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Abstract

During the course of evolution, genomes acquire novel genetic elements as sources of functional
and phenotypic diversity, including new genes that originated in recent evolution. In the past few
years, substantial progress has been made in understanding the evolution and phenotypic effects of
new genes. In particular, an emerging picture is that new genes, despite being present in the
genomes of only a subset of species, can rapidly evolve indispensable roles in fundamental
biological processes, including development, reproduction, brain function and behaviour. The
molecular underpinnings of how new genes can develop these roles are starting to be
characterized. These recent discoveries yield fresh insights into our broad understanding of
biological diversity at refined resolution.

The tree of life displays vast biological diversity, and genomic variation is a primary source
of this phenotypic diversity. Genome evolution is driven by various forces, such as
incremental changes to coding and non-coding sequences, as well as the emergence of new
genes. The role of new genes as major drivers of organismal evolution is indicated by the
great diversity in the numbers and types of genes among species, which mirrors the startling
phenotypic diversity across lifel:2.

Every gene in an organism was ‘born’ at a certain time in evolution: some are ancient, some
are young, and many are in the process of actively being generated or lost. We use a broad
definition for new genes that comprises genes which appeared in a species at a certain time
during evolution at a locus that did not exist previously. This view encompasses diverse
molecular mechanisms of new-gene origination (BOX 1) that have implications for the
emergence of novel functionality in the organism. For example, new genes commonly arise
through the duplication of existing genes, either at the DNA level or by retrotransposition
through an RNA intermediate; in these cases, the new gene may maintain similar functions
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to the parental gene over a long evolutionary period or may undergo a process of
diversification until a completely new function is evolved. New genes with novel
functionality can also originate de novo from non-coding DNA or can be derived from
various alterations and rearrangements at the existing gene loci. Importantly, new-gene
expression and functionality require regulatory elements that may pre-exist at the new gene
locus or that may also need to evolve (BOX 1). Further details on origination mechanisms
can be found in several review articles (REFS 1-4).

Box 1
Mechanisms of new-gene origination

Eleven known molecular processes that can generate new gene structures are shown (see
the figure), most of which are mentioned in this Review in the cases of new genes that
have been analysed for their phenotypic or functional effects. For more detailed
discussions of these mechanisms, see REFS 2—4. Here we provide concise explanations
of the relevant molecular routes. In exon or domain shuffling, the exons or domains from
different genes can be recombined to form many chimeric protein-coding genes (see the
figure, part a). Gene duplication is a widely known process that can form new gene
structures through DNA-based mechanisms, such as unequal crossover or genome
replication in the absence of cell division (see the figure, part b). Duplications can occur
on a wide range of scales, from parts of genes to whole genomes. Retrotransposition is an
RNA-based duplication in which a transcribed RNA is reverse transcribed and inserted
into a new position in the genome (see the figure, part c). This mechanism, although
often assumed to produce functionless genetic elements, was found to be important in
generating new genes. Transposable element (TE) domestication occurs in several forms
(see the figure, part d). In humans and other mammals, hundreds of nuclear genes were
found to encode TE-derived peptides and to have evolved new cellular functions. Owing
to the multicopy nature of TEs, they can also facilitate unequal-crossover-mediated gene
duplication (through recombination involving non-allelic TE copies). Lateral gene
transfer was frequently found to play an important part in transferring genes between
bacterial species and has recently been found to occur in eukaryotes (see the figure, part
e). Gene fission or fusion splits one gene into different genes or fuses neighbouring genes
(see the figure, part f). De novo origination of genes has been reported in a number of
organisms (see the figure, part g). The mechanism involves generating completely novel
proteins by evolving new coding DNA sequences through accumulating mutations in
previously non-coding genomic environments. Reading-frame shifts in a protein-coding
gene, as seen in human genomes, can generate novel proteins (see the figure, part h).
Alternative spicing increases the protein diversity encoded by exons in eukaryotes, and
mammals have evolved new exons that result in novel splice variants of proteins (see the
figure, part i). Non-coding RNA genes do not encode proteins but can have various
important functions (see the figure, part j). Many newly discovered RNAs were found to
have originated recently, such as microRNAs in Drosophila spp.123 and the male-
functional non-coding RNAs in mice®. Pseudogenes, including some in mammals, were
found to be transcribed and to have a role as ‘sponges’ for microRNAs, thus in turn
regulating the expression of the functional parental genes (see the figure, part k).
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Several mechanisms frequently cooperate in generating a new gene. Furthermore, genes
arising from several of these mechanisms — such as retrotransposition and de novo gene
origination — must acquire new regulatory systems in order to be expressed and
regulated. This can occur by various mutational routes driven by selection. For example,
a Drosophila melanogaster retrogene was found to have acquired a regulatory system for
testis expression in a mutation selection process?4, and new genes that have rapidly
evolved insulator sequences and protein-binding sites to set up new regulatory
boundaries'2> have been identified. Additionally, new vertebrate genes were found to
have gradually accumulated U1-binding sites and poly(A) signals to define a productive
transcription unit, revealing the evolution of structural elements that control
transcriptional directionality after the origination of genes!26,

Although various evolutionary and biological insights can be obtained by studying
evolutionarily ancient gene families®®, recently born genes (such as those that appeared
within the past 10 million years) are found in one or a few closely related species. These
genes provide unique opportunities to study gene formation and the associated phenotypic
evolution of organisms because most, if not all, incipient changes during the early stages of
origination and evolution are clearly recorded and preserved in their sequences and
functions in extant organisms. Since the first young genes, for example, jingwei’, were
reported two decades ago, studies of new genes have provided insight into the molecular
processes that created the initial structure of genes28, the evolution of molecular
functions®19, and global views of the rates, patterns and mechanisms of new-gene
originationl:11,

One crucial aspect, and the focus of this Review, is the extent to which new genes contribute
to phenotypic evolution. Although such new genes are often assumed to be dispensablel?,
recent progress in conceptual studies, functional genomics technologies314 and
accumulation of genome sequence data has provided unprecedented opportunities for the
detailed assessment of the phenotypic importance of new genes in various species. TABLE
1 lists some representative cases of new genes with important phenotypic and functional
effects that have been documented in Drosophila spp., mammals and plants. Below, we
discuss how novel molecular functions derived from new genes can affect disparate
phenotypes, including developmental and reproductive processes, brain functions and
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behaviour. These explorations have converged on a phenomenon in which the genetic
systems controlling the related phenotypes have undergone rapid innovation by acquiring
new genes, which have often become essential genetic components of the trait. This
phenomenon raises interesting and challenging problems that require further understanding
from new angles.

New genes evolve new molecular functions

The origination and evolution of new genes can provide new molecular and cellular
functions. Understanding these functions is important for providing insight into how the
resultant new gene products assemble into cellular complexes or pathways and ultimately
how they affect organismal phenotypes.

New genes evolve novel biochemical functions and pathways

The diversification of ancestral functionality has been a general theme for new genes that
originated by gene duplication!®. As an example, the chimeric gene jingwei was generated
by the retrotransposition of the Alcohol dehydrogenase (Adh) gene in the common ancestor
of two African fruitfly species, Drosophila yakuba and Drosophila teissieri, which diverged
3 million years ago (MYA)”16. Following this retrotransposition, neofunctionalization of
jingwei relative to the ancestral Adh gene was driven by adaptive mutations that affected the
enzyme active sites to alter substrate specificity in the metabolism of recruitment
pheromones and juvenile hormones!’:18 (FIG. 1a,b).

As another example, two thorough analyses of biochemical functions of new genes revealed
evolutionarily recent origins of de novo biochemical pathways that occur in Arabidopsis
thaliana and related species in the Brassicaceae family (FIG. 1c,d). The cytochrome P450-
encoding gene CYP98A originated through retrotransposition and was then duplicated at the
DNA level into CYP98A9 and CYP98A8. Subsequent adaptive mutations in the catalytic
domain of these enzymes led to the origination of a novel pathway for the biosynthesis of
N2,N5-di(hydroxyferuloyl)-N10-sinapoyl spermidine, which is a metabolite that is required
for pollen development!®. Interestingly, another recent duplicate in the cytochrome P450
family, CYP84A4, independently underwent an alteration in its original cytochrome function
and became a catalytic enzyme that triggers a new pathway of arabidopyrone biosynthesis in
A. thaliana?0. Together, these studies revealed examples of biochemical innovation by gene
duplication followed by different mechanisms of functional diversification (BOX 1).

New genes evolve new cellular localizations and complexes

The human gene CDC14C (also known as CDC14Bretro) arose 7-12 MYA in the common
African ape ancestor of hominoid species, and subsequent adaptive evolution of the cellular
localization sequence in the encoded protein has resulted in a change in the localization of
this protein from an association with microtubules to a localization in the endoplasmic
reticulum?L, Additionally, clathrin-coated vesicles, which are essential for endocytosis,
evolved by expanding new family members of dynamin proteins; this occurred
independently in metazoa and ciliates, depicting a striking and unexpected case of
convergent evolution22:23,

Nat Rev Genet. Author manuscript; available in PMC 2014 November 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chenetal.

Page 5

New genes can confer stress resistance on organisms

Resistance evolves rapidly under stressful conditions such as extreme temperatures, aberrant
pH, and the presence of toxic chemicals and pathogens. In various species, new genes are
now known to contribute to drug and pathogen resistance. In microorganisms, antibiotic
resistance can occur quickly by the acquisition of resistance genes through lateral gene
transfer (also known as horizontal gene transfer) (BOX 1). A good case in point is the ndm1
-lactamase gene that spread between Enterobacteriaceae spp. and conferred resistance to a
broad range of p-lactam antibiotics?4. Also, in fruitflies, seven genes that are involved in
insecticide resistance (including Cyp6gl and Cyp6g2) were found to be duplicated in a high
proportion of individual flies in a Drosophila melanogaster population, presumably driven
by positive selection resulting from insecticide exposure226, In plants, adaptive evolution
and the gain of new members in the R gene family drove the evolution of pathogen
resistance phenotypes, possibly through the gain of new interactions with pathogen
virulence genes, or by the evolution of specific recognition of pathogen products?’:28,
Furthermore, in primates, retrotransposed genes are implicated in pathogen resistance: the
owl monkey is highly resistant to HIV-1, and the major resistance factor was found to be a
derivative of cyclophilin A (CYPA, also known as PPIA) that had retrotransposed into the
TRIM5 locus?%30, These studies suggest that resistance can quickly evolve through the
acquisition of new genes, and knowledge of these mechanisms might have various medical
and agricultural implications for overcoming resistance to drugs and pesticides or for
controlling infectious diseases.

In another striking case, vertebrate species such as Arctic and Antarctic fish convergently
evolved new genes encoding antifreeze proteins (AFPs), which are among the first known
genes to arise de novo from ancestral non-coding DNA sequences. AFP genes formed
through the amplification of repetitive sequences, including microsatellite DNAs. The
resultant repeated DNA sequences encode three ring-like peptides that can wrap minuscule
ice particles, thus preventing the ice from growing further and enabling survival in frozen
environments31-33, These gene originations occurred independently using different
precursor DNAS in various species in the past 10-15 million years, when the polar waters
became glaciated, thus unveiling how natural selection can result in novelty in a remarkably
convergent manner.

The roles of new genes in development

The genetic systems that govern development have been evolving

Studies in evolutionary developmental biology have identified conserved genes and
regulatory elements that control early development in diverse taxa ranging from Drosophila
spp. to mammals34. Despite this conservation, we are realizing that the genetic systems
which control development are rapidly evolving. Since King and Wilson3° suggested that
changes to gene regulation have a pivotal role in determining the phenotypic differences
between humans and chimpanzees, substantial progress has been made in terms of our
mechanistic understanding of gene regulation (for example, the modular structure of cis-
regulatory elements) as well as our understanding of its importance in phenotypic
evolution36:37. Beyond these regulatory changes, recent explorations of genomics and
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genetics have continued to add to an ever-growing list of genes that also contribute to the
diversification of developmental processes38:39. For example, HOX genes and apoptotic
genes (such as apoptotic protease-activating factor 1 (APAF1), BCL2 and caspase genes)*0
are ancient metazoan developmental genes that arose ~500-900 MY A. bicoid originated in
insects ~100-300 MYA as a duplicate of Hox3, and rapidly evolved as an essential
maternal-effect morphogen in the control of gap genes, which are crucial for the initial set-
up of the body axis in the D. melanogaster embryo*142 and in embryos in higher insect
taxa®3. Therefore, organism body plans have been remodelled as a result of the expansion in
the repertoire of developmental genes, and it is interesting to consider the importance and
evolution of newly arisen developmental genes.

New genes can rapidly become essential in development

When new genes arise, a reasonable hypothesis is that these new genes will be dispensable
or redundant for organismal development or survivall2, because the affected genome did not
previously encode that gene. Conversely, there have been sporadic reports about the key
roles for new genes in developmental pathways or other essential pathways*+4°, and a
systematic test for the importance of new genes was therefore desirable. The roles of new
genes in development had not been extensively studied until recently: a genetic analysis was
achieved by generating loss-of-function (LOF) flies — through RNA interference (RNAI)-
mediated knockdown or disruption mutagenesis — of each of the ~200 new genes from the
set of all new genes that originated within the branches comprising the 36-million-year
lineage leading to D. melanogaster46 (FIG. 2). Surprisingly, when silenced, 30% of these
young genes showed lethality in various development stages, mostly in the metamorphic
pupal stage, indicating that a substantial proportion of new genes have already evolved
essential functions. Some new genes that regulate development are very young, existing in
only one or a few species. For example, p24-2 exists in a single species, D. melanogaster,
and has a vital role in development in this species*’, even though the gene is absent in the
close sibling species Drosophila simulans, Drosophila mauritiana and Drosophila
sechellia®. These observations suggest that these species-specific and lineage-specific
genes have rapidly become indispensable components of the genetic control of development.

An intriguing issue related to this study is whether the age of a gene relates to its
developmental importance; that is, do new genes accumulate importance over evolutionary
time? The proportion of these young genes that are essential for development is
unexpectedly similar to the known proportion of essential genes in genomes#849 and did not
change much during the various stages of evolution towards D. melanogaster (FIG. 3a).
These data suggest that, at least within the discussed scale of evolutionary time of
Drosophila spp., the age of a gene is not a factor in determining its importance in
development, or that gene essentiality evolved much faster in this lineage than
conventionally expected. This is despite the expectation that because the majority of
essential new developmental genes were generated from duplication events (either DNA
based or RNA based), they would be non-essential immediately after their origination.
Furthermore, a study in Saccharomyces cerevisiae suggested that newly duplicated genes
have evolved differential essentiality even between different laboratory strains within a
species®.
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New genes in the control of organ formation

New genes also have been found to be essential in the particular process of organogenesis.
In one study, LOF experiments were carried out using wing-specific and notum-specific
enhancers to drive RNAi-mediated knockdown of new genes in these two organs in D.
melanogaster6. Multiple cellular and developmental defects were observed in the LOF
flies, such as a signalling defect resembling the Notch phenotype in the wing and the loss of
asymmetrical anterior—posterior wing patterning. Consistently, many new genes were strong
hits or candidates in genome-wide tissue-specific developmental pathway screens to detect
evolutionarily new components in organ development®1:52, These data suggest that new
genes evolved to control organ development, possibly by integrating into existing pathways.

The importance of new developmental genes across species

The LOF study“® described above indicates that the loss of function of species-specific
genes results in the stage-specific termination of developmental processes and tissue-
specific morphological defects, and this finding suggests that the genetic control of early
development and organ formation is a rapidly evolving system. In different species,
although such systems share some conserved components, they also contain the distinct
components that are essential for the development of the particular species. For example,
Umbrea (also known as HP6) in the D. melanogaster-D. yakuba clade (which diverged just
6 MYA) encodes a chromodomain protein that is essential for embryonic development in
these species, but this gene does not exist in outgroup species such as Drosophila ananassae
or Drosophila pseudoobscura®8. Relatively ancient genes such as bicoid encode the early
observed essential maternal morphogens in Drosophila spp. and certain other insects but not
in their outgroups®2. These studies from Drosophila spp. suggest that the genetic systems
governing development have been evolving by recruiting new genes with novel functions.
Does this conclusion apply only to Drosophila spp.? Although empirical data from other
organisms are lacking, the recently compiled data from mice include many new duplicates
that may be involved in development®3. A high proportion of gene duplicates (41%) in the
mouse are involved in development. In the 240 young gene duplicates identified as having
low synonymous substitution rates (Kg <1.5), 22% have essential functions.

New developmental genes and phenotypic diversity

A subsequent question springs to mind: does the rapid evolution of genetic systems driven
by new genes lead to the evolution and development of novel morphological characters? It is
now clear that new essential genes have integrated into developmental pathways which are
responsible for conserved developmental processes controlling organ and tissue
development. Related developmental phenotypes, such as embryo size, organ morphology
and pigmentation, evolve and diverge as species split>#:55, It is therefore intriguing to
understand how different genes in different clades regulate species-specific developmental
programmes, and how their functional roles stratify in ontogeny and phylogeny. More than a
century ago, the similarity and divergence of developing embryos across multiple phyla
were observed, although the proposed theory of the recapitulation of phylogeny in ontogeny
by Ernst Haeckel was later criticized®®. Recent studies in Drosophila spp. and vertebrates
(such as zebrafish) have provided extensive evidence that the molecular nature of the
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phylotypic stage is actually an intermediate developmental phase with strong constraints on
the regulation of gene expression and interaction®’-8, The combination of phylostratigraphy
and stage-specific gene expression data has revealed that the phylotypic stage expresses a
transcriptome set representing older genes, whereas earlier and later developmental phases
express relatively younger gene sets, in support of the hourglass model>”-58, This suggests
that both the early and late developmental phases are more divergent than the intermediate
phylotypic stage, and that the genetic components of the early and late phases, and their
expression, possibly evolve at a faster rate at a global scale. This notion is consistent with
the observations that most essential new genes with crucial functions are regulating either
early-stage?142:59 or late-stage developmental processes*®.

New genes in reproduction and sexual dimorphism

The effects of new genes have been strongly implicated in the evolution of reproductive
functions in metazoans. Furthermore, complementing these detailed case studies, extensive
work on new gene populations in various animals has revealed gene traffic that is involved
in sexual dimorphism and the evolution of sex chromosomes.

Roles of new genes in reproduction and related processes in mammals

Testicular descent in therian mammals is a unique physiological process induced by the
insulin-like 3 (INSL3)-LGRS8 (also known as RXFP2) signalling pathway, which ensures
that spermatogenesis progresses at a suitable temperature, which is lower than the overall
body temperature. The pathway was found to contain a therian-specific duplicate of INSL3
(REF. 60), named relaxin-like 3 (RLN3), which affects testicular descent by modulating the
level of luteinizing hormone in the blood®1. Additionally, other duplicates in the RLN-INSL
gene family have undergone lineage-specific evolution. For example, INSL4 is involved in
placental and fetal growth in catarrhine primates2. Other duplication events that have been
implicated in mammalian reproduction-related phenotypes include the diversification of
fetus-expressed globin genes53, the evolution of milk casein proteins® and the lineage-
specific expansion of SAL1 genes that are involved in pheromone and odorant binding,
which is in turn related to the evolution of species-specific mate choice and sexual
behaviour®®. Furthermore, the artificial selection for dogs with various morphologies in
recent human history gave rise to an extremely young functional gene in the fibroblast
growth factor family, FGF4, which is responsible for the selected chondrodysplasia
morphology®®. As an example of a distinct origination mechanism, in Mus musculus, a non-
coding RNA gene (BOX 1) that arose 2.5-3.5 MY A has been shown to have important roles
in sperm motility and testis size*4. Besides these new genes, 5,471 mammal-specific and
1,800-2,900 primate-specific genes were identified in human genomes8”, and more than
3,000 rodent-specific genes in mouse genomes®’-68, There is a clear pattern of increased
testis expression for younger new genes, which is suggestive (albeit not conclusive proof) of
functional importance in male reproductive processes. For example, 60-90% of the primate-
specific and rodent-specific genes have evolved testis expression.
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Roles of new genes in the evolution of the reproductive system in Drosophila spp

Fruitflies have been a tractable model organism for studying the evolution of sexual
reproduction, owing to their species diversity, obvious sexual dimorphism and rapidly
evolving reproductive phenotypes. It is now clear that various new genes have key roles in
reproductive processes. An early study in D. melanogaster discovered a young species-
specific chimeric gene, Sperm-specific dynein intermediate chain 1 (Sdicl), that underwent a
strong selective sweep and is expressed specifically in the testis®®. When chromosome
engineering was used to delete all the copies of the Sdic family genes in D. melanogaster,
the resulting sperm competed poorly against sperm from wild-type flies, suggesting that this
gene family boosts sperm competition through altered sperm motility’%71, In addition, the
gene at the male sterile (3) K81 (ms(3)K81) locus — which originated recently through
retrotransposition in species of the D. melanogaster subgroup — was detected as a paternal-
effect gene’2 that is required for the proper organization of sperm chromatin and for male
fertility, suggesting that it evolved clade-specific male germline functions’3. Using gene-
knockout technology to study the recently expanded kepl family members, it was found that
a young DNA-based duplicate, novel spermatogenesis regulator (nsr), plays an essential
part in spermatogenesis, possibly as an RNA-processing factor? (FIG. 4). Mutational
inactivation and RNAI analyses showed that Zeus (also known as Rcdlr), a newly
retrotransposed gene that encodes a DNA-binding protein, specifically controls testis gene
expression and the reproduction of males but not females’4-76. As well as the group of
genes that are highly germline specific, many new genes are pleiotropic. RNAI studies of a
young serine-type endopeptidase-encoding gene, Short-lived and few children (Sflc; also
known as CG4259), have shown that it affects survival and reproduction in both sexes,
although the mutant phenotypes are more severe in males than in females!2’. These studies
strongly indicate that new-gene origination is one of the important forces in the evolution of
sexual reproduction and dimorphism. Furthermore, similarly to the developmental roles
discussed above, new genes can be under positive selection on an evolutionary timescale of
a few million years to rapidly evolve key roles in sexual reproduction.

Gene traffic and sexually dimorphic gene expression

When examining the chromosomal locations of new genes and their parental duplicates’®, a
regular pattern, called gene traffic, was observed.

Retrotransposition was the first mechanism (BOX 1) in which a clear gene traffic was
observed: new genes were copied from their X-linked parental genes (X) to autosomes (A).
Because retrogenes have distinct structures compared with their parental counterparts (such
as the absence of introns), it is straightforward to identify the gene pairs involved in
retrotransposition-based movements’®:89. In Drosophila spp. and mammals, hundreds of
retrotransposition events that led to functional new genes have been identified via
computational analyses of the gene structures of duplications®7:81. Compared with the null
hypothesis of random insertion, a significant excess of X—A retrotransposition was first
observed in the genome of D. melanogaster’®82 and then in other Drosophila spp.83:84,
Remarkably, it was discovered that most of these new retrogenes exhibit testis-specific
expression’?:83_ A similar X— A traffic of male-expressed retrogenes was observed in the
human and mouse genomes8%. However, in the mammalian genomes, additional traffic in
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the other direction (A—X) was also observed. Interestingly, most X-linked retrogenes
derived from autosomal parents do not show male-biased expression but are expressed fairly
equally in both sexes®’.

If the retrotransposition-based traffic of male-expressed genes is a result of natural selection
acting on the functional consequences of the retrotransposition, rather than just an intrinsic
bias towards retrogene insertion in autosomes versus sex chromosomes — as directly tested
in humans89:85 and in fruitflies”®:86 — similar dynamics in the new genes created by DNA-
based duplication would be expected. Indeed, for male-expressed genes, such X—A traffic
by DNA-based duplication was detected in Drosophila spp.83 and Teleopsis spp. (stalk-eye
flies)8. However, for the small proportion of new genes that were generated during recent
evolution (<4 MYA), the expression of X-linked new genes was disproportionately male
biased®1-67_ Interestingly, the expression of X-linked genes becomes increasingly female
biased as their age increases. A symmetrical trend was observed in the silkworm, which has
a ZW sex determination system in which the female-biased genes tend to move to the
autosomes88,

The traffic of male-biased genes provides a mechanistic interpretation for the widely
observed distribution of excess male-biased genes in the autosomes and female-biased genes
in the X chromosome in Drosophila spp.8%:%0, the mosquito Anopheles gambiae®1-93 and
mammals®*. The genetic mechanisms underlying gene traffic have been shown to include
meiotic sex chromosome inactivation in mammals8%-87  Drosophila spp.9>-98 and A.
gambiae®?, as well as sexual antagonism99:67, X-feminization or demasculinization190.99,
dosage compensation191:192 and nuclear structure93,

New genes in brain evolution and animal behaviour

The brain is an evolving neuronal complex that controls the behaviour and physiological
activities of animals. Recent evidence has shown that animal brain evolution has been
accompanied by the recruitment of new genes, as documented in Drosophila spp. and
mammals, including humans146. Detailed analyses of the expression of many of these new
genes have begun to reveal a clear picture of the role of new-gene origination in brain
evolution.

New-gene recruitment during the evolution of brain substructure in Drosophila spp

In a screen of new D. melanogaster genes that had originated in the ancestors of this species
within the past 25 million years, almost half of these new genes were found to be expressed
in the brain’® (FIG. 3a). The proportions of brain-expressed new genes that originated at
various stages did not fluctuate significantly from 50%, suggesting that the new brain genes
accumulated at a fairly uniform rate throughout this evolutionary period. Similarly, an
enhancer trap194 analysis demonstrated that 49% of the new genes are expressed in one or
more substructures of the brain, such as the mushroom body, central body complex, antennal
lobe, protocerebrum and optic lobe’®, suggesting a putative neuronal role for these new
genes, although thorough functional analyses will be required to confirm this. Furthermore,
neuroanatomy analyses in conjunction with high-throughput RNA sequencing (RNA-seq)
revealed that the vast majority of these young brain-expressed genes are expressed in the
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mushroom body. Interestingly, of the mushroom-body-expressed new genes, almost all are
expressed in the recently evolved mushroom body substructure (the a- and B-lobes), whereas
only a few are also expressed in other older mushroom body substructures (the a’-, f’- and
v-lobes)76:105.106 Expression profiling of the mushroom body transcriptome by RNA-seq
revealed an excess of mushroom-body-enriched young genes under natural selection’8,
suggesting that this brain substructure evolved by the extensive genomic recruitment of new,
mushroom-body-expressed genes during evolution.

An excess of new genes expressed in the developing brain of humans

What are the evolutionary genetic roots for the uniqueness of human brains? Previous
studies detected excess human-specific gene duplicates with roles in neuronal
development107:108 Examination of new-gene origination in the entire evolutionary period
of vertebrates provided evidence that new-gene origination was accelerated in the recent
evolution of humans and hominoids'1-67 (FIG. 3b). The human genome recruited an
unexpectedly large number of new genes in its recent evolution. For example, 1,228 new
genes were fixed in the hominoid stage, among which 389 are human specific. Strikingly,
transcriptome analyses of the human brain based on available expression data yielded
evidence that 198 hominoid-specific and 54 human-specific genes show enriched expression
in the prefrontal cortex of the human brainl, which is the most recently evolved structure
and is known to be involved in cognitive functions (FIG. 3b). During brain evolution, the
transcriptomes of the neocortex have become enriched for the expression of new genes
relative to older genes!l. Recent studies of the SLIT-ROBO RHO GTPase-activating
protein 2 (SRGAP2) genes led a step further towards understanding the genetic mechanisms
involved109.110 (FIG. 3c). SRGAP2 has undergone two partial duplications, specifically in
the human genome ~1.0-3.4 MYA. One of the human-specific paralogues, SRGAP2C, is
expressed in the human brain and antagonizes the ancestral SRGAP2 gene; this antagonism
induces neoteny and leads to a higher proportion of the nerve cells growing denser dendritic
spines with longer necks (FIG. 3c) to connect with neighbouring neurons better, which may
enhance the ‘computing power’ of brains. These studies shed light on the roles of new-gene
origination and neuronal function in the human brain.

New brain genes participate in behavioural control

Because brains are in command of behaviours, the action of new genes in the brain can be
expected to have consequences for the evolution of behaviours, which had been observed to
evolve quickly34. Studies revealed that sphinx — which is a D. melanogaster-specific non-
coding RNA genell! that is expressed in the antennal lobes and the peripheral nervous
system — has an impact on male courtship behaviours’?112,

Additionally, a young mushroom-body-expressed protein-coding gene, X-linked calcium
binding protein 1 (Xcbpl; also known as CG9906), originated 5 MYA in the ancestor of the
D. melanogaster-D. simulans clade, was shown to regulate foraging behaviour and
correlates with species-specific behavioural evolution’®. Neuroanatomy analysis in D.
melanogaster has shown that Xcbp1 is expressed in five glomeruli (VC3m, VC3I, DC4, V,
DL5, and DML1) that are innervated by the olfactory receptor neurons, which are probably
receptive to food odours13.114 Systemic, pan-neuronal or mushroom-body-specific RNAi-
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mediated knockdown of Xcbp1l led to significantly reduced foraging behaviour that
resembles the behaviour of ancestral Drosophila spp. which do not contain this gene.
Enforced synaptic inhibition in Xcbpl-expressing neurons (by driving expression of the
temperature-sensitive Shibire-ts1 allelel1® in these cells) phenocopied Xcbpl knockdown.
This suggests that Xcbpl regulates foraging behaviours through neuronal transmission,
rather than through unknown pleiotropic functions in non-neuronal tissues. Similar
approaches identified another new gene, Drosophila EIm2-Sant retrogene (Desr; also known
as CG31875), with mushroom body expression and a foraging-behaviour phenotype; this
gene possibly correlates with foraging-behaviour evolution in a relatively older evolutionary
period’8. These studies suggest that the origin of new genes shaped behavioural evolution
through regulating neural circuits.

The rapid emergence of functional importance

One theme of the above discussions is that genetic systems evolved rapidly by recruiting
species-specific components that quickly became indispensable (demonstrated by the often
lethal effects of knockdowns or knockouts). Thus, it is interesting to consider how the
sibling species — the genomes of which do not encode these particular new genes — have
evolved to regulate analogous phenotypes, and the contribution that the presence or absence
of a specific gene makes to the phenotypic divergence between the species. Another
consideration is how a single new gene evolves strong phenotypic effects. In particular, new
genes that were created by gene duplication should begin their evolution with trivial
phenotypic effects owing to functional redundancy with the parental gene; thus, it is crucial
to decipher how they subsequently became essential and what evolutionary process the
relevant species have experienced to become ‘addicted’ to the new genes. These issues are
only starting to be addressed, and a more complete understanding of the evolutionary change
in the functional importance of genes will require thorough comparative analyses of their
orthologues in different organisms. Below we outline some preliminary studies in this area.

Evolution of essential functions

Various mechanisms could account for the essentiality of the new gene, such as loss of the
parental gene, subfunctionalization (that is, splitting into two essential functions),
neofunctionalization or a switch of essentiality from the parental gene to the new gene. In
the screen for essential new genes in D. melanogaster mentioned above*6, most parental
genes persisted with a high level of sequence conservation, whereas the new genes evolved
rapidly and independently from their parental counterparts. These findings are consistent
with a process of neofunctionalization, in which the new gene copy becomes indispensable.
Furthermore, in this data set, 5% of the new genes screened originated de novo (that is,
without a parental counterpart), and several of these de novo genes also evolved essential
functions, further supporting the notion that essential functions can evolve rapidly*S.

On a cellular level, what are the mechanisms that might account for the evolution of
essential functions? Next, we propose a hypothetical model based on network biology for
how new genes may become central and indispensable components of cellular processes.
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Network rewiring as a hypothetical explanatory model

Previous studies have revealed that gene networks evolve and that new genes can be
integrated into a network!7-20, We further hypothesize that the insertion of a new gene into
a gene network can change the topology of the gene network under the force of positive
selection. This change in topology can create new links or, more importantly, new pathways
by rewiring previously existing gene networks, which in turn could yield substantial
phenotypic effects and result in divergence from the species that lack these new genes. A
consequence of such topological changes is that the new genes — or other genes that are
closely connected to them — can form new hubs in the gene network. According to the
centrality—lethality rule16:117 3 critical phenotypic effect can be derived from the newly
formed hubs, and the subsequent removal of this hub gene is likely to have serious fitness
consequences.

Preliminary testing of the prediction using protein— protein interaction data provided some
evidence that new pathways and new hubs can be created by new genes in Drosophila
spp.10:46,118,119 anq in S. cerevisiael20:121 and new genes were shown to assemble new
biochemical pathways for the biosynthesis of new metabolites in A. thaliana 1920 (FIG.
1c,d). However, further support for the hypothesis is provided by the experimental detection
of gene network rewiring caused by the new gene Zeus in D. melanogasterl22,

Zeus was created via retrotransposition from a parental gene, Caf40, 4-6 MYA in the
ancestor of D. melanogaster, D. simulans, D. mauritiana and D. sechellial?2. In the Zeus
protein sequence, more than 100 amino acid residues have been substituted under Darwinian
positive selection, as detected by nucleotide substitution analyses such as the comparison of
the substitution rates at non-synonymous and synonymous sites (the K4/Kg ratio) and the
McDonald-Kreitman test (FIG. 5a). These substitutions led to a novel DNA-binding motif,
and chromatin immunoprecipitation followed by microarray (ChIP—chip) analyses revealed
that these substitutions have resulted in Zeus binding to 193 genes with male-biased
expression, and only one-quarter of the binding sites of the parental protein are bound by
Zeus (FIG. 5b). Furthermore, transcriptome profiling following Zeus knockdown revealed
that the expression of Zeus is correlated with the differential expression of more than 2,000
genes, with the female-biased genes being mostly downregulated and the male-biased genes
upregulated, thus indicating a central role for Zeus in coordinating a male-specific
transcriptome (FIG. 5b). The loss of Zeus (and thus the loss of this apparent hub) was shown
to have serious physiological consequences such as deformation of testis and sperm, and
sterility of adult males. These data suggest that in a short evolutionary time, Zeus has
experienced alterations to its DNA-binding specificity and has been under Darwinian
positive selection to create thousands of new links with pre-existing genes to alter the global
gene expression pattern'?2, More investigations in the future will be valuable for assessing
whether this integration of new genes into pre-existing ancestral gene networks is a
widespread route for phenotypic evolution.

Concluding remarks

Recent studies have identified lineage-specific and species-specific new genes with
important phenotypic effects on diverse phenotypes, including development, sexual
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reproduction, brain functions and behaviour. These findings suggest that the genetic systems
controlling these crucial biological processes or structures are rapidly evolving, such that
every species has its own repertoire of genetic components that control its biological
processes. An area of longstanding interest is to understand how the addition of these new
genes into genomes contributes to phenotypes, including their roles in driving phenotypic
diversity and evolution. A possible route to address this is to manipulate the new genes (for
example, using gene silencing) and to integrate the phenotypic effects that are observed at
various biological levels, from molecular to physiological to ecological, thus enabling a
deep insight into the mechanisms that drive the origination of new phenotypes. Additionally,
although various representative examples of the roles of new genes in physiological
processes have been discussed above, it will be interesting to identify the new genes
involved in various processes more comprehensively, including a functional assessment of
their importance, particularly relative to their ancestral genes.
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Glossary

Retrotransposition An RNA-based duplication mechanism that involves the
transcription and processing of a gene into an mRNA that is
then reverse transcribed and integrated into a new DNA locus
in a genome

Mutation selection An evolutionary process in which selection acts on a mutation
to determine its eventual fate

Hominoid A kind of primate species including the great hominoids
(humans, chimpanzees, gorillas and orang-utans) and lesser
hominoids (gibbons and siamangs)

Convergent evolution The evolution of two unrelated lineages such that they share a
similar phenotype

Maternal-effect A gene product from a maternal-effect gene; for example,

morphogen Bicoid in Drosophila spp. is a developmental signal for which
the concentration has an impact on embryonic growth

Clade A group of closely related species in an evolutionary tree

Outgroup A group of reference organisms outside of a group of

organisms that are being analysed for their evolutionary
relationship

Nat Rev Genet. Author manuscript; available in PMC 2014 November 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chenetal.

Ontogeny
Phylogeny

Phylotypic stage

Phylostratigraphy

Hourglass model

Gene traffic

Therian mammals

Catarrhine primates

Chondrodysplasia

Selective sweep

Paternal-effect gene

Pleiotropic

Sexual antagonism

Dosage compensation

Enhancer trap

Hubs
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The development of an organism

A tree of life that records the evolutionary history of a group of
species

A developmental stage in which the embryos of different
species resemble each other in morphology

A statistical method that traces genes back to their most ancient
ancestors to study macroevolutionary patterns

A developmental model that uses analogy to the hourglass to
describe the interspecies divergence of phenotypes during the
entire developmental process. In this model, the initial and final
stages are divergent between species, whereas the intermediate
phylotypic stage is the most evolutionarily conserved

A directional gene duplication process between the sex
chromosomes and autosomes. It often confers sex-biased
expression on the genes

A group of mammalian species consisting of marsupial and
placental animals

A group of primate species that comprises the Old World
monkeys, higher apes and hominoids

A hereditary skeletal disorder that results in limited
development and a deformity in morphology

A strong directional selection that happened recently and
rapidly elevated the frequencies of advantageous alleles in a
population

A paternal gene that affects the phenotype of the offspring,
irrespective of the offspring genotype

Pertaining to a gene or mutation having multiple phenotypic
effects

The phenomenon whereby a mutation has opposite phenotypic
effects on males and females

A process that equalizes the expression levels of the genes on
the sex chromosomes, either between males and females or
between the sex chromosomes and autosomes

A transgenic construct used to identify enhancer elements for a
gene that is expressed in specific tissues. Insertion of the
construct near a tissue-specific enhancer results in the tissue-
specific expression of the reporter gene

The nodes with many interactions in gene networks
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The centrality- The proposal put forward by Jeong, Mason, Barabasi and Otavi
lethality rule that the genes in the hub positions in gene networks are

associated with lethal phenotypes when silenced, suggesting
that those genes have essential functions

Ka/K;s ratio The ratio of the number of substitutions at non-synonymous

McD
test
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Figure 1. Several new genes evolved novel biochemical functions
a | The protein Jingwei (Jgw) encoded by African Drosophila spp.” is a dehydrogenase

enzyme that has evolved altered substrate specificity compared with the ancestral Alcohol
dehydrogenase (Adh). Compared with the parental enzyme, Jgw can use long-chain primary
alcohols more efficiently; in particular, Jgw has greater activities than the ancestral Adh
towards farnesol (which is involved in juvenile hormone biosynthesis) and geraniol (which
is involved in recruitment pheromone biosynthesis)1’. b | The locations of the substitutions
on the structure of the dimeric Adh. c,d | Three recent duplicates in the cytochrome P450
family in Arabidopsis thaliana led to the assembly of a new pathway of N1, N5-
di(hydroxyferuloyl)-N10-sinapoyl spermidine biosynthesis (the new duplicates CYP98AS8
and CYP98AY are shown in red)1? (part c) and a pathway for arabidopyrone biosynthesis
(the young duplicated enzyme CYP84A4 is shown in red)20 (part d). D. teissieri, Drosophila
teissieri; D. yakuba, Drosophila yakuba. Parts a and b are modified, with permission, from
REF. 17 © (2004) US National Academy of Sciences.
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Figure 2. New genes participate in developmental processes in Drosophila spp
a,b | The experimental procedures*6 (part a) assessed the developmental importance of the

new genes that have originated during Drosophila spp. speciation (as mapped in the
evolutionary tree by comparing the genomes of different Drosophila spp. (part b))8L. The
values in the tree indicate the numbers of new genes in the Drosophila melanogaster (D.
mel) lineage at each evolutionary branchpoint; 566 genes were chosen for designing
knockdown experiments from the total of 727 new genes that have originated since branch 1
in the tree. ¢,d | A summary of the main experimental results from the 195 new genes tested
for the effect on development following gene knockdown. First, knockdown of
approximately one-third of either new genes or old genes resulted in lethality, indicating that
the proportion of essential new genes is similar to the proportion of essential old genes in
branch 0 of the evolutionary tree (part ¢). Second, knockdown of older genes led to the
termination of development at earlier stages than knockdown of new genes, indicating that
old genes function earlier in development than new genes, most of which have essential
functions in the pupal stages (part d). D. ana, Drosophila ananassae; D. ere, Drosophila
erecta; D. gri, Drosophila grimshawi; D. mel, Drosophila melanogaster; D. moj,
Drosophila mojavensis; D. per, Drosophila persimilis; D. pse, pseudoobscura; D. sec,
Drosophila sechellia; D. sim, Drosophila simulans; D. wil, Drosophila willistoni; D. vir,
Drosophila virilise; D. yak, Drosophila yakuba.
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Figure 3. The involvement of new genes in the development of Drosophila spp., and in the brains
of Drosophila spp. and humans

a | The phylogeny shows the distributions of new Drosophila spp. genes involved in
development?#® (above) and in the brain’® (below) in various evolutionary stages within the
past 36 million years81. The numbers in the ovals show the divergence time (in millions of
years) between Drosophila melanogaster and various Drosophila spp. Red represents the
number of new genes that were found to have essential developmental functions, whereas
blue shows the number of new genes that were non-essential in development. Green
represents the number of new genes that were expressed in the brain, and yellow shows the
number of the non-brain-expressed new genes in reverse transcription PCR screening
experiments. The left-most pie charts show the total numbers of new genes across all
analysed stages. For the developmental data, the origination events at 3—6 million years ago
(MYA) and 0-3 MYA are pooled. These data reveal that older genes are no more likely than
newer genes to have evolved essential developmental functions or brain expression,
suggesting the rapid evolution of phenotypic effects in new genes. b | The phylogeny shows
the numbers of hew genes in the human genome that originated at various stages during the
divergence of human ancestors from the ancestors of other primates!! through duplication
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(DNA based and RNA based) and de novo mechanisms (BOX 1). The numbers within the
ovals show divergence time (MYA). The numbers in the denominators are the total numbers
of new genes that originated in each evolutionary branch, as identified previously®’, and the
red numerators are the numbers of those new genes that are expressed in the prefrontal
cortex (PFC), as detected based on the available microarray expression data. The PFC is the
anterior part of the frontal lobe of the neocortex, which is implicated in cognitive functions
in the developing human brain. These data suggest that new genes have been frequently
acquired into the PFC transcriptome. ¢ | The SLIT-ROBO RHO GTPase-activating protein
2C (SRGAP2C) gene is one of the 54 PFC-expressed human-specific new genes (the end
branch of the tree in part b). It was formed by DNA-based duplication and has been
subjected to extensive genetic and evolutionary analyses'99110 and functional
characterization!19, The gene structure shows that SRGAP2C (bottom) is a duplicate of the
amino-terminal part of the parental gene, SRGAP2 (top). The transgenic expression of
SRGAP2C in cultured mouse cortical neurons induces denser and longer spines, as shown in
the dendrite images (scale bar represents 2 um), and the measured spine density and neck
length, shown in the graphs on the right. *** indicates a significance of P<0.001. D.
ananassae, Drosophila ananassae; D. pseudoobscura, Drosophila pseudoobscura; D.
simulans, Drosophila simulans; D. willistoni, Drosophila willistoni; D. yakuba, Drosophila
yakuba. Part ¢ is modified, with permission, from REF. 110 © (2012) Elsevier Science.
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Figure 4. The functions of the young nsr gene in sperm development in Drosophila spp
a | The novel spermatogenesis regulator (nsr) gene was formed through the DNA-based

duplication 3—-6 million years ago (MYA) in the common ancestor of the clade including
Drosophila melanogaster, Drosophila simulans and Drosophila sechellia. The two
outgroups shown are Drosophila ananassae (which separated 11 MYA) and Drosophila
yakuba (which separated 6 MYA). b | A schematic cross-section of a normal sperm
axoneme with wild-type nsr: the outer (pink) and inner (blue) dynein arms are bounded by
nine doublet microtubules (green circles) that surround a central pair of singlet microtubules
(yellow circles) through radial spokes (grey). c,d | The functional importance of nsr was
shown by P-element-mediated homozygous inactivation of nsr (nsr~/"). As seen from the
electron micrographs, inactivation of nsr (part d) results in the loss of the outer dynein arms
of the axoneme (white arrows) compared with the wild type (part c), whereas the inner arms
remain normal (black arrows); scale bars represent 50 nm. The consequences in nsr~/~
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sperm are coiled axonemes and deficiencies in individualization. Figure is modified from
REF. 10.
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Figure 5. The rapid and extensive evolution of gene expression networks by integration of the
new gene Zeusin Drosophila spp

a | Zeus, a new gene derived from the retrotransposition of the parental Caf40 gene, evolved
under positive selection, as detected by the McDonald—Kreitman test and by the K,/K, ratio
(defined as the ratio of the number of substitutions at non-synonymous sites to the number
of substitutions at synonymous sites)122, In contrast to the slow evolution of Caf40 (blue),
Zeus evolved rapidly in its protein sequences (red). The ratios displayed throughout the tree
are K,/K; ratios, except those in red, which show the ratio of the number of non-
synonymous sites to the number of synonymous polymorphic sites of nucleotides in the
alleles of the natural population in Drosophila melanogaster and Drosophila simulans. b |
The left panels show a comparison of the DNA-binding sites of Caf40 (blue) and Zeus
(Red), as determined by chromatin immunoprecipitation followed by microarray (ChIP-
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chip). Separate analyses revealed that almost all of these sites have protein-coding genes
downstream (not shown). The right panels show the genes for which expression correlates
with the expression of Zeus, as determined by high-throughput RNA sequencing (RNA-seq)
following RNA interference (RNAI)-mediated knockdown of Zeus, and the raw data is
shown in the heatmap. The extensive changes in DNA-binding sites revealed that the
integration of new genes reshaped the gene expression networks. D. ananassae, Drosophila
ananassae; D. yakuba, Drosophila yakuba; IP, immunoprecipitation. Figure is modified,
with permission, from REF. 122 © (2012) Macmillan Publishers Ltd. All rights reserved.
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