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Genomes contain a large number of genes that do not have recognizable homologues in other species and that are likely
to be involved in important species-specific adaptive processes. The origin of many such ‘‘orphan’’ genes remains
unknown. Here we present the first systematic study of the characteristics and mechanisms of formation of primate-
specific orphan genes. We determine that codon usage values for most orphan genes fall within the bulk of the codon
usage distribution of bona fide human proteins, supporting their current protein-coding annotation. We also show that
primate orphan genes display distinctive features in relation to genes of wider phylogenetic distribution: higher tissue
specificity, more rapid evolution, and shorter peptide size. We estimate that around 24% are highly divergent members of
mammalian protein families. Interestingly, around 53% of the orphan genes contain sequences derived from transposable
elements (TEs) and are mostly located in primate-specific genomic regions. This indicates frequent recruitment of TEs as
part of novel genes. Finally, we also obtain evidence that a small fraction of primate orphan genes, around 5.5%, might
have originated de novo from mammalian noncoding genomic regions.

Introduction

The gene content of genomes varies in different line-
ages, indicating the existence of general and widespread
mechanisms of gene birth and loss (Long et al. 2003).
The study of lineage-specific genes has generated much in-
terest in recent years as these genes are particularly impor-
tant in helping understand recent adaptive processes. It is
well established that gene duplication is a major mechanism
for the formation of novel genes (Ohno 1970; Zhou et al.
2008), including segmental DNA duplications and retro-
transposition events (Fortna et al. 2004; Marques et al.
2005). Genes formed by gene duplication can normally
be grouped into gene families that include members from
distant species. For example, Kruppel-associated box-Zinc
finger proteins (KRAB-ZNF) have undergone numerous
lineage-specific gene duplications in mammals (Eichler
et al. 1998; Castresana et al. 2004), but the copies retain
significant sequence similarity to vertebrate KRAB
proteins.

A special class of lineage-specific genes are ‘‘orphan’’
genes, which are genes that do not show homology to se-
quences in other species (Fischer and Eisenberg 1999).
Each newly sequenced genome contains a significant num-
ber of such genes. For example, among 60 fully sequenced
microbial genomes, 14% of genes are species-specific or-
phans (Siew and Fischer 2003), and about 18% of genes
in Drosophila are restricted to the Drosophila group (Zhang
et al. 2007). They typically encode short proteins and show
high nonsynonymous substitution rates, but their functions
are largely unknown (Domazet-Loso and Tautz 2003;
Daubin and Ochman 2004).

Due to their lack of phylogenetic conservation, the or-
igin of orphan genes has remained elusive. One proposed
scenario is that they derive from gene duplication events in
which one copy has accumulated so many sequence

changes that the ancestral similarity is no longer detectable
(Domazet-Loso and Tautz 2003). This process should in-
volve abnormally high sequence divergence rates, given
that for short timescales (e.g., within mammals), sequence
similarity methods should suffice to detect homology for
most genes, including those that are rapidly evolving (Alba
and Castresana 2007). Non-deleterious frameshift muta-
tions after gene duplication could also potentially generate
novel protein-coding genes (Ohno 1984), as recently shown
in mouse (Okamura et al. 2006). A second scenario, which
does not involve gene duplication, is direct birth of new
protein-coding genes from noncoding genomic regions,
such as introns, gene untranslated regions, or intergenic re-
gions. This mechanism has recently been reported in
Drosophila (Levine et al. 2006; Zhou et al. 2008) and yeast
(Cai et al. 2008) but has not been observed in mammals. Se-
quences derived from transposable elements (TEs), such as
Alu repeats in primates, can be incorporated into preexisting
human genes, often forming new exons (Makalowski et al.
1994). Interestingly, TE insertions have been suggested
to be implicated in the creation of two new mouse genes
(Nekrutenko and Li 2001), but the global impact of this pro-
cess in the formation of completely new genes in mammalian
genomes remains unknown.

The aim of the present study is to estimate the relative
importance of the different mechanisms of gene formation in
primate genomes. For this, we examine the patterns of con-
servation of mammalian syntenic genomic regions, perform
extensive gene homology searches, and map the positions of
TEs onto human genes. We conclude that about one-fourth
of the orphan genes are likely to have been formed by gene
duplication processes, that TEs are likely to have played
a very important role in the formation of the remaining genes,
and that some new genes may have arisen de novo from non-
coding sequences by TE-independent mechanisms.

Materials and Methods
Sequence Data Sets

Human–macaque orthologous protein pairs, their cor-
responding gene coding and protein sequences, expression
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data, and chromosome number were obtained using
Biomart at Ensembl, version 48 (Flicek et al. 2008). We
used build NCBI36 of the human genome and Mmul_1
of the macaque genome. When more than one protein se-
quence per gene was available, we chose the longest one.
In order to build groups of primate genes of different
phylogenetic distribution, we obtained protein sequences
from 14 additional eukaryotic complete genomes. Sequen-
ces from Saccharomyces pombe and Arabidopsis thaliana
were downloaded from the Cogent Database release 153
(Goldovsky et al. 2005). Sequences from Pan troglodytes
(CHIMP1), Mus musculus (NCBIM36), Rattus norveg-
icus (RGSC3.4), Bos Taurus (Btau_2.0), Canis familiaris
(BROADD1), Gallus gallus (WASHUC1), Xenopus
tropicalis (JGI4.1), Danio rerio (ZFISH6), Saccharomyces
cerevisiae (SGD1.01), Caenorhabditis elegans (WS180),
Drosophila melanogaster (BDGP54), and Takifugu
rubripes (FUGU4) were downloaded from Ensembl.

Classification by Phylogenetic Distribution

We classified the human proteins into four gene age
groups—Primates, Mammals, Vertebrates, and Eukarya—
using BlastP sequence similarity searches (Altschul et al.
1997). The data set comprised 20,764 human proteins (En-
sembl 48). We considered that there existed a homologue in
another genome if there was at least one BlastP hit with an
expectation value (E value) smaller than 10�4, as previ-
ously described (Alba and Castresana 2005). To avoid false
positives caused by low-complexity sequences, we filtered
this type of region from the human sequences using the
SEG program (Wootton and Federhen 1996). If the human
protein had any homologue in P. troglodytes and Macaca
mulatta but not in the other genomes, it was classified as
Primates (primate orphan genes). If the protein had homo-
logues in the other 4 mammalian species but not in the rest
of the eukaryotes, it was classified as Mammals. If it had
homologues in all the species mentioned above, and also
in all other vertebrates ‘‘tested’’ but not in the rest of the
eukaryotes, it was classified as Vertebrates. Finally, if it
had homologues in all 15 eukaryotes tested, it was classified
as Eukarya. This classification was quite strict, and some
genes with more complex conservation patterns could
not be classified, but it provided robust classes of well-
defined phylogenetic age. Human pseudogenes were down-
loaded from the psedogene.org database (Karro et al. 2007),
and an R script was used to determine if there were pseu-
dogenes overlapping the coding region of primate orphan
genes. Single exon genes that overlapped TEs were elim-
inated to discard possible contamination of TEs incorrectly
annotated as genes. The final data set contained 270 Primate
genes, 364 Mammal genes, 1,958 Vertebrate genes, and
6,153 Eukarya genes.

Calculation of Nucleotide Substitution Rates

For each human and macaque orthologous protein
pair, we obtained the corresponding coding sequences from
Ensembl. The coding sequence alignments were based on
protein alignments, which were obtained by ClustalW

(Thompson et al. 1994). Nonsynonymous substitutions
per nonsynonymous site (Ka) and synonymous substitu-
tions per synonymous site (Ks) were estimated using the
maximum likelihood method implemented in the codeml
program of the PAML software package (Yang 2007). Pairs
with high substitution rates (Ka . 0.5 and/or Ks . 0.5
substitutions/site) were not used in the analysis of evo-
lutionary rates to avoid the inclusion of non bona fide or-
thologues. We obtained 7,203 gene pairs classified in
different age groups: 5,814 Eukarya, 1,664 Vertebrates,
276 Mammals, and 120 Primates.

Codon Usage

We built a codon usage table using 35,882 nonredun-
dant human coding sequences from Ensembl, after filtering
out those sequences in which start or stop codons were miss-
ing or which had stop codons in frame. For each codon, its
relative frequency of use was estimated as the number of oc-
currences of that codon throughout the sequence data set di-
vided by the total number of codons. The ATG codon
(Methionine) as translation initiation codon was not taken
into account as this position is used to predict the start of
open reading frames (ORFs). Using this codon usage table,
we estimated codon usage scores for each different codon
dividing its relative frequency of use by the uniform prob-
ability of occurrence (1/64), in log scale. Using these scores,
for any given DNA sequence divided in codons, we esti-
mated its capacity of coding for a protein (often referred
to as coding potential or coding bias) by adding up the scores
of every codon along the sequence, as previously described
(Guigo 1999). To compare sequences of different length, we
divided the previous score by the number of codons in the
sequence obtaining a measure of average codon usage score
per codon. Positive values indicate a codon usage similar to
that observed in human proteins. Negative values indicate
a codon usage typical of noncoding sequences.

We examined the distribution of codon usage scores in
six data sets, one that contained all the human coding se-
quences from Ensembl (35,882), a subset of these compris-
ing those sequences �100 amino acids (1,668), a subset
containing coding sequences with evidence at protein level
(20,689), a subset of these coding sequences with evidence
at protein level and �100 amino acids (1,659), a library of
noncoding RNA genes curated from the literature from the
database RNAdb (939 genes) (Pang et al. 2007), and our
data set of primate orphan coding sequences (270 genes).
As a control, we also examined noncoding portions of pro-
tein-coding genes and alternative noncoding frames.

Expression and Functional Data

Tissue gene expression data were obtained from En-
sembl, using the eGenetics/SANBI annotated expressed se-
quence tag (EST) collection. The number of annotated
tissues was 70, and for each gene, we recorded the number
of tissues in which there was EST-based expression evi-
dence. We also retrieved Gene Ontology (GO) functional
annotations from Ensembl for primate orphan genes and
their human paralogues. We used the database Uniprot
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(Bairoch et al. 2005) to retrieve further functional informa-
tion and literature as well as to obtain a list of human genes
with evidence at the protein level using an in-house Perl
program.

Analysis of Syntenic Genomic Regions

Syntenic regions to the list of 270 primate orphan hu-
man genes were extracted for M. musculus, R. norvegicus,
C. familiaris, and B. taurus, using the Galaxy server
(Giardine et al. 2005). The alignments were based on build
hg18 for the human genome, build mm8 for the mouse
genome, build rn4 for the rat, build canFam2 for the dog
genome, and build bosTau2 for the cow genome.

For each gene, we calculated the syntenic sequence
coverage and percentage identity. The coverage was the
fraction of the alignment that did not contain gaps. We used
this measure to classify the genes in primate orphan genes
showing conserved synteny if coverage was between 0.70
and 1 in at least two mammalian species and in primate or-
phan genes with no conserved synteny if the coverage was
between 0 and 0.2 in all four mammalian species.

For genes with conserved synteny, we calculated the
percentage identity of the genomic alignment correspond-
ing to the human coding sequence and the human noncod-
ing sequence separately. We also translated the nonprimate
genomic sequences in the three possible reading frames and
obtained artificial translations that were as similar as pos-
sible to the human protein sequences. In some cases, we
needed to introduce frameshifts to maximize the similarity
to the human protein. We used in-house Perl programs for
these tasks. Protein multiple alignments were obtained by
T-Coffee (Notredame et al. 2000), which was followed by
manual editing if necessary. Vertebrate genomic syntenic
conservation was also visually inspected using the Univer-
sity of California–Santa Cruz (UCSC) Genome Browser
(Karolchik et al. 2008).

Sequence Similarity Searches

We extracted the genomic positions of TE sequences
(comprising short interspersed element (SINE), long inter-
spersed element (LINE), long terminal repeat [LTR], and
DNA) identified by RepeatMasker and available from
the UCSC Genome Browser and used these coordinates
to identify all orphan genes that contained TE sequences
in their coding regions.

To identify paralogues of primate orphan genes, we
performed BlastP searches against all human proteins. If
there were no significant hits, we additionally performed
TBlastN searches against all human chromosomes to iden-
tify possibly unannotated proteins. BlastP cutoff E value
was 0.5, which allowed detection of the paralogy between
dermcidin and lacritin. We identified 66 genes with pa-
ralogues that showed significant similarity to mammalian
proteins. In 12 of these genes (18%), the similarity included
TE regions but was also significant when these regions were
not considered. We used T-Coffee to build sequence align-
ments (Notredame et al. 2000) and the program ‘‘neighbor’’
in the PHYLIP package for distance-based tree reconstruc-
tion (Felsenstein 2005).

The best BlastP hit among nonprimate-specific pa-
ralogues was recovered (here named ‘‘parental’’ gene)
and the positions of introns compared with those of the or-
phan genes. When at least one splice site was located in the
same position in the alignment of the parental and orphan
genes, we assumed that gene duplication had occurred by
unequal crossing over (or segmental duplication, S); when
none of the splice sites in the parental gene could be
matched to the orphan gene, we assumed that it had oc-
curred by retrotransposition (R). In some cases, there were
no splice sites in the aligned part of the parental gene; these
cases were left undetermined (S/R).

We performed TBlastN searches with primate orphan
gene human proteins against GenBank EST human and
mouse databases, using default parameters.

Regulatory Motif Analysis

We identified significant motifs in proximal promoter
sequences (�600 to þ100) from 14,678 human genes from
Ensembl, using the program PEAKS (Bellora et al. 2007a).
This algorithm identifies motifs based on their positional
bias with respect to the transcription start site. We used li-
braries of known vertebrate transcription factor–binding
sites from TRANSFAC (Matys et al. 2006) and JASPAR
(Vlieghe et al. 2006). Redundant motif matches were clus-
tered as described previously (Bellora et al. 2007b). The pa-
rameters used were window size 31 and P value , 10�5.
We obtained a list of significant motifs in the complete hu-
man gene data set, the average number of motifs in different
subsets of genes, and P values using random sequences of
the same composition as the test sequence (Bellora et al.
2007b).

Statistical Tests and Graphics

As evolutionary rates greatly depart from a Normal
distribution, we used the nonparametric Kolmogorov–
Smirnov test to detect any statistical differences between
Ka, Ks, and Ka/Ks in different gene groups. In the case
of codon usage scores, both the Shapiro–Wilk normality test
and the one-sample Kolmogorov–Smirnov test indicated
normality for all sequence data sets (P value , 10�3),
and therefore, we used a t-test to compare data set pairs.
In order to determine if there were differences in the expres-
sion patterns between all human genes and primate orphan
genes, we used a Fisher test. We used the R statistical soft-
ware package (R DCT 2007) for all calculations.

Results
Features of Primate Orphan Genes

We identified all human proteins from Ensembl
(Flicek et al. 2008) that showed significant sequence sim-
ilarity to chimpanzee (P. troglodytes) and macaque (M.
mulatta) gene products but lacked homologues in 13 other
complete eukaryotic genomes, including 3 nonprimate
mammalian species. We only considered human genes with
putative homologues in other primates in order to increase
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the confidence in the genes in our data set. This comprised
270 primate orphan genes (Materials and Methods, supple-
mentary file 1, Supplementary Material online), with an es-
timated pseudogene inclusion rate below 5% (supplementary
file 2, S1, Supplementary Material online).

All genes were annotated as protein-coding genes in
Ensembl, but direct protein evidence was missing except
in 6 cases, and the encoded peptides were in general short.
For this reason, we analyzed their coding potential (Materials
and Methods) and compared it with several coding and non-
coding sequence data sets (table 1). In all coding sequence
groups, including our data set of primate orphan genes, the
average codon usage score was positive. In contrast, all non-
coding sequence groups showed negative scores. The differ-
ence between primate orphan genes and noncoding RNA
genes, or noncoding gene frames, was highly significant
(P , 10�5). Therefore, the data support the current annota-
tion of these genes as protein-coding genes.

Orphan genes in Drosophila have been reported to
evolve rapidly (Domazet-Loso and Tautz 2003; Zhang
et al. 2007). We found that the nonsynonymous to synony-
mous (Ka/Ks) substitution rate ratio of primate orphan genes
was markedly high, with a median Ka/Ks of 0.91 for human
and macaque orthologous sequence comparisons. Similarly,
high Ka/Ks values were observed in the subset of genes en-
coding experimentally verified proteins, such as the primate-
specific antibacterial peptide dermcidin (Ka/Ks 0.89). We
compared these results with groups of genes of an increas-
ingly wider phylogenetic distribution: mammalian-specific
genes (Mammals), vertebrate-specific genes (Vertebrates),
and widely distributed eukaryotic genes (Eukarya) (see
Materials and Methods). Consistent with previous reports
(Alba and Castresana 2005, 2007; Cai et al. 2006; Luz
et al. 2006; Zhang et al. 2007), we found an accelerated evo-
lutionary rate in younger genes with respect to older ones
(table 2). The Ka and Ka/Ks values of human and macaque

orthologous pairs were significantly different in all group-to-
group comparisons (P , 0.01). Besides, protein size was
shortest in Primate, intermediate in Vertebrates and Mam-
mals, and longest in Eukarya.

Functionality of Primate Orphan Genes

The functions of orphan genes are generally poorly
characterized (Daubin and Ochman 2004; Domazet-Loso
et al. 2007), and most primate orphan genes in our data
set were of unknown function. However, there were some
exceptions. A well-characterized gene was dermcidin, en-
coding a peptide secreted in sweat glands with antimicro-
bial activity, which has also been reported to be involved in
neural survival and cancer (Schittek et al. 2001; Porter et al.
2003). Another primate orphan protein with a role in
immune response was minor histocompatibility protein
HB-1, which is able to stimulate T-cell responses (Dolstra
et al. 1999). A third example of a gene with a described
function was the SPHAR gene (S-phase response), in-
volved in the regulation of DNA synthesis (Digweed
et al. 1995). Two more genes, FAM9B and FAM9C, exclu-
sively expressed in testis, have been suggested to play roles
in mediating recombination during meiosis (Martinez-
Garay et al. 2002). Finally, one protein from the primate-
specific morpheus gene family has been shown to locate in
the nuclear pore complex (Johnson et al. 2001).

To gain further insight into the functions of primate
orphan proteins, we inspected the available gene expression
data in Ensembl (eGenetics/SANBI). We found that pri-
mate orphan genes were expressed in significantly less tis-
sues than human genes in general (fig. 1, P value , 10�5).
In particular, the fraction of primate orphan genes expressed
in only one tissue was 19% in comparison to 3.8% for all
human genes. We did not find any significant tissue expres-
sion bias in tissue-specific orphan genes when compared
with the complete gene data set.

Table 1
Codon Usage Scores for Coding and Noncoding Human
Sequence Data Sets

Data Set
Mean Codon
Usage Score

Protein-coding
Ensembl genes 0.140 ± 0.069 (35,882)
Ensembl genes with evidence

at protein level 0.153 ± 0.065 (20,689)
Protein-coding ,100 amino acids

Ensembl genes 0.079 ± 0.090 (1,668)
Ensembl genes with evidence

at protein level 0.081 ± 0.09 (1,659)
Protein-coding primate-specific

Coding frame primate-specific genes 0.063 ± 0.071 (270)
Noncoding

Noncoding frames from primate-specific
genes �0.064 ± 0.101 (540)

Noncoding regions from primate-specific
genes �0.098 ± 0.072 (921)

Noncoding frames from Ensembl genes �0.115 ± 0.087 (71,764)
Noncoding frames Ensembl genes
,100 amino acids �0.097 ± 0.124 (3,336)

Noncoding RNA genes �0.082 ± 0.114 (939)

NOTE.—Mean and standard deviation are indicated. Number of sequences is in

brackets.

Table 2
Features of Human Genes with Different Phylogenetic
Distribution

N Ka Ka/Ks Protein Length

Primates
Mean 120 0.14 1.15 100
Median 0.11 0.91 90
SD 0.09 0.98 53

Mammals
Mean 276 0.12 0.64 305
Median 0.05 0.53 202
SD 0.21 0.47 300

Vertebrates
Mean 1,664 0.06 0.38 329
Median 0.03 0.32 259
SD 0.13 0.33 282

Eukarya
Mean 5,814 0.03 0.23 624
Median 0.01 0.17 506
SD 0.06 0.24 511

NOTE.—N, number of genes; Ka, nonsynonymous substitutions per non-

synonymous site; Ka/Ks, ratio nonsynonymous to synonymous substitutions; and

SD, standard deviation.
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Gene expression is controlled to an important extent by
transcription factors that bind to cis-regulatory motifs in the
promoter sequence. Common motifs in human promoters in-
clude Sp1 sites, the CAAT box and the GA-binding protein
GABP box, among others. In general, tissue-specific genes
contain a smaller number of such motifs (Bellora et al.
2007b), so one should expect less motifs in primate orphan
genes. Consistently, we found that the number of regulatory
motifs in these genes was inferior to nonorphan genes, al-
though significantly higher than in a random sequence con-
trol data set (supplementary file 2, S2, Supplementary
Material online).

Mechanisms of Formation of Primate Orphan Genes

To obtain clues as to the processes underlying the for-
mation of primate orphan genes, we performed several gene
and genome comparative sequence analysis. In this section,
we first describe the nature of the analysis and then provide
a classification of the genes in relation to their possible
mechanism of formation.

First, we investigated the similarity of the orphan genes
to other human genes that were conserved in other mammals
(hereafter ‘‘phylogenetically conserved genes’’). This al-
lowed us to test the hypothesis that many orphan genes could
be the result of complete or partial gene duplication events
(Domazet-Loso and Tautz 2003). One known example was
the orphan gene dermcidin, which sits next to the lacritin gene
on chromosome 12. Both genes show similar exonic structure
and, although they appear to have diverged to an important
extent, sequence similarity between the two is still detectable
(Ma et al. 2008). Unlike dermcidin, the lacritin gene has ho-
mologues in other mammals, pointing to an earlier origin of
the gene family. Using BlastP searches, we obtained a list of
genes that showed complete or partial significant similarity to
human phylogenetically conserved genes.

Second, we analyzed the similarity of the primate
orphan genes to TE sequences (including SINE, LINE,
LTR, and DNA transposons), using the genomic mapping
of such elements available at the UCSC Genome Database
(Karolchik et al. 2008). These searches were motivated by
previous observations that many new exonic sequences in
human genes are derived from TEs (Makalowski et al.
1994). We obtained a list of orphan gene coding sequences
that showed some degree of overlap with TE sequences.

Third, we determined the degree of conservation of the
orphan gene genomic regions in four other mammalian spe-
cies (mouse, rat, dog, and cow), using prebuilt genomic
alignments from the UCSC (Karolchik et al. 2008). Lack
of synteny was more frequent in the human–rodent compar-
isons than in human–dog or human–cow comparisons (sup-
plementary file 2, S3, Supplementary Material online), which
may be due to the previously described high rate of sequence
deletion in rodents, resulting in the mouse genome being
about 14% smaller than the human genome (Waterston
et al. 2002). The majority of genes could be classified in
two well-defined groups: with no conserved synteny (105
genes), when the genes were located in genomic regions that
did not align to any of the nonprimate mammalian genomes,
and with conserved synteny, when they were located in re-
gions that matched genomic sequences in at least two other
mammals (56 genes). In the latter case, a similar percentage
sequence identity was observed for genomic alignments cor-
responding to human coding and noncoding gene regions,
indicating that these regions essentially lacked functional
genes in the other mammalian species (supplementary file
2, S4, Supplementary Material online).

With these data, we could identify three main mech-
anisms associated with the formation of orphan genes
in primates (table 3, supplementary file 1, Supplementary
Material online).

Gene Duplication

About one-fourth of the primate orphan genes showed
similarity to phylogenetically conserved human genes (66
genes), indicating that they had been formed by gene dupli-
cation. In these cases, rapid sequence divergence, often ac-
companied by duplication of only a part of the ancestral gene,
had initially hindered the identification of homologues

FIG. 1.—Number of tissues where a gene is expressed in the data set of all human genes and in the data set of primate orphan genes.

Table 3
Categories of Primate Orphan Genes

Mechanism of Formation
of Primate Orphan Gene N Ensembl

Gene duplication 66 (24%)
Exaptation from TEs 142 (53%)
De novo formation from noncoding regions 15 (5.5%)
Unknown 47 (17%)
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in other mammals. For example, XAGE-1, a cancer/testis-
associated gene, hit the human protein XAGE-2, another
member of this family (Zendman et al. 2002). However, only
XAGE-2 showed detectable similarity to XAGE homo-
logues in other mammalian species, whereas the XAGE-1
sequence was too highly divergent (fig. 2).

Gene duplication may occur by unequal crossing over
(segmental duplication) or retrotransposition. In the latter
case, the new gene will initially have no introns, but there
exists the possibility that, at a later stage, new introns may
be inserted or new exons recruited. To estimate the relative
frequency of these two mechanisms, we compared the posi-
tion of splice sites in the orphan protein and its closest human
relative. If at least one splice site was located in approxi-
mately the same position, we took it as evidence of segmental
duplication. We estimated that 59% of the genes would have
been formed by segmental duplication, 14% by retrotranspo-
sition, and the rest (27%) would be compatible with both
mechanisms given the lack of splice sites in the aligned region
(supplementary file 1, Supplementary Material online).

The identification of homologues with known func-
tions may provide some hints as to the possible functions
of orphan genes. Analysis of GO terms revealed that about
one-third of the GO annotated paralogous genes had
DNA binding–related functions. However, given the high

divergence of orphan genes, it is unclear how many of these
functions will be conserved.

Exaptation from TEs

Interestingly, about 70% of the genes with no similar-
ity to phylogenetically conserved human genes matched
TEs (142 genes). SINE elements (mostly Alus) comprised
93% of cases, either alone or accompanied by other TEs.
These genes were mostly found in primate-specific geno-
mic regions. TE-derived sequences corresponded to one
or both exon boundaries, indicating TE exonization, or
were embedded into an exon as a TE cassette (fig. 3).
The genes often included non–TE-derived exons, indicat-
ing alternative mechanisms of de novo exon formation.
This suggests that coding sequence exaptation from TE
may trigger or contribute in a very significant manner to
the formation of novel genes in primate genomes.

De Novo Formation from Noncoding Genomic Regions

The remaining genes showed no similarity to TEs or to
phylogenetically conserved human genes (62 genes). Inter-
estingly, these genes were mostly found in genomic regions
with conserved synteny in other mammals. In searching for

FIG. 2.—Multiple alignment and evolutionary tree of XAGE sequences. Sequences were human XAGE-1 (ENSP00000364766, orphan protein),
human XAGE-2 (ENSP00000286049), and cow (Bos Taurus, bt) homologous protein (XP_001787281). The alignment corresponds to the conserved
C-terminal half of the orphan protein (GAGE domain). Estimated amino acid substitution rates are indicated in the branches; the tree was obtained by
Neighbor-Joining (Jones, Taylor, and Thornton matrix).

FIG. 3.—Examples of primate orphan genes containing sequences derived from TEs. The type of TE and amino acid positions at exon boundaries
are indicated. Exonic sequences are indicated as boxes, which are wider for protein-coding parts; TE-derived sequences as black boxes; and introns are
indicated as horizontal lines and are not at scale.
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clues as to their origin, we examined whether the correspond-
ing nonprimate genomic regions had the capability to en-
code a similar, uninterrupted protein sequence. We
identified 15 genes in which there was a strong evidence
that the nonprimate sequence could not encode a similar
protein due to the presence of multiple stop codons, frame-
shifts, and/or long gaps in several of the mammalian species
(fig. 4, supplementary file 2, S5, Supplementary Material
online). In addition, none of these genes showed similarity
to mouse EST in the GenBank database. We also confirmed
a lack of mammalian conservation of human exonic regions
in the UCSC Genome Browser mammalian conservation
track (supplementary file 2, S6, Supplementary Material
online). These genes may thus have originated de novo
from noncoding mammalian genomic regions. Interest-
ingly, a number of them could be involved in cancer pro-
cesses: PART-1 (ENSG00000152931), a gene that shows
increased expression when exposed to androgens and that
has been suggested to be involved in the etiology of prostate
carcinogenesis (Lin et al. 2000); ENSG00000174613, an
imprinted gene located in the critical region of Wilm’s tu-
mor 2 that shows reduced expression in this kind of tumor
(Xin et al. 2000); and ENSG00000173046, overexpressed

in colon carcinoma (Pibouin et al. 2002). The characteris-
tics of a selected list of genes are shown in table 4.

Discussion

The formation of new genes is an important source of
functional innovation, which contributes to the adaptation of
the organism to new conditions of life. For example, some
novel genes formed in the primate lineage play roles in the
defense against pathogens (e.g., dermcidin) or may be in-
volved in spermatogenesis (Kouprina et al. 2004). However,
many of these genes lack homologues in other species and
are poorly characterized. Here we have attempted to shed
new light on the nature and origin of primate orphan genes.

We have determined that primate orphan genes evolve
about four times faster than the average gene. Such rapid
evolutionary rates may be related to relaxed functional con-
straints on proteins with newly acquired functions and/or to
positive selection linked to adaptive evolution (Johnson et al.
2001; Levine et al. 2006). Besides, the genes generally en-
code short proteins, with a median length of 101 amino acids
in the complete data set. Short ORFs are to be expected in

Table 4
Primate Orphan Genes Mapping to Noncoding Regions in Other Mammals

Ensembl Gene and
Protein Identifiers UniProt Chromosomes Protein Length N Exonsa ESTs GenBank eVOC

ENSG00000204537
ENSP00000365460

Q6ZTQ9 17 122 1 (1) BX090949.1 (breast) NA

ENSG00000204323
ENSP00000364363

Q71RC9 17 101 2 (1) CA413024.1 (chondrosarcoma),
BM930242.1 (eye), BI712423.1
(pancreas), BQ015596.1
(placenta), and DB305396.1 (brain)

NA

ENSG00000180547
ENSP00000326404

Q9P1G1 12 83 1 (1) AI133322.1 (fetal liver) Liver

ENSG00000174613
ENSP00000310973

KCQ1D 11 68 2 (2) AA828167.1 (kidney tumor) and
AI732937.1 (kidney tumor)

Kidney, lung,
and testis

ENSG00000152931
ENSP00000354582

PART1 5 59 1 (1) DA869513.1 (prostata), DA857587.1
(trachea), and DB206471.1 (placenta)

Broad expression

ENSG00000180441
ENSP00000317176

Q9UHU7 1 58 1 (1) DA045082.1 (bladder), CN362190.1
(embryonic stem cells), BX451446.1
(fetal brain), BM457313.1 (testis),
and BG057354.1 (lymphocyte)

Brain, blood,
and testis

ENSG00000125899
ENSP00000367499

Q9UGB4 20 50 2 (2) BX281604.1 (pooled), AW269959.1
(pooled), and AA912145.1 (pooled)

NA

NOTE.—ESTs GenBank, a maximum of five different ESTs are shown. NA: not available.
a Coding exons in parentheses.

FIG. 4.—Multiple alignment corresponding to a primate orphan protein. The alignment corresponds to Ensembl human protein sequence
(ENSP00000326030, in bold), macaque protein (ENSMMUP00000001646, in bold), and artificial translations from other mammalian syntenic regions.
Stop codons are X. Amino acids at frameshift boundaries are shown with a dark gray background.
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genes that have arisen de novo, although this can also be a re-
sult of partial gene duplications of preexisting older genes.
Interestingly, a recent estimation of the proportion of short
proteins (,100 amino acids) in the mouse genome has ele-
vated the number of such proteins from 3% to 10% of the
proteome, including some peptides localized to the secretory
pathway (Frith et al. 2006). So a fraction of the primate or-
phan proteins could be located in the membrane or in the
extracellular space, which is consistent with the observation
that some of them contain putative signal peptides (;18%).

It has recently been argued that most of the annotated
human orphan proteins are likely to be spurious ORFs that
are not functional (Clamp et al. 2007). Here we only con-
sidered human gene products that showed significant sim-
ilarity to putative macaque and chimpanzee proteins and,
with this data set, we reached quite different conclusions
regarding the possible functionality of orphan genes. First,
codon usage values were largely consistent with the current
annotation of these genes as protein-coding genes. Second,
the expression of many of these genes was well supported in
EST and/or cDNA libraries. Third, about one-fourth of
them showed sequence similarity to protein families that
included nonprimate homologues. Fourth, although the
number of experimentally verified proteins in the data
set was small, these proteins showed similar characteristics
to the rest, including high substitution rates between
human and macaque, indicating that high divergence is
not necessarily linked to lack of protein functionality.

In Drosophila, lineage-specific genes are often ex-
pressed in testis (Levine et al. 2006; Zhou et al. 2008),
and the same has been observed for recent primate retro-
genes (Marques et al. 2005). In contrast, primate orphan
genes showed high tissue specificity but not testis-specific en-
richment when compared with all human tissue–specific
genes. One interesting question is how newly formed genes
acquire functional promoter sequences, particularly in the
case of retrogene copies or genes originated de novo. Previous
studies suggest that widely expressed genes require a larger
number of regulatory motifs for basic transcription factors
(Sp1, GABP/ETS, CAAT-BP, etc.) than tissue-specific
genes (Bellora et al. 2007b). We found that, although the
number of motifs in orphan genes was significantly higher
than the number expected in random sequences of similar
compositional and CpG content, it was, in general, smaller
than in genes of deeper phylogenetic conservation. So, the
reduced number of functional regulatory motifs in new
promoter sequences may explain why so many orphan genes
are expressed in a tissue-specific manner.

An important fraction of the primate orphan genes
showed significant sequence similarity to human genes that
in turn had homologues in other mammalian species. This is
consistent with the previously proposed mechanism of gene
duplication followed by rapid sequence divergence as an
explanation for the high number of orphan genes detected
in Drosophila (Domazet-Loso and Tautz 2003). Gene du-
plication has a prominent role in the creation of novel func-
tional lineage-specific genes (Ohno 1970; Long et al. 2003),
either by unequal crossing over or by retrotransposition.
The latter has been shown to be a very active process
for the formation of Drosophila and human lineage–
specific genes (Marques et al. 2005; Vinckenbosch et al.

2006; Bai et al. 2007). None of the genes in our list matched
the list of recently originated functional human gene retro-
copies provided by Marques et al. (2005) (supplementary
table S1, Supplementary Material online), probably be-
cause our study only comprised orphan genes, but, in this
context, our results also indicated that retrotransposition is
a relevant process for the formation of rapidly evolving, lin-
eage-specific gene copies.

One striking result was that a very large fraction of the
primate orphan genes showing no homology to human con-
served genes contained TE-like sequences. Overall, genes
containing TE represented 53% of the orphan primate
genes, far greater than the estimated 4% of human genes
containing these elements (Nekrutenko and Li 2001). This
result is not so surprising if we consider that TEs, specially
Alus, are a major substrate for exon formation in primates
(Krull et al. 2005; Corvelo and Eyras 2008). This has been
attributed to the fact that they contain motifs that can be-
come functional splice sites via specific mutations, allowing
the exonization of part of the element (Gal-Mark et al.
2008). Our results strongly suggest that TEs may also pro-
mote the formation of completely new genes, which is re-
inforced by the observation that TE-containing primate
orphan genes were essentially located in primate-specific
genomic regions. Two mouse genes, lungerkine and
mNSC1, have previously been suggested to originate from
TEs as they lack orthologues in human and rat and a large
part of their coding sequence is composed of rodent TEs
(Nekrutenko and Li 2001). The insertion of TE-derived
exons in coding sequences can generate protein functional
variants (Gerber et al. 1997). TE-containing orphan genes
were very poorly annotated at the functional level, although
many had putative macaque orthologues. However, only
about 30% of them corresponded to entries in Uniprot,
whereas the general figure for primate orphan genes was
52%. Future studies will be required to better assess how
many of these genes encode functional proteins and to fully
understand their relevance in the generation of evolutionary
gene novelty in the primate lineage.

We obtained evidence that about 5.5% of primate or-
phan genes could have originated de novo from noncoding
genomic regions. The syntenic regions in other mammalian
species lacked the potential to code for similar genes, which
indicates that these genes may only have become functional
in the primate lineage, although independent pseudogeneiza-
tion in different mammalian lineages cannot be completely
ruled out. To our knowledge, this is the first time that this
mechanism is proposed to have made a significant contribu-
tion to the formation of novel genes in mammals, although it
hasbeenpreviouslyproposed toexplain the formationof sev-
eral novelDrosophila (Begun et al. 2006; Levine et al. 2006;
Zhou et al. 2008) and S. cerevisiae genes (Cai et al. 2008).

Independently of the mechanism by which the gene has
originated, many of the new proteins are markedly short; in
addition, there is a direct relationship between the length of
the gene and its age (table 1) (Alba and Castresana 2005;
Choi and Kim 2006). It has previously been proposed that
proteins tend to become longer and to evolve toward com-
plex a/b structures (Choi and Kim 2006), as they become
older. The acquisition of new domains, for example, by exon
shuffling (Long et al. 2003), exonization (Sorek 2007), or
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expansion of short repetitive elements (Mularoni et al. 2007),
may result in protein size increase in a time-dependent fash-
ion. Concomitantly, functional constraints may also become
stronger with time, which would be reflected in the lowest
evolutionary rates being observed in the most ancient pro-
teins (Alba and Castresana 2005).

Important advances have been made in deciphering
the human transcriptome, through the development of
new high-throughput technologies such as tiling microar-
rays or large-scale determination of transcript ends (Birney
et al. 2007; Kapranov et al. 2007). These studies have re-
vealed that a much larger fraction of the genome than pre-
viously thought is found in primary transcripts, potentially
increasing the opportunities for new gene functions to arise.
Short ORFs present in such transcripts could occasionally
be translated into new peptides, which would then be tested
by natural selection. If advantageous, the new function
would be retained and continue to evolve. We hope our re-
sults will encourage further studies on the evolutionary and
functional implications of newly formed genes.

Supplementary Material

Supplementary files 1 and 2 and table S1 are available at
Molecular Biology Evolution online (http://www.mbe.
oxfordjournals.org/).

Acknowledgments

We thank Mireya Plass, André Corvelo, Francesc
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