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Prospects & Overviews

New genes expressed in human brains:
Implications for annotating evolving

genomes

Yong E. Zhang”, Patrick Landback®, Maria Vibranovski® and Manyuan Long

New genes have frequently formed and spread to
fixation in a wide variety of organisms, constituting
abundant sets of lineage-specific genes. It was recently
reported that an excess of primate-specific and human-
specific genes were upregulated in the brains of fetuses
and infants, and especially in the prefrontal cortex,
which is involved in cognition. These findings reveal the
prevalent addition of new genetic components to the
transcriptome of the human brain. More generally, these
findings suggest that genomes are continually evolving
in both sequence and content, eroding the conservation
endowed by common ancestry. Despite increasing
recognition of the importance of new genes, we highlight
here that these genes are still seriously under-character-
ized in functional studies and that new gene annotation
is inconsistent in current practice. We propose an
integrative approach to annotate new genes, taking
advantage of functional and evolutionary genomic
methods. We finally discuss how the refinement of new
gene annotation will be important for the detection of
evolutionary forces governing new gene origination.
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Introduction

The term “new gene” [1, 2] refers to a novel genetic locus, a
physically distinct and derived segment of DNA that encodes a
new functional transcript(s). The young genes are new genes,
which have arisen recently and thus exist in one or a few
lineages. They are valuable in investigating the early stages of
new gene evolution, as the sequence and structural signatures
of their origins have not yet been obscured by subsequent
mutations. The field has focused mainly on new protein-cod-
ing genes, although a few new non-coding genes have also
been described (e.g. [3, 4]). Since the first discovery of a young
gene, jingwei, two decades ago, the knowledge of the origina-
tion mechanisms and functional roles of new genes has been
quickly accumulating.

Numerous works have shown that the predominant mech-
anism of new gene origination is duplication, including DNA-
level duplication and retroposition (as reviewed in [1, 5]). In
addition, genes without any parental gene are de novo genes,
which originate from non-coding DNAs and may contribute up
to 10% of all new genes [6, 7]. Compared to earlier work that
often focused on the origination mechanisms of new genes
(e.g.[8, 9]), the field is moving toward surveying the functional
roles, phenotypic effects, and evolution of new genes. As
expected, new genes are often involved in biological processes
under tremendous selective pressure such as male reproduc-
tion or stress response (as reviewed in [1]). However, a few
recent reports show counter-intuitive evidence that new genes
quickly assume critical roles in the brain and developmental
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pathways of primates and Drosophila, indicating that the
genetics of these essential structures and processes can evolve
rapidly [10-13]. For example, an excess of primate- and
human-specific genes were expressed in the early developing
neocortex of humans, notably in the prefrontal neocortex
(PFC) [11]. The striking correspondence between a spike in
the rate of new genes being incorporated into the transcrip-
tomes of the neocortex and PFC, and the estimated time of
their emergence as distinct structures of the brain suggests
that anatomical novelties in the brain have recruited new
genes into their genetic control system [11]. The rapid changes
in protein sequences of new genes and their overrepresenta-
tion among transcription factors upregulated in fetal and
infant brains may suggest the action of natural selection in
shaping the human brain [11].

These works provide a starting point for investigations into
gene functions involved in lineage-specific biology (e.g. [14]).
More generally, the new gene studies demonstrate that
genomes evolve in a flux, continuously picking up genetic
novelties ranging from sequence substitutions to new genetic
components. The corresponding accumulation of evolutionary
novelties often breaks or eclipses the conservation of genes
and genomes, eroding the widely held assumption of stasis
often employed in genome annotations and functional
studies.

In this review, we begin with a brief summary of the
evidence for frequent protein-coding gene origination in
Drosophila and mammals, which suggests the profound con-
sequences of this innovative process in genome evolution. We
demonstrate that these new genes have been often neglected
in experimental studies, contrary to their importance demon-
strated in case studies. We argue that the practice of taking
conservation as the sole indicator of functional importance
has contributed to the widespread inconsistencies of new gene
annotation, which in turn blunt the motivation of researchers
to perform functional studies of these genes. We then describe
three ways to better annotate new genes by taking advantage
of new advances in mass spectrometry, ribosome profiling,
and gene prediction based on evolutionary genetics. We end
the review with a discussion of how refining new gene anno-
tation will advance the study of one essential and unaddressed
question: whether or not adaptive selection drives the emer-
gence of new genes in the genomes of various organisms.

Abundant new genes in the genomes
of flies and mammals

Although new gene origination is easy to understand in an
abstract sense, it is not trivial to detect. As its definition
implies, one must determine whether a locus is a recent
addition to the genome in order to identify it as a new gene.
Historically, the new genes generated by retroposition, i.e.
retrogenes, have been a convenient system for investigation
of new genes, since intron loss serves as an unambiguous
marker between parental and daughter genes [8, 15]. With the
completion of numerous whole genome sequencing projects,
the origination times of genes could be dated based on the
parsimony rule by examining the phylogenetic distribution of
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orthologs for a gene of interest (reviewed in [16, 17]). Such an
approach has revealed a large number of new genes, which
originated in recently diverged lineages of Drosophila,
primates, and mice (Table 1). Specifically, in D. melanogaster,
more than 100 genes emerged after its split with D. yakuba
10 million years ago (mya) [7, 18, 19]. In human, for its 20,000
protein-coding genes, 1,500-3,000 genes (7.5-15%) postdated
the split of human and mouse 90 mya [20-23], and among
them ~400-700 genes are human-specific or absent in chim-
panzee [20, 21]. Interestingly, the human-specific genes origi-
nated more rapidly than primate specific genes (64—114 per my
vs. 17-33 per my, Table 1). This rate is even higher for the
mouse, with more than 3,000 rodent-specific genes [20-22].
Notably, non-coding genes such as microRNAs also have a
high birth rate. For example, out of 147 annotated microRNAs
in D. melanogaster, 29 (20%) originated after its divergence
with D. pseudoobscura 55 mya [7].

However, these estimates of gene gain are difficult to
appraise. Firstly, the underlying genome assembly and gene
annotation seriously affect inference of gene origination. As
demonstrated in [22], an additional 1,000 genes were anno-
tated in the finished mouse genome assembly MGSCv3 com-
pared to the old assembly MGSCv2. Many of these new genes
are encoded by recently duplicated regions, which were not
assembled in MGSCv2 [22]. A second supporting example is
from [21], which is one of the pioneering efforts to estimate the
rate of gene gain and gene loss in mammals. However, the
result may be overestimated due to incomplete annotation:
some genes may be annotated in humans, but not in chim-
panzee, or vice versa. Thus, a gene would be counted falsely
as a gene gain or loss event (as of Aug., 2012: http://www.
plosone.org/annotation/listThread.action?root=8729). Secondly,
different bioinformatic methods can lead to significantly
different estimates of the rate of gene gain. A maximum
number of primate- or rodent-specific genes were identified
in [22], which may be simply caused by the small number of
outgroups, i.e. they compared only human and mouse. In
contrast, multiple outgroups have been used in other studies
(e.g. [20]) which help to avoid the misidentification of new
genes caused by random gene loss or sequencing gap in a
single outgroup.

Table 1. Four groups of species-specific or lineage-specific
genes.

Categories Number Citation
D. melanogaster-specific or 131 [18]
D. melanogaster/D. simulans specific 128 [7]
124 [19]
Human-specific 389 [20]
689 [21]
Primate-specific 1,828 [20]
1,557 [21]
2,941 [22]
1,817 [23]
Rodent-specific 3,111 [20]
3,178 [21]
3,767 [22]
983
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In any case, the large numbers of new genes presented in
Table 1 imply that gene origination is a widespread aspect of
genome evolution. Furthermore, as mentioned above, recent
case studies have revealed that new genes could be essential
for fly development [10] and contribute to the evolution of
human brain development [12, 24]. Despite these striking
individual studies, new genes remain under-characterized
by functional studies, and we highlight below our analysis
of current gene annotations.

New genes have been under-represented
in experimental characterization

The paucity of functional studies for new genes can be dem-
onstrated by examining Gene Ontology (GO) annotation [25]
terms across genes with different ages. An unexpected and
striking correlation exists between the age of genes in the
human genome and whether or not they have been exper-
imentally studied (Fig. 1). In this linear relationship, more
than 50% of the oldest genes which emerged before the
vertebrate split have at least one experimental GO annotation
entry assigned, while this proportion drops to 8% for human-
specific genes (Fig. 1A and B). Genes in the mouse also show a
similar linear ascertainment bias (Fig. 1A and C).

Both technical and logistic constraints can contribute to
this observed bias. The majority (90%) of new genes were
generated by gene duplication [7, 18, 20]. Differentiating new
genes from their parental loci can be quite challenging, given
their significant sequence similarity. In this case, the term
“multicopy gene” refers to clusters of highly similar copies
(e.g. [26, 27]). Although some multicopy gene families such as
tRNA or rRNA genes could increase the copy number of iden-
tical loci to optimize dosage [28], reckless use of this term may
confound the possible uniqueness of different copies caused
by different sequence structure or sequence identity. This
potential for distinct roles of highly similar duplicates is viv-
idly demonstrated by recent studies [12, 24]: the Slit-Robo Rho
GTPase-activating protein 2 (SRGAP2) was recently duplicated
in the human lineage with gene family members sharing more
than 98% sequence identity. Despite this similarity, the
parental locus, SRGAP2A, is involved in neuronal migration
and morphogenesis, while the partial derived copy, SRGAP2C,
induced neoteny by antagonistically inhibiting SRGAP2A [12, 24].
On the other hand, change of even a very few amino acids
could lead to remarkably different functions. For example,
forkhead box P2 (FOXP2) has only two amino acid differences
in human compared to chimp and such a small change is
capable of conferring differential regulation for dozens of down-
stream genes possibly contributing to human speech [29]. These
two lines of evidence make it necessary to differentiate copies. It
is feasible to make such a call considering a uniquely identify-
ing nucleotide often exists even for polymorphic duplicates
within the human population [27]. With improvement of high
throughput techniques, the number of new genes covered
unambiguously is increasing. For example, both the old design
of the Affymetrix microarray, Affymetrix HGU 133 Plus 2 (133p2)
and the new design, Affymetrix Exon Array 1.0 ST (1.0 ST), cover
more than 90% of vertebrate-shared old genes with uniquely
mapping probes (Fig. 2). In contrast, out of 389 human-specific
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genes identified in [20], 133p2 covered only 14 of these with
unique probes, while this number increases to 280 (72%) in
1.0 ST [30]. Interestingly, similarly to Fig. 1, a linear regression
can be modeled to fit the data significantly in both panels
(R? = 0.75 and 0.85 for the left and right panels, respectively,
both are significant at p = 0.001). In addition, a well fitted
more complex model, the exponential model, of the age var-
iable suggests that the coverage of genes in arrays dropped
all the periods, even disproportionally in the recent lineages,
e.g. placental mammals.

Besides these technical challenges, an in-depth functional
study is costly in terms of time and resources. Investigators
often prioritize genes of significance by following two practical
heuristics. First, it has been held for decades that conservation
is the primary indicator of functional importance (e.g. [31]).
Second, because functional characterization of conserved
genes could shed light on the functions of orthologs in other
species, for example, humans, they are favored in experimen-
tal studies [32]. The immediate advantage is to allow inference
into the functionality of orthologous genes in humans for
medical research. By definition, new genes are not deeply
conserved, not shared among many species, and thus depriori-
tized for studies based on such strategic considerations. The
first rule is based on an assumption that since sequences are
maintained by millions of years’ purifying selection, the genes
are therefore more likely functional than those genes that were
recently generated [33]. This leads to numerous efforts hunting
for conserved sequences in the genome (e.g. [34, 35]).
However, as commented on in [31], the related implication
that the less-conserved or fast-evolving loci are unimportant or
even impotent has been shown to be incorrect. Evidence for
the functional importance of new genes is quickly emerging,
such as the aforementioned reports on new genes implicated
in human brain evolution [11, 12, 24] and Drosophila develop-
ment [10], or those related with origin of cnidocytes in Hydra
[36]. Compared to the first heuristic of assuming that critical
genes must be deeply conserved, the second used for prioritiz-
ing conserved genes appears more problematic given the
following two reasons: (i) the well known ‘‘divergence without
duplication” [37] has indicated that species accumulate bio-
logical differences between each other, e.g. human and mouse
orthologs often show functional differences [38] with more
than 20% of human essential genes found to be not essential
in mouse [39]; (ii) widespread gene duplication can distort
functional projection between orthologs, because the projec-
tion depends on how the ancestral function is maintained
across paralogous copies [40].

Current new gene annotation is
error-prone

Besides the technical challenges, the error-prone nature of
current new gene annotation can also lead to their under-
characterization. In order to understand how and why new
gene annotation is more problematic than that for the old
genes, we dissected the software pipelines used in gene anno-
tation. Many efforts have been dedicated to gene annotation,
such as Ensembl [40], NCBI RefSeq [41], UCSC KnownGene
[42], etc. They act as the cornerstones supporting almost all
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Figure 1. Functional characterization is highly biased towards old genes. A: The age groups for human and mouse were depicted based on
the phylogenic relationship of extant species. Groups 0-7 are shared between the human and mouse, with group O indicating the oldest
genes shared by vertebrates. Groups 8-12 in human and 8-11 in mouse refer to primate-specific and rodent-specific genes, respectively.
The details of the analysis can be seen in [20]. B: The GO annotations of human genes originating in ancestral stages. The X-axis shows
different age groups together with corresponding time in terms of mya, while the Y-axis refers to the proportion of genes with experimental
characterization data demonstrated by GO evidence tags including EXP, IDA, IPI, IMP, IGI, IEP, TAS and IC out of all genes in the same age
group. For group 0, the origination time is arbitrarily set as -500. A linear regression curve is shown as a dashed line with the /% marked in

Cokkoky )

the top-right corner.

indicates a p smaller than 0.001 for both the intercept and slope (or age). The significant linear regression reveals a

systematic and quantitatively continuous bias against the genes of reduced ages in the GO annotation. Both gene information and GO
annotation were downloaded from Ensembl v51. C: An analogous plot has been generated for mouse.
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Figure 2. Proportion of human genes covered by unique Affymetrix
probes across different age groups. Age information is from [20].
The mappings between probes and genes were downloaded from
Aroma Affymetrix website [30]. Panels A and B show Affymetrix
Human Exon Array 1.0 ST and Affymetrix HGU 133 Plus 2,
respectively. Herein, two models, a simple linear model and a more
complex exponential model, have been fitted well, revealing a
systematic and quantitatively continuous bias against the genes of
the reduced ages, especially the young genes in the lineages toward
primates and other placental mammals (the exponential model
reveals more rapid decay of the rate being used in and after nodes
5 and 6).

fields of molecular biology. Ensembl has been widely used and
its annotation strategy has been adopted by many other sys-
tems (e.g. gene annotation for Arabidopsis in TAIR, http://
www.arabidopsis.org/help/faq.jsp#annotation as of Aug.,
2012). In the subsequent discussion, therefore, we will take
the widely used Ensembl gene annotations as an example and
exemplar to discuss the challenges of annotating evolutionary
novelties.

As documented in [43], Ensembl implemented an evidence-
based gene annotation pipeline [44], which can be divided into
five stages: (1) targeted alignment: for the species of interest,
proteins collected by the background databases (e.g. SwissProt/
TrEMBL [45]) are aligned to the genome, which is termed cis
alignment [46]; (2) similarity alignment: for genomic regions
not covered by the first stage, protein sequences from closely
related species are aligned, termed trans alignment [46];
(3) cDNA alignment: for the species of interest, the full-length
cDNAs from the EMBL [47] and RefSeq [41] databases are
aligned back to the genome; (4) GeneBuilder: all the alignments
are merged and clustered in order to infer the possible gene
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structure; (5) post processing: in which the gene types, for
example pseudogene or functional genes, are determined.

Such a pipeline cannot avoid two challenges when used to
annotate a genome for new genes, given their specific bio-
logical features. First, besides the aforementioned under-
characterization of new genes, the narrow transcription profile
(often testis-specific) for many duplicated or de novo new
genes [1] will cause them to be missed in the cDNA sequencing
projects, which are usually unable to cover most tissues, and
thus they often lack cDNA sequence used for annotation
evidence. Figure 3 demonstrates how gene transcription pro-
files change across different age groups: primate-specific
genes usually transcribe only about a median of four
expressed sequence tags (EST) in two tissues while the
vertebrate-shared oldest genes transcribe more than 100
ESTs in 20 tissues. In this scenario, Ensembl will have to rely
on the very few template sequences collected by the under-
lying databases to annotate new genes. If these sequences
are subject to some changes in the background databases,
which is especially likely for the automatic annotations in
the TrEMBL database [45], it will subsequently affect the
gene status in Ensembl. For example, ENSG00000204626
is one of the only three human-specific de novo genes ident-
ified in [48] based on Ensembl version 47 (v47). It has only
one protein template in the TrEMBL database, Q6ZSR2,
which is predicted based on one mRNA sequence, AK127211.
Since this protein entry was removed in TrEMBL update 39.1
(as of Aug., 2012: http://www.uniprot.org/uniprot/Q6ZSR2?
version="), ENSG00000204626 was discontinued (or retired)
in Ensembl v55.

Second, 90% of new genes are generated by duplication in
humans and flies [7, 18, 20] and it is often difficult to differentiate

Bioessays 34: 982-991,© 2012 WILEY Periodicals, Inc.
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Figure 3. Boxplot-based expression profile of human genes across
different age groups. Panels A and B describe the log2-based
UniGene [82] EST count and the number of tissues where these
ESTs are expressed. The blue boxes indicate hinges of 25% to 75%
percentile and median, while the upper/lower whiskers indicate the
largest/smallest observations unless these observations are beyond
the 1.5 times the hinge size treated as outliers (circles). UniGene
libraries lacking specific tissue information such as “‘mixed”’,
“‘uncharacterized”’ or “‘~"" have been removed. The EST-to-gene
mapping procedure has been previously described in [11, 83].

a functional duplicate from a functionless pseudogene. This
issue is demonstrated by the observation that various programs
designed to search for pseudogenes often have very small over-
lap in their predictions (as of Aug., 2012: http://genome.cshlp.
org/content/17/6/839/Fl.expansion.html). Furthermore, trans-
posons or repetitive elements could constitute significant por-
tions of exons for new genes [1, 49]. These two facts may lead
to the ever-changing criteria for calling pseudogenes by
Ensembl. In 2004, compared to 24,261 protein coding genes
in the human genome, Ensembl only annotated a small data-
set of 962 processed pseudogenes which are single-exonic and
encode at least one in-frame stop codon, inferred based on the
functional paralog [43]. However, in Ensembl v65 released in
2011, the number of predicted protein coding genes decreased
to 21,160; while the number of pseudogenes increased by more
than 10-fold to 12,950. This striking difference is because genes
matching any of the following four standards were defined as
pseudogenes now (as of Aug., 2012: http://www.ensembl.org/
info/docs/genebuild/genome_annotation.html): (1) single-
exon genes with a multi-exon paralog; (2) genes fully masked
by repeats defined by RepeatMasker; (3) single-exon genes with
multiple frameshifts; and (4) genes encoding frameshifts and
introns, where all of the introns are >80% covered by repeats.

Bioessays 34: 982-991,© 2012 WILEY Periodicals, Inc.

Y. E. Zhang et al.

B) Expression breadth
~- = = — = =— 0 © o] [
S TR o o o o
—— i+ + I+ |+ I+ ©o o o ©o o0 ©o o
NI © -~ o0 6 0o — o
P 4l e e s s F D
QY /<4 ¢+ ¢+ + o 1 4o
M T S T T - g
© _| h I I / H ! ! ! |
a T T T T
o L 1 : Lo
= EEEEEERER
5 = 4 TEE A
c >_< S
o o | L] i 0§ E b w3
3 - | ' ! ' ' ' ' '
a ; A
2 o | ' | . : i h : \
= - H >_< ' HE :
1=
© — >—<>—<
< L
SV H H : I e L
e e s Qb b i B b prs
T T T T T T T T T T T 1
0o 1 2 3 4 5 6 7 8 9 10 11 12

Age group

The inconsistency between these two sets of pseudogenes high-
lights the challenges faced by Ensembl in drafting a gold stand-
ard for reliably and consistently annotating pseudogenes.

Lack of annotation evidence together with ambiguity in
calling pseudogenes will place new gene annotation in a flux
from version to version, with many gene models expired or
modified with different types. This situation can be demon-
strated by examining how many new genes identified in the
old version of Ensembl survived in the new version. As
demonstrated by Table 2, only 43% (781) of 1,828 primate-
specific genes annotated in Ensembl v51 (Nov. 2008) were still
annotated as protein-coding genes in Ensembl v65 (Dec. 2011).
In contrast, for genes emerging before the primate split, the
majority (90%) stayed as protein-coding genes. Eight years ago,
around 100 retrogenes in Ensembl Version 10 of the human and
mouse genomes were identified with multiple rigorous criteria
[50]. Although the majority (75%) of parental (relatively old)
genes remains in the Ensembl v65, the annotation of 74% of
the human retrogenes and of 90% of mouse retrogenes were
subsequently removed (Table 2).

Thus, Ensembl works remarkably well for old genes, while
problematic for new genes. Such an inconsistence of new gene
annotation will certainly make researchers uncomfortable in
conducting costly in-depth studies. Moreover, because prac-
tical considerations lead to the use of model organisms to
study human biology, new genes are less likely to be charac-
terized than the old, phylogenetically shared genes, especially
the genes that have orthologs in the human genome. These
two inadequacies have compromised functional and evol-
utionary studies of new genes. To remedy this undesirable
situation, the first step is to better annotate the genome with
direct and more reliable measurements of protein-coding
potential, a step that may be attainable given the progress
in the functional genomics and evolutionary studies.
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Table 2. Statistics of new genes identified in previous studies in the current Ensembl annotation v65 (Dec. 2011).

Coding Noncoding
(2] Studies Gene categories genes genes Retired
%’ Retrogene scan in human and mouse based on Ensembl v10 [50] Human retrogene 21 5 7S]
N Human parental gene 74 0 20
7)) Mouse retrogene 11 0 97
() Mouse parental gene 78 2 25
Human specific de novo genes based on Ensembl v47 [48] 1 1 1

; Human specific de novo genes based on Ensembl v40-v57 [51] 6 10 44
9 Gene age dating in human and mouse based on Ensembl v51 [20]  Primate-specific genes 781 660 387
> Non-primate-specific genes 16,762 550 795
() Rodent-specific genes 2,323 278 510
oc Non-rodent-specific genes 16,836 382 793

Notes: ‘““non-coding genes’ refer to all other gene categories in Ensembl such as pseudogene, antisense transcripts, etc; ‘‘Retired”” means
that genes annotated previously have been removed from v65 where the corresponding location is replaced with new gene models or no gene

model exists any more.

Inferring the coding potential with
an integrative approach

Possibly the most relevant advances in the field of functional
genomics are proteogenomics and ribosome profiling [52-55].
In contrast to conventional mass spectrum data analyses,
which directly map peptides against annotated proteins, next
generation proteogenomics interrogates peptides against all
possible six-frame translations across a genome [52, 53]. This
method could help to uncover previously undetected new
genes or misclassified pseudogenes. A striking example has
been provided by a proteogenomics study in the best anno-
tated plant genome, Arabidopsis [56], which generated
144,079 distinct peptides and identified 778 novel genes not
overlapping with the previously annotated coding genes in
TAIR. These genes appear to be evolutionarily young genes
ignored by conventional annotation since the majority (653 or
84%) are not conserved and a significant proportion (498 or
64%) were formerly annotated as pseudogenes or transposons
[56]. Given the capability of proteogenomics to assess the
coding potential of genomic loci in a high-throughput way,
it has been proposed to be integrated into the initial annota-
tion stage rather than being a purely downstream tool [52].
Different from proteogenomics, but with similar promise,
the recently developed technique of ribosome profiling
indirectly infers which genomic loci are being translated by
sequencing the mRNAs within a ribosome [54, 55]. One sur-
prising result is that a majority of previously annotated long
intergenic noncoding RNAs are bound by ribosomes in mouse,
suggesting these loci may actually be coding genes [54].
Although ribosome binding is not equivalent to protein-coding
capability [57], it nevertheless could be used as supporting
evidence, especially considering that such a new technique
could precisely locate the initiation codon and measure the
translation speed [54, 58]. Moreover, proteogenomics is
hobbled in that it could only detect proteins in amounts across
3-4 orders of magnitudes, and faces the huge search space
imposed by the six-frame translation of the genome [52]. The
short peptide (by average 14 amino-acids) generated by mass
spectrometry may not be enough to differentiate derived
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duplicates and their parental genes. In contrast, ribosome
profiling takes advantage of next generation sequencing
(NGS), which could identify transcripts varying in amount
by at least five orders of magnitude [59]. Moreover, mRNAs
could be directly mapped back to the genome without the need
of translation. Finally, the read length of the mainstream
NGS platform, i.e. [llumina, is continuously increasing, with
a current read length of 150 bp (as of Aug., 2012: http://www.
illumina.com/systems/hiseq_systems.ilmn), which can be
mapped back to different paralogs with less ambiguity.
Thus, these two techniques are complementary, which could
help to increase the coverage of protein-coding gene
annotation.

However, high-quality, high-coverage functional genomic
data has been unavailable for most species. This situation
makes it necessary to use evidence-based or de novo predic-
tion of genes using DNA-sequence alone. Two programs are
particularly noticeable. CONTRAST predicted a perfect open
reading frame (ORF) structure for up to 58% of human protein-
coding genes by recognizing coding region boundaries in
multiple sequence alignments (MSA) across different species
[46, 60]. PhyloCSF could accurately determine a peptide as
short as five amino acids by modeling codon substitution
frequency in MSA [57, 61]. However, as these packages are
based on alignments across diverged species (mammals or 12
Drosophila [60, 61]) and target conserved proteins, new genes
may be neglected. Thus, a couple of tools have been developed
to infer the coding potential of lineage-specific genes. One of
the most popular tools detects whether replacement and syn-
onymous sites have different substitution rates using the Ka/
Ks test (the ratio between non-synonymous substitution rate
and synonymous substitution rate) implemented in PAML [62]
and the McDonald-Kreitman test implemented in DnaSP
or PGEToolbox [63-65]. Another series of tools including
ReEVOLVER [66] and t,/, test [67] estimate whether the can-
didate ORF is selectively constrained by simulating neutral
evolution. All these tools have been successfully applied in the
study of new genes (e.g. [8, 68—70]). However, all these tools
require that new genes of interest have accumulated enough
substitutions for the statistical tests. For example, a new gene
in humans would need to have emerged at least eight million
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years ago for ReEVOLVER to have the power [69] to perform
the statistical analysis. In this case, human-specific genes
(absent in chimpanzee, younger than six million years) could
not be tested.

It is still a great challenge to infer the complete gene struc-
ture (even the ORF only) using short peptides or short reads
compared to protein or cDNA based annotation implemented in
Ensembl. However, the current protein evidence (especially
proteins annotated in TrEMBL) used in Ensembl is unreliable
and the criteria used to differentiate functional genes from
pseudogenes are fairly arbitrary. Thus, the Ensembl annotation
can be significantly improved if proteogenomics, ribosome
profiling and evolutionary inference are incorporated into the
final step of distinguishing functional genes from pseudogenes.
Thus, all these new techniques complement and enrich con-
ventional annotation practice, such as that used by Ensembl.

Annotation refinement will help
understanding of the evolutionary forces
acting on new genes

For around a decade, it has remained unsettled whether new
gene emergence is driven by neutral evolution or positive
selection [16, 17, 71-73]. Refining annotations of new genes
will certainly help address this issue considering the key is to
determine whether functions played by new genes are evolu-
tionarily novel. Actually, although new genes are novel
genetic components, they do not necessarily play new func-
tional roles. For example, in the subfunctionalization model of
how new genes escape degeneration, a new gene merely
subdivides the functions of the ancestral gene with its parents,
with the whole process driven by neutral evolution [73]. In this
respect, the following three types of new genes will be particu-
larly illuminating.

First, as reviewed in [16], chimeric new genes have a
structure different from their parental genes and thus they
are most likely to play new functions. Second, a partial dupli-
cate may result in vastly distinct functions. As in the case of
the previously mentioned SRGAP2, experimental study
revealed that a partial copy, SRGAP2C, antagonizes its
parental gene SRGAP2A, which is a dimer in its functional
form [24]. Thus, immediately after its birth, SRGAP2B gained a
new function [12]. Finally, the de novo genes may represent
the clearest example of neofunctionalization, since they have
no related ancestors with functions to partition. For example,
it has been reported repeatedly that numerous primate-
specific or even human-specific de novo genes are transcribed
in the human brain [11, 51, 74]. Further investigation of the
functions of these de novo genes may shed light on the process
of brain evolution by the addition of novel gene functions.

For all these three types of new genes, accurate gene
annotation is essential. Without precise exon-intron structure,
it is impossible to detect whether or not a new gene is subject
to chimerism in evolution. Both SRGAP2B and SRGAP2C
are annotated as pseudogenes by Ensembl v66 (SRGAP2PI,
SRGAP2P). If the research community had simply passively
accepted such annotation, the exciting discovery of their func-
tion in neuronal migration and spines [12, 24] would have been
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unlikely. The remarkable discovery of de novo genes is another
similar case [51] in which authors have examined all Ensembl
releases in the last four years and identified 60 human-specific
de novo genes. If they had focused only on the latest version of
Ensembl, they could have found only 27 cases [51].

Conclusions and prospects

The new genes are attracting more attention from both mol-
ecular and evolutionary studies for their origination mechan-
isms, evolutionary patterns, and functional importance [1, 16,
17]. The large number of new genes that have been identified
suggests the generality of this evolutionary process. However,
two interlinked inadequacies in study have hampered prog-
ress in the field: new genes are generally under-characterized
in functional studies and they are often misannotated. We
argue here that the new genes should be paid more attention
while studying rapidly evolving phenotypes (e.g. the brains of
human). While cis-regulatory changes have been proposed as
major evolutionary shortcuts in morphological evolution
[75-77], the origination of new genes may provide a comp-
lementary and important route toward evolution of pheno-
types, shown by the research implying that new genes
contributed to the genetic novelty of human brains [11, 12].
Regarding gene annotation, various new techniques and
evolutionary approaches can better infer the coding potential
of genes and thus provide a more consistent dataset of new
genes. This will help the study of new genes tremendously,
especially regarding the evolutionary forces that govern their
origination process. More excitingly, if such annotation could
scale up to the population level, i.e. to annotate polymorphic
gene gains across populations or strains such as 1,000
genomes of humans (78] or the Arabidopsis 1001 genomes
[79], we could trace how new genes have evolved in recent
evolutionary time and then infer selective forces acting on the
newborn genes. For example, a retrogene polymorphism sur-
vey demonstrated using a generalized McDonald-Kreitman
framework that natural selection may drive retrogene fixation
onto autosomes, which had parental loci on the X chromo-
some [65, 80]. These lines of research are not only important
for addressing theoretical questions of genome evolution, but
will also help to identify more new gene duplicates underlying
specific instances of phenotypic divergence, like the increase
of Amylase copy number in humans [81]. All these productive
approaches require a new vision of genomes and genes that
differs from the traditional conservation-based dogma.
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