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Newly evolved genes: Moving from
comparative genomics to functional
studies in model systems
How important is genetic novelty for species adaptation and diversification?
José M. Ranz1) and John Parsch2)

Genes are gained and lost over the course of evolution.
A recent study found that over 1,800 new genes have
appeared during primate evolution and that an unexpectedly high proportion of these genes are expressed
in the human brain. But what are the molecular functions
of newly evolved genes and what is their impact on an
organism’s fitness? The acquisition of new genes may
provide a rich source of genetic diversity that fuels evolutionary innovation. Although gene manipulation experiments are not feasible in humans, studies in model
organisms, such as Drosophila melanogaster, have
shown that new genes can quickly become integrated
into genetic networks and become essential for survival
or fertility. Future studies of new genes, especially chimeric genes, and their functions will help determine the
role of genetic novelty in the adaptation and diversification of species.
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Introduction
The number of protein-encoding genes contained within a
genome can vary greatly among species, ranging from <200
in the extreme endosymbiont Carsonella ruddii [1] to over
40,000 in cultivated rice [2, 3]. Even closely related species
can differ in gene number, which implies that a species’ gene
content may change over evolutionary time. For example, it
has been estimated that humans and chimpanzees, which
diverged from a common ancestor about six million years
ago [4], do not share 6.5% of their 22,000 genes [5]. Some
genes are present only in humans, while others are present
only in chimpanzees. This difference in gene content is much
greater than the average 1.5% divergence in nucleotide
sequence between genes shared by the two species. These
observations raise some obvious questions, including: How
do differences in gene content arise? Where do new genes
come from? Do differences in gene content contribute to
phenotypic differences between species? A recent paper by
Zhang et al. [6] presents evidence that new genes have played
an important role in the evolution of higher cognitive functions in humans. In the following, we review the methodology
and results of this paper and highlight several other recent
studies aimed at uncovering the functional significance and
impact on fitness of newly evolved genes in model organisms.
The availability of complete genome sequences from
many diverse species has made it possible to identify specific
changes in gene content and determine when they occurred
[6–8]. A schematic of the approach followed by Zhang et al. [6]
is depicted in Fig. 1. Briefly, the linear order of genes within
conserved chromosomal segments is compared among a set of
species with a known evolutionary relationship. When a difference in gene content is observed, it represents either a gain or
loss of a gene at that location. The presence (or absence) of the
gene in other species, in conjunction with their evolutionary
relationship, can be used to determine whether the gene was
gained or lost. If it was gained, it is considered to be a novel
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are considered to be ‘‘old’’ or ‘‘ancient’’. The study of Zhang
et al. [6] focused on a set of 1,828 new genes unique to humans
and other primates. Using data from expressed sequence tags
and microarrays, the authors detected a significant overabundance of these new genes in the brain transcriptome, but not
in the transcriptomes of other tissues. Further analyses
revealed that the expression of the new genes was particularly
enriched in the fetal brain and in the neocortex, which is the
brain region thought to be responsible for many humanspecific cognitive abilities [9].

Mechanisms of gene creation
Figure 1. Method to identify new genes. An orthologous chromosomal region is compared among species of known evolutionary
relationship and the age of genes (here shown as boxes labeled A–
F) is inferred from the lineage of their first appearance. In this
example, gene B is a young gene specific to primates, while gene E
is newly evolved in the human lineage. Genes A, C, D, and F are old
genes that are common to all investigated genomes. This approach
has been followed by Zhang et al. [6] and others [5, 7].

gene that is unique to a particular species or lineage and its
age can be estimated from the branch on the phylogenetic tree
where it first appears. Genes that appeared relatively recently
and are shared only by a small number of species are termed
‘‘new’’ or ‘‘young’’, while those common to many diverse taxa
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Features of the DNA sequence of a new gene, together with the
sequence of the corresponding region in species lacking the
gene, can be used to infer the mechanism that led to its
creation (Box 1). The most common process that gives rise
to new genes is duplication, which can occur either by DNA- or
RNA-based mechanisms [10]. The former typically involves
unequal crossing-over, which can lead to the expansion in
copy number of genes in pre-existing multi-gene families [5, 11].
Unequal crossing over can also occur between interspersed
repetitive elements, such as transposable elements, leading to
the duplication of single-copy genes and the insertion of
duplicate genes on non-homologous chromosomes [12].
RNA-based duplication, or retroduplication, occurs when a
transcribed mRNA of an existing gene is reverse transcribed
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Evolution after creation: How do new
genes evolve?
The selective forces acting on a new gene soon after its formation are likely to vary depending on the mechanism that
created the gene. Chimeric and de novo genes represent
genetic novelty and can immediately perform new functions
that may be subject to natural selection. Gene duplications, on
the other hand, lead to genetic redundancy. Initially, a new
duplicate gene is expected to be non-essential and evolve
under little or no selective constraint. This allows mutations
that alter the encoded protein to accumulate. If there is no
constraint on the gene and a mutation introduces a stop codon
or a frameshift into the coding sequence, it will become a
pseudogene and gradually disappear from the genome by
recurrent deletion [34]. However, it may be that the relaxed
constraint allows the gene to explore the local protein space
and the occurrence of chance mutations leads to a protein with
a new, advantageous function. If so, the gene will be favored
by natural selection and might, over time, become essential for
the organism. In both of the above scenarios, the ratio of
nonsynonymous to synonymous substitutions (Ka/Ks) that
occur in the new gene is expected to increase relative to
its parental (functional) gene (Box 2). However, only in the
latter case will this ratio decrease after a new function has
been optimized. If so, the ratio of nonsynonymous to
synonymous polymorphism in the gene in the present day
population will be less than the ratio of nonsynonymous
to synonymous substitutions that occurred between
species [35]. The new, primate-specific genes identified by
Zhang et al. [6] as being expressed in fetal brain had Ka/Ks
over twice that of old, fetal brain expressed genes or the
genome average, which indicates that there has been
rapid evolution of new genes expressed during brain development. Nearly one third of these genes (5 out of 16 tested)
showed a significant reduction in nonsynonymous polymorphism in the current human population relative to nonsynonymous substitutions that occurred between human and
chimpanzee, indicating that the level of selective constraint
on these genes has increased since the time of speciation.
Zhang et al. [6] interpret the above molecular patterns as
evidence for positive selection driving the evolution of new,
brain-expressed genes. However, with duplicate genes, similar
patterns can be produced by changes in the intensity of
negative selection [36].
In addition to changes in protein sequence, new genes can
gain functions by acquiring new patterns of expression, which
allow them to be active in different tissues or at different stages
of development than their parental genes. The acquisition of
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new expression patterns is thought to be especially important
for genes originating through RNA-based duplication, because
they insert into regions of the genome far away from their
original regulatory sequences [37]. However, novel expression
patterns can be gained by genes originated by all of the
mechanisms described above. Indeed, Zhang et al. [6] found
that all types of newly evolved primate genes showed an
enrichment of fetal brain expression, which suggests that gain
of expression in the developing brain was a key attribute
favoring their retention in the genome.

Determining the functional relevance of
newly evolved genes: Model systems offer
a way forward
When direct genetic manipulation is not possible, the inference of a new gene’s function usually involves the characterization of its expression and the categorization of the type of
protein it encodes. Typically, researchers scrutinize databases
to gain insights into different components of the expression
profile of the gene, namely: abundance, spatial distribution,
timing of expression, spliced forms, and the dynamics of
expression in the presence of external cues [38–42].
Likewise, the protein’s function can be inferred by searching
for sequence similarity in databases and repositories of proteomic data [43, 44]. In a few cases, biochemical assays have
been undertaken to unveil additional details regarding
the functional role of newly evolved genes. For example,
the protein encoded by the new Drosophila alcohol dehydrogenase gene jingwei shows modified substrate specificity in
relation to different types of alcohols in comparison to the
protein encoded by its parental gene Adh [45]. By combining
enzymatic assays with site-directed mutagenesis, it has also
been shown that a new pancreatic ribonuclease in colobine
primates evolved to function in more acidic digestive environments [46].
Although the bioinformatic and biochemical approaches
described above provide an initial characterization of a new
gene’s function, they do not resolve two key, intertwined
aspects of its evolution: (i) how the gene becomes incorporated into pre-existing genetic networks; and (ii) how relevant
the gene is for the organism’s fitness. Similarly, patterns of
protein sequence evolution compatible with the action of
positive or negative selection (Box 2) are a proxy for functional
relevance, but they do not precisely answer the above questions. Furthermore, merely demonstrating that a new gene has
a different expression pattern than its parental gene is not
sufficient to conclude that it has gained a new function, since
cryptic promoters and signals for splicing and polyadenylation are known to be ubiquitous in intergenic regions [47, 48]
and many cases of ectopic gene expression have been documented [49]. This is especially relevant for de novo genes,
which are currently the subject of intense study across
diverse phyla [23, 26, 33, 50]. To overcome these limitations,
experiments in model organisms are essential, because they
allow one to determine a new gene’s function by examining
phenotypes that result from perturbing the activity of the
gene.
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and inserted into a new location in the genome [13, 14]. A new
gene can also be created by the fusion of two previously
distinct genes to form a chimeric gene, or by the addition
or rearrangement of protein-encoding exons within a preexisting gene [15–22]. It is also possible for new protein-encoding genes to arise de novo from non-coding DNA [23–32]. The
creation of new genes by this mechanism is thought to be rare,
although recent work suggests that at least 60 de novo genes
are unique to the human genome [33].
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Measuring the rate of protein evolution
Because of the redundancy of the genetic code, point mutations occurring within a protein-encoding sequence can be
classified as either nonsynonymous or synonymous. The former alter the amino acid sequence of the encoded protein,
while the latter do not.

Synonymous mutations are assumed to be selectively neutral and accumulate over time, resulting in sequence
divergence between species. Nonsynonymous mutations, in contrast, are subject to natural selection and will only
contribute to sequence divergence between species if they do not have a harmful effect on the organism. Otherwise, they
will be eliminated from the population by negative (or ‘‘purifying’’) selection. After correcting for the number of sites in the
sequence where either a nonsynonymous or a synonymous mutation could occur, the ratio of nonsynonymous to
synonymous divergence between species (Ka/Ks) can be used as a measure of the rate of protein evolution [74]. Genes
encoding functionally important proteins are expected to have Ka/Ks values close to zero, because most changes to their
amino acid sequence are deleterious. Following a duplication event, new genes typically show elevated Ka/Ks relative to
their parental genes. This could reflect a relaxation of functional constraint and/or positive selection favoring amino acid
changes that lead to a new, beneficial function. In the latter case, functional constraint should increase after the new
function has been optimized. Thus, Ka/Ks will be lower among alleles of the gene in the present day population than
between copies of the gene from different species.

Can a newly evolved gene affect an
organism’s viability or fertility?
RNA interference (RNAi) is one method that can be used to
determine whether or not new genes are required for successful development to the adult stage. This approach
was used by Chen et al. [7] to inhibit the expression of
young genes (those originating within the past 55 million
years) in the D. melanogaster genome. In total, they
examined 195 newly evolved genes and a random
sample of 245 old genes. The proportion of essential genes
in both age groups was approximately one third (Fig. 2),
indicating that once young genes have been successfully
incorporated into the genome, they can play roles as critical
for the organism as old genes. The authors found that
the fraction of essential genes is nearly constant across
different age groups (Fig. 2) and concluded that even very
recently generated genes can become essential. Further,
examination of the temporal expression pattern of essential
young genes revealed that most of them were expressed
predominantly during the larval and pupal stages, which
suggests that they are developmentally regulated. The
comparison of essentiality between parental and derived
genes showed that young essential genes can be
generated with equal probability from essential or nonessential parental genes, and likewise, both essential and
non-essential parental genes can give rise to essential or nonessential young genes (Fig. 2). The analysis of protein-protein
interaction data supports an evolutionary dynamic in which
newly evolved genes become integrated into gene networks,
sometimes occupying key network positions that are
involved in many interactions. Overall, these results emphasize that new essentiality can evolve very quickly, and
therefore, genes associated with it represent an unparalleled
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reservoir of genetic variation that can facilitate species adaptation and divergence.
To date, no large-scale silencing experiments have been
performed focusing on fertility. However, several case studies illustrate how newly evolved genes might impact reproduction. Two studies focused on genes unique to closely
related species of the D. melanogaster species subgroup.
The new gene nsr is involved in the regulation of mRNA
processing of three adjacently located Y-linked genes that
encode dynein heavy chains of the sperm axoneme. Knockout experiments revealed multiple sperm deficiencies when
this gene is inactive. Interestingly, the parental gene of nsr is
important for female fertility [51]. On the other hand, the gene
K81 is one of the few genes reported to have a paternal effect
in Drosophila males. Males with mutations in this gene produce sperm able to fertilize oocytes, however the paternal
chromosomes fail to segregate appropriately during the first
zygotic division [52]. A third study in mice (genus Mus)
reported the emergence of a non-coding RNA (ncRNA) gene,
Poldi, which, when knocked out, results in males with testis
of reduced weight and sperm of limited motility [50]. In these
examples, the knock out of a newly evolved gene precludes a
successful fertilization event. A fourth case study shows that
new genes can even prevent fertilization by altering mating
behavior. For example, knocking out the ncRNA gene Sphinx
led to increased same-sex courtship in male Drosophila [53].
Based on its expression in different brain areas and genomewide microarray experiments, Sphinx is suggested to
participate in olfactory neuron mediated regulation of male
courtship [54].
Controlled perturbation of gene function is not exempt
from limitations. First, the resulting phenotype might be
difficult to detect under laboratory conditions. This has been
shown to be the case for a sizable fraction of genes in mice [55].
In fact, when further experiments were performed with one of
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the newly evolved Drosophila genes deemed as non-essential
by Chen et al. [7], it was found that the gene plays a crucial role
in determining life expectancy and fertility [56]. Another
limitation is that perturbation of gene expression is only
feasible in model organisms. In the case of humans, disease
association studies can help to overcome this limitation. For
example, the genes DDX11 and DPY19L2, which are exclusive
to chimps and humans [6], have been reported to underlie the
Warsaw breakage syndrome [57] and male infertility problems
[58], respectively.

Are chimeric genes special?
Although new genes may be created by various mechanisms
(Box 1), the probability of gaining a new, beneficial function
might not be equal for all kinds of newly evolved genes.
Chimeric genes appear to be especially well-suited for the
adoption of new functions and integration into pre-existing
genetic networks. A property that chimeric genes possess, but
regular duplicates lack, is the potential to create new combinations of polypeptide sequences at the time of their initial
creation. This allows them to explore the possible protein
sequence space much more efficiently than duplicate genes,
which must rely on amino acid substitutions alone [59, 60].
Recently created chimeric proteins can have the combined
functional attributes of their parental genes [61, 62], fueling
phenotypic diversity, and therefore providing variation upon
which natural selection may act [62, 63]. A possible mechanistic explanation is that chimeric proteins can remodel the
protein-protein interaction network. In fact, protein-protein
interactions can pose severe constraints that prevent evolutionary change because of pleoitropic effects. Newly evolved
chimeric genes might offer an efficient, alternative path to
relax this constraint, as has been proposed for the yeast
mating pathway [64]. Peisajovich et al. [64] engineered 66
recombinant proteins by combining whole-domains from
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the 11 constituent genes of the pathway. Similarly, they engineered full gene duplications, domain duplications, and combinations of two unlinked but co-expressed domains. All of
these recombinant peptides were transformed into a yeast
strain that possessed the original gene set and the magnitude
of the mating response monitored upon inducing its activation. Only chimeric proteins contributed to the diversification of the signaling phenotype, sometimes resulting in a
higher mating efficiency than that of the wild-type strain.
This advantage was in some cases large enough to offset
detrimental effects in other phenotypes, e.g. growth rate,
which is related to the high osmolarity response pathway.
This observation stresses the pleiotropic nature associated
with chimeric proteins.
Despite their immediate provision of raw material for
natural selection to act upon and their enhanced effectiveness
in exploring sequence space, chimeric genes are not always
beneficial. Often, chimeric genes have detrimental effects on
their carriers because they encode dysfunctional proteins that
alter fundamental biological process such as cell cycle regulation [65, 66]. It has been estimated that only 1.4% of the
chimeric genes that arose in the D. melanogaster lineage have
been preserved [62]. Nevertheless, gene fusion represents a
common evolutionary mechanism of new gene creation across
diverse phyla including plants [67], primates [68], fish [69],
nematodes [70], and insects [25, 62]. Interestingly, genes
particularly important for the ecology of the species have been
shown to be involved in recurrent and phylogenetically independent events of chimeric gene formation. An example of this
is provided by the Drosophila alcohol dehydrogenase gene
Adh, which functions in the catabolism of alcohols and
has been involved in at least four independent gene fusion
events [15, 71–73].
In addition to combining protein-encoding sequences from
two different sources, many chimeric genes also contain new
or altered regulatory information. For example, the protein
encoded by a chimeric gene of the RGP family in humans
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Figure 2. A: Phylogeny of the Drosophila
species used to date the evolutionary age of the
genes analyzed in Chen et al. [7]. The numbers
at the nodes indicate the divergence times of
the different lineages (in millions of years) [75].
B: Gene age is not correlated with essentiality in
fruit flies. The fraction of essential genes is constant among different age groups across the
genus Drosophila. C: The ratio of essential to
non-essential young genes does not depend on
whether or not the parental gene is essential.
Drosophila images are from FlyBase
(www.flybase.org).
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shows discrete localization in the cytoplasm, while the protein
encoded by the parental gene is found only in the nuclear
envelope [20]. Analyzing a conservative set of chimeric genes
present in the genome of D. melanogaster, it has been found
that the formation of chimeric genes also enables new combinations of regulatory and RNA stability motifs, as well as
cellular targeting signals, which can facilitate the evolution of
novel expression profiles and alter the cellular context of the
encoded peptide [63]. Importantly, half of the chimeric genes
analyzed were found to involve mid-protein domain breaks
instead of whole-domain breaks, which indicates that the
scale of effective modularity is much smaller than previously
thought.

Conclusions
Vast amounts of DNA sequence data and the development of
in silico tools to analyze and compare genomes have enabled
the identification of new genes that are unique to a species or
a phylogenetic lineage. To date, case studies have focused
mostly on the structure, pattern of sequence evolution,
and preliminary characterization of the function of newly
evolved genes. Whether or not these functions are relevant
for the species and how they impact the organism’s fitness are
only starting to be explored. Perturbations of gene function,
associations with aberrant phenotypes, and more detailed
studies of how the encoded proteins are integrated into
protein-protein interaction networks will play a fundamental
role in determining the functional relevance of new genes
and their contribution to the adaptation and divergence of
species. Genes that combine diverse functional attributes of preexisting genes at the time of their origination (e.g. chimeric
genes) appear to be key players in these processes and represent
an exciting area in genome and evolutionary research.
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