC6691333.

23. Emms DM, Kelly S. OrthoFinder: phylogenetic orthology inference for comparative genomics. Genome

Biol. 2019; 20(1):238. Epub 2019/11/16. https://doi.org/10.1186/s13059-019-1832-y PMID: 31727128;

PubMed Central PMCID: PMC6857279.

24. Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using DIAMOND. Nat Methods.

2015; 12(1):59–60. Epub 2014/11/18. https://doi.org/10.1038/nmeth.3176 PMID: 25402007.

25. Altenhoff AM, Glover NM, Train CM, Kaleb K, Warwick Vesztrocy A, Dylus D, et al. The OMA orthology

database in 2018: retrieving evolutionary relationships among all domains of life through richer web and

programmatic interfaces. Nucleic Acids Res. 2018; 46(D1):D477–d85. Epub 2017/11/07. https://doi.

org/10.1093/nar/gkx1019 PMID: 29106550; PubMed Central PMCID: PMC5753216.

26. Li L, Stoeckert CJ, Jr., Roos DS. OrthoMCL: identification of ortholog groups for eukaryotic genomes.

Genome Res. 2003; 13(9):2178–89. Epub 2003/09/04. https://doi.org/10.1101/gr.1224503 PMID:

12952885; PubMed Central PMCID: PMC403725.

27. Blagus R, Lusa L. SMOTE for high-dimensional class-imbalanced data. BMC Bioinformatics. 2013;

14:106. Epub 2013/03/26. https://doi.org/10.1186/1471-2105-14-106 PMID: 23522326; PubMed Cen-

tral PMCID: PMC3648438.

28. Salemi M, Romano C, Barone C, Calı́ F, Caraci F, Romano C, et al. SPANX-B and SPANX-C (Xq27

region) gene dosage analysis in Down’s syndrome subjects with undescended testes. J Genet. 2009;

88(1):93–7. Epub 2009/05/07. https://doi.org/10.1007/s12041-009-0013-2 PMID: 19417550.

29. Kouprina N, Noskov VN, Pavlicek A, Collins NK, Schoppee Bortz PD, Ottolenghi C, et al. Evolutionary

diversification of SPANX-N sperm protein gene structure and expression. PLoS One. 2007; 2(4):e359.

Epub 2007/04/05. https://doi.org/10.1371/journal.pone.0000359 PMID: 17406683; PubMed Central

PMCID: PMC1831492.

30. Kriventseva EV, Kuznetsov D, Tegenfeldt F, Manni M, Dias R, Simão FA, et al. OrthoDB v10: sampling

the diversity of animal, plant, fungal, protist, bacterial and viral genomes for evolutionary and functional

annotations of orthologs. Nucleic Acids Res. 2019; 47(D1):D807–d11. Epub 2018/11/06. https://doi.

org/10.1093/nar/gky1053 PMID: 30395283; PubMed Central PMCID: PMC6323947.

31. Li L, Foster CM, Gan Q, Nettleton D, James MG, Myers AM, et al. Identification of the novel protein

QQS as a component of the starch metabolic network in Arabidopsis leaves. Plant J. 2009; 58(3):485–

98. Epub 2009/01/22. https://doi.org/10.1111/j.1365-313X.2009.03793.x PMID: 19154206.

32. Qi M, Zheng W, Zhao X, Hohenstein JD, Kandel Y, O’Conner S, et al. QQS orphan gene and its interac-

tor NF-YC4 reduce susceptibility to pathogens and pests. Plant Biotechnol J. 2019; 17(1):252–63. Epub

2018/06/08. https://doi.org/10.1111/pbi.12961 PMID: 29878511; PubMed Central PMCID:

PMC6330549.

33. Reinhardt JA, Jones CD. Two rapidly evolving genes contribute to male fitness in Drosophila. J Mol

Evol. 2013; 77(5–6):246–59. Epub 2013/11/14. https://doi.org/10.1007/s00239-013-9594-8 PMID:

24221639; PubMed Central PMCID: PMC3880551.

34. Harris TW, Arnaboldi V, Cain S, Chan J, Chen WJ, Cho J, et al. WormBase: a modern Model Organism

Information Resource. Nucleic Acids Res. 2020; 48(D1):D762–d7. Epub 2019/10/24. https://doi.org/10.

1093/nar/gkz920 PMID: 31642470; PubMed Central PMCID: PMC7145598.

35. Zhang X, Xuan J, Yao C, Gao Q, Wang L, Jin X, et al. A deep learning approach for orphan gene identifi-

cation in moso bamboo (Phyllostachys edulis) based on the CNN + Transformer model. BMC Bioinfor-

matics. 2022; 23(1):162. https://doi.org/10.1186/s12859-022-04702-1 PMID: 35513802

PLOS ONE ORFanID: Web-Based Search Engine

PLOS ONE | https://doi.org/10.1371/journal.pone.0291260 October 25, 2023 13 / 14

https://doi.org/10.1016/j.tig.2007.08.014
https://doi.org/10.1016/j.tig.2007.08.014
http://www.ncbi.nlm.nih.gov/pubmed/18029048
https://doi.org/10.1093/molbev/msz185
http://www.ncbi.nlm.nih.gov/pubmed/31411700
https://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
https://doi.org/10.1093/bioinformatics/btab184
https://doi.org/10.1093/bioinformatics/btab184
http://www.ncbi.nlm.nih.gov/pubmed/33734313
https://doi.org/10.1093/bioinformatics/bty1057
https://doi.org/10.1093/bioinformatics/bty1057
http://www.ncbi.nlm.nih.gov/pubmed/30615063
https://doi.org/10.1186/s13059-019-1832-y
http://www.ncbi.nlm.nih.gov/pubmed/31727128
https://doi.org/10.1038/nmeth.3176
http://www.ncbi.nlm.nih.gov/pubmed/25402007
https://doi.org/10.1093/nar/gkx1019
https://doi.org/10.1093/nar/gkx1019
http://www.ncbi.nlm.nih.gov/pubmed/29106550
https://doi.org/10.1101/gr.1224503
http://www.ncbi.nlm.nih.gov/pubmed/12952885
https://doi.org/10.1186/1471-2105-14-106
http://www.ncbi.nlm.nih.gov/pubmed/23522326
https://doi.org/10.1007/s12041-009-0013-2
http://www.ncbi.nlm.nih.gov/pubmed/19417550
https://doi.org/10.1371/journal.pone.0000359
http://www.ncbi.nlm.nih.gov/pubmed/17406683
https://doi.org/10.1093/nar/gky1053
https://doi.org/10.1093/nar/gky1053
http://www.ncbi.nlm.nih.gov/pubmed/30395283
https://doi.org/10.1111/j.1365-313X.2009.03793.x
http://www.ncbi.nlm.nih.gov/pubmed/19154206
https://doi.org/10.1111/pbi.12961
http://www.ncbi.nlm.nih.gov/pubmed/29878511
https://doi.org/10.1007/s00239-013-9594-8
http://www.ncbi.nlm.nih.gov/pubmed/24221639
https://doi.org/10.1093/nar/gkz920
https://doi.org/10.1093/nar/gkz920
http://www.ncbi.nlm.nih.gov/pubmed/31642470
https://doi.org/10.1186/s12859-022-04702-1
http://www.ncbi.nlm.nih.gov/pubmed/35513802
https://doi.org/10.1371/journal.pone.0291260


36. Hernández-Plaza A, Szklarczyk D, Botas J, Cantalapiedra Carlos P, Giner-Lamia J, Mende DR, et al.

eggNOG 6.0: enabling comparative genomics across 12 535 organisms. Nucleic Acids Research.

2022; 51(D1):D389–D94. https://doi.org/10.1093/nar/gkac1022 PMID: 36399505

37. Levine MT, Jones CD, Kern AD, Lindfors HA, Begun DJ. Novel genes derived from noncoding DNA in

Drosophila melanogaster are frequently X-linked and exhibit testis-biased expression. Proc Natl Acad

Sci U S A. 2006; 103(26):9935–9. https://doi.org/10.1073/pnas.0509809103 PMID: 16777968

38. Verster AJ, Styles EB, Mateo A, Derry WB, Andrews BJ, Fraser AG. Taxonomically Restricted Genes

with Essential Functions Frequently Play Roles in Chromosome Segregation in Caenorhabditis elegans

and Saccharomyces cerevisiae. G3 (Bethesda). 2017; 7(10):3337–47. https://doi.org/10.1534/g3.117.

300193 PMID: 28839119

39. Cai J, Zhao R, Jiang H, Wang W. De novo origination of a new protein-coding gene in Saccharomyces cer-

evisiae. Genetics. 2008; 179(1):487–96. https://doi.org/10.1534/genetics.107.084491 PMID: 18493065

PLOS ONE ORFanID: Web-Based Search Engine

PLOS ONE | https://doi.org/10.1371/journal.pone.0291260 October 25, 2023 14 / 14

https://doi.org/10.1093/nar/gkac1022
http://www.ncbi.nlm.nih.gov/pubmed/36399505
https://doi.org/10.1073/pnas.0509809103
http://www.ncbi.nlm.nih.gov/pubmed/16777968
https://doi.org/10.1534/g3.117.300193
https://doi.org/10.1534/g3.117.300193
http://www.ncbi.nlm.nih.gov/pubmed/28839119
https://doi.org/10.1534/genetics.107.084491
http://www.ncbi.nlm.nih.gov/pubmed/18493065
https://doi.org/10.1371/journal.pone.0291260

