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Abstract

De novo protein-coding gene origination is increasingly recognized as an important evolutionary mechanism. However,
thereremains alarge amount of uncertainty regarding the frequency of these events and the mechanisms and speed of gene
establishment. Here, we describe a rigorous search for cases of de novo gene origination in the great apes. We analyzed
annotated proteomes as well as full genomic DNA and transcriptional and translational evidence. It is notable that results
vary between database updates due to the fluctuating annotation of these genes. Nonetheless we identified 35 de novo
genes: 16 human-specific; 5 human and chimpanzee specific; and 14 that originated prior to the divergence of human,
chimpanzee, and gorilla and are found in all three genomes. The taxonomically restricted distribution of these genes cannot
be explained by loss in other lineages. Each gene is supported by an open reading frame-creating mutation that occurred
within the primate lineage, and which is not polymorphicin any species. Similarly to previous studies we find that the de novo
genes identified are short and frequently located near pre-existing genes. Also, they may be associated with Alu elements
and prior transcription and RNA-splicing at the locus. Additionally, we report the first case of apparent independent lineage
sorting of a de novo gene. The gene is present in human and gorilla, whereas chimpanzee has the ancestral noncoding
sequence. This indicates a long period of polymorphism prior to fixation and thus supports a model where de novo genes

may, at least initially, have a neutral effect on fitness.
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Introduction

Taxonomically restricted genes are important for the evolution
of lineage-specific traits (Khalturin et al. 2009). Considering
protein-coding genes, the greatest genetic novelty occurs
when genes originate de novo from previously noncoding
DNA because the resultant proteins bear no similarity to pre-
existing proteins. There is a large amount of potential for de
novo genes within large eukaryotic genomes both from the
large number of nonexpressed open reading frames (ORFs)
(i.e., random ORFs in noncoding regions) (Carvunis et al.
2012; McLysaght and Guerzoni 2015) and pervasive transcrip-
tion of noncoding regions of the genome (ENCODE Project
Consortium 2012).

Surveys of de novo genes have been carried out in diverse
lineages including insects, yeasts, ciliates, mammals, and
plants (e.g., Begun et al. 2006, 2007; Levine et al. 2006;

Donoghue et al. 2011; Yang and Huang 2011; Carvunis
et al. 2012; Murphy and MclLysaght 2012; Zhao et al. 2014;
Mclysaght and Guerzoni 2015). De novo genes are consis-
tently discovered but usually in small numbers. De novo genes
have been shown to be involved in important processes such
as promoting vegetative growth in yeast (Li et al. 2010), and
pathogen defense and starch biosynthesis in plants (Li et al.
2009; Xiao et al. 2009). In the human genome, some de novo
genes are associated with disease (Knowles and McLysaght
2009; Toll-Riera et al. 2009; Samusik et al. 2013; Suenaga
et al. 2014) and a novel transcript with protein-coding poten-
tial was recently shown to be required for maintenance of
pluripotency (Wang et al. 2014).

Previous reports of de novo genes in primates have found
differing results, probably due to different stringencies in the
search criteria as well as volatility in genome annotations
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(Knowles and Mclysaght 2009; Guerzoni and MclLysaght
2011; Wu et al. 2011). Thus, it is likely that two independent
groups working on identifying de novo genes in the same
lineage could end up with different or noncompletely over-
lapping findings. Considering the small numbers of robustly
supported de novo originated genes, there is a risk with
genome-wide studies that false positives outnumber true pos-
itives. In particular, the phylostratigraphic approach, which
relies on sequence similarity searches (usually BLAST [Basic
Local Alignment Search Tool]) to detect homologs and infers
a young age for genes without detectable sequence similarity
in more distant lineages, suffers from systematic underestima-
tion of the age of genes, particularly for short and quickly
evolving genes (Moyers and Zhang 2015; Moyers and
Zhang 2016). For this reason, in this study we use a strict
set of parameters designed to avoid annotation and data
errors while at the same time account for alternative evolu-
tionary explanations for the apparently taxonomically re-
stricted distribution of a gene, such as gene loss and
accelerated evolution.

We identify 36 de novo originated genes in the Homininae
(human, chimpanzee, and gorilla) since their divergence from
orangutan (~16.5 Ma; Perelman et al. 2011) including one
gene that has experienced incomplete lineage sorting (ILS)
and is present only in human and gorilla. Eighteen of these
genes are supported by peptide evidence. This is the most up-
to-date survey of de novo genes in our lineage and takes
advantage of the large amount of available data and employs
rigorous search criteria to produce reliable de novo gene
identifications.

Features of the genome which may contribute to the origin
of de novo protein-coding genes have been previously sug-
gested, including the presence of transposable elements
(Chen et al. 2007; Toll-Riera et al. 2009), the close proximity
of pre-existing genes (Knowles and McLysaght 2009; Siepel
2009), and the prior transcription of the region, perhaps as
RNA genes (Xie et al. 2012; Reinhardt et al. 2013; Ruiz-Orera
et al. 2014). We find each of these associated with de novo
genes reported here.

Our results suggest a relatively constant rate of origin of
new genes de novo. In terms of the speed of establishment of
such genes, this is likely to vary according to the biological
activity, if any, of the new gene. Nonetheless, the case of ILS is
at least one example where a novel gene that originated de
novo in the human-chimp-gorilla ancestor remained poly-
morphic for an extended period, past two speciation events,
which is suggestive of neutral evolution (Dutheil et al. 2015).

Materials and Methods

Sequence Data

Genome annotations and genomic sequences were obtained
from EnsEMBL (Flicek et al. 2012). Data for human,

chimpanzee, gorilla, orangutan, and macaque were initially
downloaded from EnsEMBL v60. The full human proteome
contained 81,860 proteins corresponding to 52,580 protein-
coding genes. The remaining primates combined accounted
for 123,532 proteins.

Subsequent updates to EnsEMBL (v61-69) were incorpo-
rated into our analyses by identifying 3,036 newly added
human genes (being careful to distinguish cases where it is
merely a new database ID, or a minor annotation modifica-
tion). Of these, 440 protein-coding genes satisfied gene struc-
ture plausibility criteria (described below).

Data Set Refinements

Annotated genes where the coding sequence was not a mul-
tiple of 3 were excluded as implausible (>13% of the prote-
ome in EnsEMBL v60), as were those with nonstandard start
or stop codon.

The smallest known introns are 18 bp long (Gilson and
McFadden 1996; Deutsch and Long 1999) so we excluded
cases with introns smaller than this. Unlikely small introns
are abundant in gene structures of automatically annotated
genomes, such as chimpanzee, gorilla, orangutan, and
macaque.

Sequence Similarity Searches

We performed a BLASTp search of the human proteins against
the merged primate protein data set using an e-value thresh-
old of 1 x 1074 These results formed the basis for the list of
initial candidate genes.

We used tBLASTn to search the protein sequences of inter-
est against the genomes of up to five outgroup genomes
(chimpanzee, gorilla, orangutan, gibbon, and macaque).
Candidate human-specific de novo genes were searched
against all five, and human+chimpanzee genes were
searched against the other four, etc. We only considered
cases with tBLASTn hits with sequence identity (SI)>60%
and coverage >0.4 (length of the hit/length of the human
protein).

We excluded cases where we could not detect the ortho-
logous sequence in the outgroup genomes, with the excep-
tion that we retained cases where the orthologous DNA was
unidentifiable in only one of gibbon or macaque. We dis-
carded cases where more than one possible homologous se-
guence was found in one or more outgroups or where the
human protein had highly similar copies (SI>90%) in the
human genome itself.

Examination of Outgroup Sequence Coding
Potential and Inference of Ancestral State

We examined the conceptual translation of the orthologous
DNA sequence from outgroup genomes with particular atten-
tion paid to frameshifts and premature stop codons.
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Multiple nucleotide sequence alignments were constructed
of the candidate de novo genes and the orthologous out-
group DNA using MUSCLE (Edgar 2004). These were exam-
ined for the presence of a stop codon or frameshift located in
the first 60% of the alignment and shared the outgroups. In
the case where either gibbon or macaque did not share the
disabler, the gene was still considered de novo if the ORF in
that genome was interrupted by other disablements.

Quality Controls

All candidate genes were compared with both the GenBank
nonredundant data set and RefSeq using BLASTp and none
had any additional hits. We also confirmed that none of the
candidates had any plausible EnsEMBL annotated orthologs
(i.e., without unlikely small introns and whose protein product
shared both SI and coverage over 40% with the human
protein).

We examined the synteny conservation around the candi-
date de novo genes. We could not carry out this step for
Gibbon due to the poor organization of its currently available
genome assembly. The number of neighboring genes selected
varied depending on the gene density thus we chose a min-
imum of 4 to maximum of 12 neighboring genes both up-
stream and downstream. We searched for their orthologs in
each genome (human, chimpanzee, gorilla, and macaque)
and retained candidates if we could confidently identify ortho-
logs of at least two upstream and two downstream neighbors.
We observed strong synteny conservation for all but two
cases, which were excluded from further analysis.

Supporting Evidence

Transcription evidence was obtained from Unigene (Wheeler
et al. 2003) through crosslink provided by EnsEMBL (Flicek
et al. 2012). Short sequenced peptides were obtained from
PRIDE (Vizcaino et al. 2013), PeptideAtlas (Deutsch et al.
2008), and gpmDB (Craig et al. 2004).

RNAseq Data and Analysis

We obtained RNAseq data from European Nucleotide Archive
(Leinonen et al. 2011). We downloaded unaligned reads of
human, chimpanzee, and gorilla from a single study
(SRP007412). The data were mapped against the respective
genomes using Tophat2 (Kim et al. 2013). The alignment files
produced were Vvisualized and analyzed using IGV
(Thorvaldsdottir et al. 2013) to reveal the presence of intron-
spanning in outgroups.

Results and Discussion

Detection of De Novo Genes in Primate Genomes

There is quite wide variability in the estimates of de novo
genes due to different approaches to their detection
(McLysaght and Guerzoni 2015). We take the view that it is

important to adopt a conservative methodology. Permissive
methods are susceptible to classifying any genes with difficult-
to-detect-homologs as de novo genes. In particular, it is incor-
rect to infer that failure to detect a BLAST hit in a given lineage
is evidence of the absence of the gene, because such a situ-
ation frequently arises with short and quickly evolving genes
which can easily be mistaken for young genes (Moyers and
Zhang 2015, 2016). The method we use here builds on the
approach of Knowles and McLysaght (2009) where initially
plausible de novo genes are examined for evidence of the
absence of the gene in the ancestor, as well as for supporting
evidence. This approach requires the detection of the ortho-
logous DNA sequence in the outgroup lineage, otherwise the
gene is excluded as ambiguous. In order for a gene to be
considered novel, the orthologous DNA must be identifiable
and must be shown to lack coding capacity (i.e., to lack an
intact ORF). This avoids the problem of misattributing failure to
detect a BLAST hit as evidence of gene novelty, as in all cases
we require a BLAST hit. However, it is worth noting that all
such studies are subject to fluctuations in the databases, with
poorly characterized de novo genes perhaps more susceptible
than others to being excluded from database updates, often
without much explanation.

We compared the complete human proteome with that of
chimpanzee, gorilla, orangutan, and macaque using BLAST.
Candidate de novo genes were those where none of the po-
tential proteins of the gene had hits in orangutan or macaque.
These were classified as human-specific (H), human + chim-
panzee specific (HC), or human + chimpanzee + gorilla specific
(HCG) depending on the presence of BLAST hits in those ge-
nomes. This resulted in 734 candidate de novo genes from
EnsEMBL v60 and an additional 67 genes from subsequent
EnsEMBL versions (v61-69).

For tractability reasons, genes with more than one coding
exon were excluded. This is because, in multiple-coding-exon
genes, during the assessment of outgroup genomes it is dif-
ficult to distinguish the absence of coding potential due to
frameshifts and stop codons (which supports the inference of
de novo origins) from the alternative explanation of evolution-
ary change of intron—exon boundaries (which does not).
Seeing as intron—exon boundary changes can be invoked to
accommodate any stop codon or frameshift, more direct ev-
idence of gene structure (such as RNAseq data) is required
from all lineages under investigation (ingroups and out-
groups). In the absence of sufficient depth of such data, we
restricted our search to include only uninterrupted ORFs. It is
unlikely that this exclusion will have a large impact on the
results as most de novo genes are initially structurally simple
(Knowles and Mclysaght 2009; Siepel 2009; Abrusan 2013;
Zhao et al. 2014).

In order to unambiguously show that a given gene has
arisen de novo it is necessary to demonstrate that the ancestral
sequence was noncoding. We used tBLASTn to search for the
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orthologous DNA in outgroup primate genomes. The out-
group orthologous DNA was identifiable for 233 genes.

This orthologous DNA was then examined to determine
whether it was potentially coding or not. Any cases that are
potentially coding in an outgroup are no longer considered
plausible recent de novo genes (i.e., having originated in the
ape lineage after the divergence of orangutan). Only cases
where the primate outgroup genomes had no potential ORF
longer than 60% of the length of the human ORF were con-
sidered. Furthermore, in order to exclude the alternative hy-
pothesis of independent gene loss/inactivation in the
outgroups, we also required that there was shared disabler
(premature stop codon, or frameshift causing a premature
stop codon) in the primate outgroup genomes. This analysis
reduced the number of candidates to 37 genes. We further
confirmed that none of these has a BLASTp hit in any other
genomes. Two of these candidate genes were in regions of
poor synteny conservation, and we could not exclude the pos-
sibility that they were created as the result of genome rear-
rangements, which is not the phenomenon of interest here, so
they were excluded from further analysis.

There is only a small amount of polymorphism data for
nonhuman primates, with data for a small number of unre-
lated individuals available for chimpanzee, gorilla, orangutan,
and macaque (Gokcumen et al. 2013; Scally et al. 2013).
Nonetheless, we examined these data and found no polymor-
phism at the disabler site.

Ideally, candidate de novo genes should be supported by
transcription and translation evidence. However, these data
are volatile and are themselves usually dependent on the
genome annotation being present first. Nonetheless, we
searched Unigene for evidence of transcription, and three
peptide databases (PRIDE, PeptideAtlas, and gpmDB) for evi-
dence of translation. All but 5 of the 35 de novo genes had
transcription or translation evidence (table 1). Fifteen genes
were supported by both transcripts and short peptides. In all
cases the available data are mainly from human, so even for
candidate genes shared with other apes we could only search
for supporting evidence of activity in human. We compared
our results with those of Ruiz-Orera et al. (2015) who searched
for novel genes based on transcriptome sequencing of
human, chimpanzee, macaque, and mouse and we found
no overlap in the lists. However, Ruiz-Orera et al. filtered
out all intronless genes, which automatically excludes almost
half of our cases; and only 8 of the 2,714 human- and/or
chimpanzee-specific genes initially identified by them were
annotated as protein-coding and only 20 had some evidence
of translation, further limiting the opportunity for overlap in
the two approaches.

The fluctuations in the genome annotations and support-
ing data are easily apparent. These are changes in the data-
base status of the gene that reflect annotation uncertainty,
but of course the true biological status does not change. One
case (ENSG00000187461) was initially associated with a

Unigene cluster that has since been retired from the database
leaving this gene somewhat paradoxically with translation but
not transcription evidence. ENSGO0000196273 was identified
in version 60 and had no Unigene cluster. This gene remains
annotated in version 70 and is currently associated with two
Unigene clusters. Moreover, it still retains associated transla-
tional evidence even though EnsEMBL v70 classifies it as a
lincRNA gene.

Similarly, we can consider the stability of the gene annota-
tion in the EnsEMBL database. We found that 22 genes of 35
are still annotated in EnsEMBL v70. However, six of these
are no longer classified as “protein-coding” and one has
new gene identifier (ENSG00000255766  became
ENSG00000259498). Thus, it is clear that even with a conser-
vative approach the results obtained will depend on external
factors, particularly database changes.

The 35 de novo genes include 16 human-specific, 5 hu-
man + chimpanzee specific, and 14 human + chimpanzee + gorilla
specific genes (table 1). Consistent with previous studies the de
novo genes identified here code for short proteins (15553
amino acids). Most of the genes are uncharacterized. GR6
(ENSG00000198685) is the only gene that has been previously
studied; it is normally expressed during fetal development but
ectopic expression has been observed in some cancers (Pekarsky
et al. 1997).

The approximate rate of de novo gene origin can be calcu-
lated as the number of events per million years. \We observe an
average rate of 2.12 de novo gene origins per million years.
For the different branches of the tree we obtain approximate
rates of 2.42 genes per million years for the H set, a rate of
2.94 genes per million years for the HC set and a rate of 1.71
genes per million years for the HCG set, which are not signif-
icantly different from each other (chi-square test). This differs
from origin of new genes by duplication where more recent
branches have a proportionately larger number of gain events
(Lynch and Conery 2000). However, even if such a pattern
were true for de novo genes it would be difficult to observe
considering the small numbers of events.

Evidence for ILS of De Novo Genes

Our de novo gene detection protocol requires that the en-
abling sequence difference that establishes the ORF of interest
is monophyletic (i.e., found only in humans, only in humans
and chimpanzees, or only in humans, chimpanzees and go-
rillas). This is a pragmatic criterion intended to maximize the
reliability of the reported de novo genes, but it may exclude
some biologically interesting cases. In particular, ILS describes
a scenario where a polymorphism present in an ancestral spe-
cies survives past two speciation events after which it may
become differentially fixed. One outcome of ILS is that for
some loci the genetic relatedness is different from the species
relatedness. ILS is a well-documented phenomenon in ape
genomes where it is responsible for about 15% of the
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human genome being more similar to that of gorilla than of
chimpanzee (Rogers and Gibbs 2014). ILS is of particular in-
terest in the case of de novo genes because it provides indirect
evidence of the population genetics dynamics of these genes.
Observing ILS at genome-typical rates supports the inference
of neutral evolution of these loci (Dutheil et al. 2015).

There were 322 (289 from EnsEMBL v60 and 33 from v61—
v69) human proteins that had BLASTp hits in gorilla but not in
chimpanzee and other primates. Similarly to the above anal-
ysis, for these to be plausible cases of ILS the enabling se-
guence difference should be shared by human and gorilla
and the disabler should be shared by the other primates (in-
cluding chimpanzee) so that we can reliably infer that the
gene is de novo and that it has not been subject to differential
gene loss.

In order to check for these cases, we used the same
genome and proteome data but selected human proteins
that had BLAST hits only in gorilla (either to annotated proteins
or to an unannotated ORF of similar length). We also carried
out the complementary search (gorilla proteins that only have
plausible hits in the human genome).

We mapped these against chimpanzee, orangutan,
gibbon, and macaque to identify the orthologous DNA. We
searched all of these cases for evidence of an intact ORF in
other primates (start and stop codon present and the pre-
dicted ORF at least 60% of the length of the human or gorilla
OREF). For those with no intact ORF in the other primates, we
also searched for a disabler shared by chimpanzee, orangutan,
gibbon, and macaque as before. For three cases
(ENSG00000256247, ENSG00000256109, and ENSGG
0G000028018), we could identify a disabler shared across
chimpanzee and the outgroups.

We mapped these three genes against the Bonobo (Pan
paniscus) genome (Prifer et al. 2012) which diverged from the
common chimpanzee about 2 Ma. In two of the three cases
the Bonobo sequence shared the disabler with chimpanzee, as
expected given their close relationship. In one case
(ENSGGOG000028018), an ORF-enabling mutation was
found in Bonobo exactly like the one observed in human
and gorilla.

However, in this case and in one other (ENSG00000256109)
the enabling difference is a 1-bp insertion found within a small
repetitive region (6-7 identical base pairs). In such cases, inde-
pendent mutation in two lineages or, alternatively, sequencing
errors cannot be confidently excluded as the explanation for the
pattern of sequence similarity.

For the third case (ENSG00000256247) the situation is dif-
ferent. First, the DNA sequence does not have such low com-
plexity: The enabling mutation is a single base-pair insertion
that does not occur within a string of identical base pairs and
we thus infer no increased probability of sequencing errors or
independent mutation at this locus. Additionally, although the
DNA sequence around the enabler/disabler site is generally
well conserved across primates, human and gorilla uniquely

share the sequence “GTG"” where all other species have
“CCC." This three base-pair shared difference is located
very shortly downstream of the enabler (fig. 1). The concor-
dance of the presence of the enabler mutation and other se-
guence differences supports the inference that this mutation
arose in an individual in the common ancestor species of
human, chimpanzee and gorilla, possibly on the “GTG”
allele. This locus remained polymorphic for the presence/ab-
sence of the new ORF through two speciation events, before it
was eventually fixed for the presence in human and gorilla and
for the absence in chimpanzee. This prolonged period of poly-
morphism suggests that this de novo gene had a neutral effect
on fitness at least until after the human—chimpanzee
speciation.

Evidence for De Novo Origin of Protein-Coding
Genes in Noncoding RNA Loci

Even though we selected candidate de novo genes with
monoexonic ORFs, only 16 of the 35 genes are actually
monoexonic. The remaining 19 have at least one intron in
an untranslated region (UTR). DNA sequence conservation
of the genes (including the splice sites) across all outgroups
is high (supplementary table S1, Supplementary Material
online). The conserved splice sites may be cryptic or may be
part of an ancestral transcribed multiexonic noncoding locus.

The gene ENSG00000176912 is of particular interest be-
cause it has an 8-kb intron. The protein-coding gene appears
to be human-specific and the annotation is stable across the
EnsEMBL versions investigated here. The sequence of both
exons and of the splice junctions is well conserved in chim-
panzee and gorilla where the orthologous region is noncod-
ing. The validity of the human intron is supported by uniquely
mapping RNAseq reads overlapping the exons including over
a dozen intron-spanning reads.

We tested whether the conserved splice sites sequence in
chimpanzee and gorilla are actual splice locations by searching
for RNAseq data from those genomes that span the intron
location. Even though the number of reads from those ge-
nomes is much smaller, we found uniquely mapped reads on
the exon homologs and some intron-spanning reads. The read
coverage is low, which may reflect the threadbare nature of
the database, or could be spurious transcription. Nonetheless,
these data indicate that at least the ancestral sequence already
carried splice signals, be they active or cryptic.

The fact that most genes have conserved splice sites in
chimpanzee and gorilla and that for at least one of them
we have evidence of transcription and splicing taking place
in lineages that do not have the ORF provides examples of the
“RNA-first” model of de novo gene origination. In the “RNA-
first” model the ORF arises at a transcribed locus, as opposed
to “ORF-first” where a locus containing an ORF becomes
transcribed (MclLysaght and Guerzoni 2015). The RNA-first
model provides a simple explanation for splicing signals that
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Homo sapiens 127
Pan troglodytes 127
Pan paniscus 127
Gorilla gorilla 127
Pongo pygmeus 127
Nomascus leucogenys 127
Macaca mulatta 127
Homo sapiens

Pan troglodytes

Pan paniscus

Gorilla gorilla

Pongo pygmeus
Nomascus leucogenys

Macaca mulatta
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Pongo pygmeus 252 CAAGCCAAGGGCAGCCA

Nomascus leucogenys 252 CAAGCCCAGGGCAGCCA
Macaca mulatta 252 CAAGCCCAGGGCAGCCA

B ; Human
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Bonobo chimpanzee

Gorilla

Orangutan

Gibbon

Macaque

Common chimpanzee

189
189
189
189
189
189
189

245
244
244
245
TGCCTCC 251
TGCCTCC 251
TGTCTCC 251

291
290
290
288
314
314
314

Fic. 1.—ILS of a de novo gene. (A) Segment of alignment of the de novo gene ENSG00000256247 with the orthologous region from other primates.
The ORF is present only in human and gorilla. The ORF was created by a single base-pair insertion uniquely found in human and gorilla (indicated by an
orange box). This frameshift means that the TGA stop codon (boxed in red) is no longer in frame in human and gorilla. These two species also uniquely share
a three base-pair difference (GTG vs. CCC) very close to the insertion site. The start and stop codons in human and gorilla are not pictured in this segment.
Numbers at the side of the alignment indicate base-pair positions starting from the human start codon. (B) Inferred evolutionary history of this de novo gene:
The one base-pair insertion occurred in the ancestor of the great apes. The substitutions resulting in the downstream “GTG" were either already present in
that individual, or occurred later in an individual carrying the insertion. The ORF thus created remained polymorphic (indicated by the dashed orange lines)
until after the human—chimpanzee divergence. Subsequent independent lineage sorting saw the fixation of the original locus lacking the gene (black) in the
chimpanzee lineage and the de novo gene (orange) was independently fixed in human and gorilla. Alignment visualized using JalView (Waterhouse et al.
2009). Species Latin names are shown in the alignment and the corresponding common names are shown in the phylogenetic tree.

predate the acquisition of the ORFs (Li et al. 2010; Yang and
Huang 2011) possibly due to functional RNAs at the locus (Xie
etal. 2012).

Features Neighboring De Novo Genes

Being complex entities, genes require more than the presence
of an ORF to be transcribed and translated. Lineage-specific
genes have a tendency be relatively close or to overlap existing
genes (Makatowska et al. 2007), and this remains true of de
novo genes. This is particularly interesting because it provides
a route for a de novo gene to acquire regulated transcriptional
activity relatively easily (Siepel 2009; Gotea et al. 2013).

Twenty-two of 35 candidates overlap with at least one
other annotated gene of which 14 overlap with genes on
the opposite strand (including one de novo gene that has
overlapping genes on both strands; table 1). Same strand
overlaps are always either in alternative reading frames or in
noncoding regions of the gene.

Transposable elements, in particular Alus and other Short
Interspersed Elements, may contribute to de novo gene origin
(Toll-Riera et al. 2009), including by providing start codons or
by catalyzing RNA-editing (Schmitz and Brosius 2011). AlImost
half of the de novo genes described here (18 of 35) have Alu
elements embedded in their gene structure; however in most
cases, these were located within introns or in UTRs (table 1).
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A [ 5.70 kb Forward strand e
| 89,673,000 89,674,000 89,675,000 e 89,676,000 89,677,000 89,678,000
;i e
ALO79342.1>
protein coding
....................... [ —
:r:rzienrcroding Alub AluSp  AluSx
89,673,000 89,674,000 89,675,000 89,676,000 89,677,000 89,678,000
strand 570 kb !
B Human
Chimp
Gorilla
Orangutan
Gibbon
Macaque
Marmoset
Human
Chimp
Gorilla
Orangutan
Gibbon
Macaque
Marmoset
Human 180
Chimp 180
Gorilla 180
Orangutan 180
Gibbon 179
Macaque 180
Marmoset 174
Human 197
Chimp 201
Gorilla 201
Orangutan 201
Gibbon 200
Macagque 201
Marmoset 234
Human 232
Chimp 202 236
Gorilla 202 236
Orangutan 202 236
Gibbon 201 235
Macague 202 236
Marmoset 235 269

Fic. 2—Alu elements and the de novo gene origins. The de novo gene AL079342 (ensembl ID ENSG00000203863) is overlapping with two Alu
elements. (A) Schematic of the region on chromosome 6 that includes ENSG00000203863 (coding sequence shown in red). Two Alu elements (shaded
green) overlap the gene sequence. The area shaded orange is shown in detail in part (B) of the figure. (B) Multiple sequence alignment of the orthologous
region in several primates. Alulb provides the start codon for the ORF in human and is present cryptically in all other species examined (boxed in green). A
human-specific frameshift is caused by the deletion of four bases (boxed in orange). The human ORF continues beyond the alignment segment shown.

Two genes have Alu elements overlapping their coding se-
guence. Gene ENSG00000226452 has an Alu element (AluSx)
overlapping both the 5'-UTR and the beginning of its coding
sequence, thus including the start codon. Similarly, gene
ENSG00000203863 has an Alulb element overlapping the
start of the coding sequence (fig. 2). The human ORF is 144
codons long whereas the longest possible ORF is much shorter
in other primates ranging from 75 to 76 codons long (in order
to reach the 60% threshold it should be 85 codons long).

However, the timing of the Alu insertion and the ORF origin
do not coincide because the Alulb elements were active
around 87-90 Ma (Schmitz and Brosius 2011) whereas the
4-bp deletion that creates the long ORF is human-specific.
Thus, the presence of the transposable element at this locus
predates the gene. In fact, we can find this element in all of
the considered outgroups and their sequences all cryptically
possess the “ATG"” base pairs that would become the start
codon of the human-specific de novo gene.
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Human Polymorphism

We searched the 1000 genomes data (1000 Genomes Project
Consortium et al. 2012) for evidence of polymorphism within
the ORF of these de novo genes (supplementary table S2,
Supplementary Material online). In all 36 cases (including the
ILS gene), the enabler mutation is not polymorphic, suggesting
that the genes are fixed in human populations. We found a
total of 256 variants and only 49 of these have observed total
frequencies of 5% or greater. The vast majority of these vari-
ants are either silent or nonsynonymous (respectively, 73 and
167 single nucleotide polymorphisms [SNPs]). There is a small
number of polymorphisms that disrupt the ORF, either non-
sense SNPs (seven cases) or indels (nine cases) found in 12
genes. Only three of these cases (all of which are indels) have
frequencies >0.05 and are in genes ENSG00000226452,
ENSG00000256707, and ENSG00000255766.

Of the 12 genes with disruptive variants within the ORF, the
majority (eight) are human-specific genes while the older ORFs
of the HC and HCG sets include three and one disruptive
variant, respectively.

For six of the de novo genes, we found (presumed healthy)
individuals who were homozygous for ORF-disrupting alleles.
In four cases, there were only one or two homozygous indi-
viduals out of the 1,089 examined. On the other hand for
both ENSG00000255766 and ENSG00000226452, we ob-
served a relatively higher number of homozygous individuals
for the ORF-disrupting allele (respectively, 52 and 67 of 1,089)
indicating that these genes are neither fixed nor essential in
human.

Denisovan hominins diverged from anatomically modern
humans about 800,000 years ago and the genome has been
sequenced and assembled to high quality (Meyer et al. 2012).
We examined the Denisova assembly in the UCSC genome
browser (Kent et al. 2002) considering only those differences
identified by multiple reads. We examined the regions ortholo-
gousto the 36 de novo gene ORFs. We identified 20 differences
compared with the human reference assembly corresponding
to regions orthologous to 15 of the human de novo genes.
Eighteen of 20 differences are present as alleles within the
human population and none of these is ORF-disabling. Only
one nonsense substitution was observed and that is present
in the region orthologous to the ORF of ENSG00000256831.

Concluding Remarks

We report a set of conservatively defined de novo genes that
originated recently in the great ape lineage. Among these we
identified 16 human-specific de novo genes, which is very
close to a previous estimation of 18 such cases based on a
similar methodology (Knowles and Meclysaght 2009).
However, of the three genes identified in that older study,
only one (DNAH100S) appears in this new list because the
others have been excluded from the databases. Nonetheless,
it is possible to say that the overall trend in terms of frequency

of events is stable under similarly conservative search criteria.
Not surprisingly, studies that employed more lenient search
criteria also reported larger numbers of genes (Wu et al.
2011).

Aside from the low numbers of events, other features that
are consistent across multiple studies of de novo genes are the
initial simplicity of the genes and the recycling of pre-existing
components or features of the genome (Carvunis et al. 2012;
Abrusan 2013; Palmieri et al. 2014).

One interesting question concerns the dynamics of fixation
of de novo genes. Here, we report the first case of indepen-
dent lineage sorting of a de novo originated gene. This de
novo gene originated prior to the gorilla divergence and re-
mained polymorphic until after the chimpanzee-human diver-
gence: A period of 3-4 Myr (Perelman et al. 2011). This
extended period of polymorphism indicates a very slow pace
of fixation where drift rather than selection is responsible
(Dutheil et al. 2015).

How de novo genes become functional, and sometimes
even essential, remains mysterious. It will be very interesting
to explore the evolutionary dynamics that allow a new gene to
integrate into a pre-existing and central processes. De novo
genes are a potentially important contributor to evolutionary
innovation. In some rare cases their functionality, and even
essentiality, has been documented, but in general these genes
and the mechanisms surrounding their establishment are
poorly understood.
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