
Review

Current topics in genome evolution: Molecular mechanisms of
new gene formation

D. V. Babushoka, E. M. Ostertaga, b and H. H. Kazazian, Jra, *

a Department of Genetics, University of Pennsylvania School of Medicine, 475 Clinical Research Building, 415
Curie Blvd, Philadelphia, Pennsylvania 19104 – 6145 (USA), Fax: +1215573 7760,
e-mail: kazazian@mail.med.upenn.edu
b Department of Pathology and Laboratory Medicine, University of Pennsylvania, Philadelphia, PA (USA)

Received 18 October 2006; received after revision 18 November 2006; accepted 28 November 2006
Online First 27 December 2006

Abstract. Comparative genome analyses reveal that
most functional domains of human genes have homo-
logs in widely divergent species. These shared func-
tional domains, however, are differentially shuffled
among evolutionary lineages to produce an increasing
number of domain architectures. Combined with
duplication and adaptive evolution, domain shuffling
is responsible for the great phenotypic complexity of
higher eukaryotes. Although the domain-shuffling
hypothesis is generally accepted, determining the
molecular mechanisms that lead to domain shuffling
and novel gene creation has been challenging, as

sequence features accompanying the formation of
known genes have been obscured by accumulated
mutations. The growing availability of genome se-
quences and EST databases allows us to study the
characteristics of newly emerged genes. Here we
review recent genome-wide DNA and EST analyses,
and discuss the three major molecular mechanisms of
gene formation: (1) atypical spicing, both within and
between genes, followed by adaptation, (2) tandem
and interspersed segmental duplications, and (3)
retrotransposition events.
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Introduction

The development and optimization of sequencing
technology and alignment algorithms have led to the
explosion of high-quality whole genome sequence
data over the last decade. By the fall of 2006, whole
genome sequences of 387 bacteria, 29 archaea, and 44
eukaryotes, including 7 vertebrates (5 mammals [1 –6],
1 bird [7] and 1 fish [8]) have been published, and
assembly-stage sequences for dozens more are pub-
licly available [9]. The abundance and depth of the

nucleotide and protein data, easily accessible along-
side critical analysis information such as phylogenetic
conservation, domain structure, and repeat content in
public data banks worldwide [10 – 13], has allowed
rapid progress in the biomedical fields. Identification
of candidate disease genes, mutation screening, novel
gene function prediction, and selection of appropriate
model organisms are but a few of the applications
made routine by sequence availability [1].
Importantly, in addition to constituting an irreplace-
able research tool, the availability of vertebrate
genome sequences has permitted, for the first time,
detailed comparison of the genomes of closely related
as well as divergent vertebrate species. Perhaps the* Corresponding author.
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most critical problems to tackle in cross-species
genome comparisons are: (1) the discovery and
annotation of functional genomic regions, and (2)
elucidation of the commonalities and differences that
make for the identity of each species. Somewhat
unexpectedly, the complexity of eukaryotic genes,
compounded by the enormous repetitive content of
mammalian genomes, has frustrated the best efforts to
obtain a clear �periodic table�-like compilation of
mammalian genes so far [1, 14]. Experimental vali-
dation, combined with continued advances in bioin-
formatics and completion of a larger set of genome
sequences are certain to clarify and expand our
current genome annotation. Nevertheless, painstak-
ing analyses of the completed genomes have already
led to key insights into the nature of mammalian
genomes, their complexity and composition, and the
dynamic processes that power evolution.
In this review, we discuss the extensive commonalities
in the protein-coding sequence among divergent
vertebrates, with a particular focus on the expansion
of gene families and molecular mechanisms of novel
gene formation.

Protein-coding genes are conserved among
vertebrates

Reciprocal nucleotide alignments of sequenced ge-
nomes have narrowed down the core genomic regions
inherited from the common vertebrate ancestor. As
expected, the amount of sequence that can be aligned
to the human genome generally decreases with
increasing time since divergence from humans.
While best reciprocal nucleotide alignments with the
human genome cover the vast majority of assembled
chimpanzee genome [5], the human-alignable fraction
decreases to ~ 40% in mouse and rat [2, 3], ~ 60% in
dog, 34% in marsupials and 14% in platypus genomes
[15, 16]. Despite the fact that rodents are evolutio-
narily closer to humans than dog, significant deletions
in the rodent lineage resulted in a lower than expected
fraction of human-alignable sequence [3, 15].
It is useful to consider these shared regions as a
continually distilled subset of the core vertebrate
genome, which, at its limit, should contain the most
essential elements of an ancestral vertebrate. Thus, the
human-alignable regions in the chimpanzee contain as
much as 40% of shared repetitive content and 60%
non-annotated sequences in addition to the full
complement of protein-coding regions. With each
additional comparison, the two former categories
decrease, comprising roughly 6% and 32% in rodents,
respectively, while their protein-coding fraction re-
mains largely preserved [15, 16]. Consistent with this,

the human-aligned regions for the furthest diverged
vertebrates studied (birds and fish) are virtually
limited to the protein-coding sequences; importantly,
the vast majority (98%) of human coding genes
remain conserved in chicken through 310 million
years (Myr) of separate evolution, and over 68% are
conserved in 450 Myr-diverged pufferfish [7].
The selective constraint that underlies the gradual
enrichment of protein-coding sequences is most
evident in their low divergence between the diverse
vertebrates. In contrast, both the repetitive and non-
annotated regions undergo generally neutral evolu-
tion and are greatly divergent [15]. Notably, as
comparisons are made across genomes separated by
large evolutionary distances, nonlinear evolution
along the branches of the evolutionary tree becomes
apparent: the human-alignable sequence from the
more evolutionarily distant species is not fully con-
tained within the alignable sequence of more closely
related species [7, 16], indicating lineage-specific
genome expansions and sequence losses [7].

Great gene complexity created from a limited
repertoire of inherited genes

The repertoire of mammalian protein-coding genes is
strikingly similar, suggesting that the enormous inter-
species phenotypic variation is caused by elaboration
on the existing gene structures rather than by de novo
invention of genes. The closely related chimpanzee
genome contains no genes lacking a human homolog,
and the typical chimpanzee gene differs from its
human counterpart by only two amino acids; 27% of
chimpanzee-human pairs are identical [5]. Similarly,
over 99% of mouse genes have a human homolog, and
the remaining 1% of genes have homology in other
mammals [3]. From the available data, only 10 rodent
genes without homologs in completed genomes have
been identified [2, 3], and their number may decrease
as additional mammalian genomes become available.
Importantly, while the majority of vertebrate genes
arose from a common ancestor, lineage-specific gene
losses and gene family expansions produced a tre-
mendous cross-species variability in the relative con-
tributions of different gene families to the species�
total coding DNA [1– 7]. In fact, only one quarter to
one third of the estimated 20 000 – 30 000 human
genes [1] are postulated to make up the conserved,
orthologous vertebrate gene core, a hypothesis sup-
ported by only 7606 strict 1 :1 : 1 orthologs in a human-
chicken-fugu comparison [7]. The majority of human
genes share more complex 1 :n, n : 1, or n :n relation-
ships with their homologs in other species.
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Several notable examples of lineage-specific gene
expansions illuminate the physiological adaptations of
their host species. For example, the emergence of the
mammal-specific vomeronasal organ receptor family
correlates with the development of the vomeronasal
organ in mammals [7]. Similarly, mammalian expan-
sion of genes involved in olfaction, reproduction, and
immunity are thought to mediate significant physio-
logical changes in mammals in these areas [1 – 3, 5].
One of the most intriguing differences arising from
comparisons of hominoid and murid genomes is the
accelerated evolution in hominoids of several gene
families with roles in the cellular transport of ions and
metabolites, synaptic transmission and second mes-
senger-mediated signaling [5]. While genomes of
additional species will undoubtedly clarify whether
the observed differences are truly hominoid specific
[4], it is tempting to speculate on the role these
changes played in the development of higher brain
function in primates [5].

Increasing organismal complexity was achieved by
duplications and progressively complex gene
architectures

In The Origin of Species [17], Darwin wrote: “it is
quite probable that natural selection, during a long-
continued course of modification, should have seized
on a certain number of the primordially similar
elements, many times repeated, and have adapted
them to the most diverse purposes. And as the whole
amount of modification will have been effected by
slight successive steps, we need not wonder at discov-
ering in such parts or organs, a certain degree of
fundamental resemblance, retained by the strong
principle of inheritance”.

While Darwin�s observations describe the phenotypic
consequences of actions of multiple genes (e.g. , multi-
plicity of vertebrae, or similarities in whirls of leaves),
similar reasoning has been employed over the last
century to explain the huge leap in organism complex-
ity arising from a small number of ancestral genes
(reviewed in [18]).
In 1990, Dorit and colleagues [19] postulated, based
on protein homology analysis, that the whole human
gene complement could arise from a limited set of
1000 – 7000 exon subunits. This estimate was further
refined using the whole genome sequence to the 1865
distinct (often multi-exon) domain families in human;
1218 in fruitfly, 1183 in worm, and 973 in yeast
(Table 1) [20]. Importantly, almost a complete set of
human gene domains is common to one or more lower
eukaryotes, and, conversely, a striking 61%, 43%, and
46% of the fly, worm, and yeast proteomes, respec-
tively, is retained in humans [1]. This limited set of
shared domains, however, is arranged in an increasing
number of combinations and multiplicities, creating
3433 distinct domain architectures of two or more
domains in human, compared to the 1702, 1248, and
470 for fly, worm and yeast, respectively [20].
Combining existing domains in novel gene architec-
tures, also known as exon or domain shuffling, has
been estimated to have involved up to 20% of
eukaryotic exons [21]. The signs of ancient domain
shuffling can be detected in current-day eukaryotes as
the predominance of intron boundaries in linker
regions connecting the domains [22], the symmetrical
intron phases at domain boundaries [23], and the
correlation of age-prevalent symmetrical intron phas-
es and the age of their protein domains [24]. More-
over, there are several hundred cases of modular
proteins thought to have arisen by exon shuffling;
most notable examples include blood coagulation

Table 1. Comparative analysis of gene and repeat content of the human, fruitfly, worm and yeast genomes.

Genome
size
(Mb)1

Total no. of genes/
% duplicated
genes2

Fraction of proteome
with human homologs

No. of domain types3 Distinct domain
architectures (two or more
domains)4

% of
interspersed
repeats5

S. cerevisiae 12 6680/30% 46% 973 470 3.1%

C. elegans 100 20 060/49% 43% 1183 1248 6.5%

D.
melanogaster

133 14 039/41% 61% 1218 1702 3.1%

H. sapiens 3,093 23 224/38% n/a 1865 3433 46.4%

1 Golden Path Lengths for yeast, worm, fruitfly and human genomes were obtained from the following Assembly/Genebuild/Ensembl
versions: SGD 1 (Nov 2005)/SGD (Nov 2005)/41.1d, WS 160 (July 2006)/Wormbase (May 2006)/41.16, BDGP 4.3 (July 2005)/ FlyBase
(Mar 2006)/41.43, and NCBI 36 (Oct 2005)/Ensembl(Aug 2006)/41.36c, respectively.
2 Total number of genes is comprised of Known Genes and Novel Genes as annotated by Ensembl genome browser (see 1 above). Percent of
duplicated genes: [1, 74, 130].
3 [1].
4 [20].
5 [1, 3, 131].
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factors (e.g., factors V, VIII, XIII b, protein S) and
extracellular matrix constituents (e.g. , laminins, colla-
gens, fibrillin, fibronectin) [25, 26]. Thus, extensive
domain shuffling resulted in a great boost in complex-
ity of domain architectures, and, combined with
differential gene family expansions and their subse-
quent adaptive evolution, it provides the best working
explanation for the N-value paradox [27] – an
apparent disconnection between a greatly increased
phenotypic complexity of higher eukaryotes and their
relatively small number of seemingly derivative genes
[1].

Novel genes are formed by atypical splicing of existing
genes, duplication, and retrotransposition

Although the domain-shuffling hypothesis is gener-
ally accepted, determining the molecular mechanisms
that led to domain shuffling and novel gene creation
has been challenging, as sequence features accompa-
nying the formation of known genes have been
obscured or erased by accumulated mutations [28].
These limitations were partly overcome by the grow-
ing availability of genome and transcript sequence,
allowing investigators to identify and evaluate the
characteristics of young, recently emerged genes.
Dozens of individual novel gene studies, together
with recent genome-wide surveys of pseudogenes and
EST databases point to the following three general
mechanisms that alone, or in combination, give rise to
new genes: (1) atypical splicing of existing genes,
selected over time, (2) DNA duplication, and (3)
retrotransposition. A fourth mechanism, acquisition
of genes by horizontal transmission, is a well-known
force in prokaryote evolution, but is not known to
have contributed to genome evolution in vertebrates
[28 – 33], and will not be discussed further here.

Atypical splicing of existing genes

Analyses of EST databases and exon-junction micro-
arrays have revealed that as many as 42 – 74% of all
human genes have at least two splice variants [1, 34,
35], an increase from the estimated 40% and 22% of
alternatively spliced genes in fly and worm, respec-
tively [1, 36]; in yeast only a few genes contain introns
and are spliced. The repertoire of alternative splicing
events (reviewed in [37]) (see Fig. 1) includes omis-
sion of exons (Fig. 1b), incorporation of alternative
exons (Fig. 1c), alternative transcriptional starts and
first exon (Fig. 1d), premature termination with alter-
native polyadenylation (pA) signal (Fig. 1e), and
subtle modifications by alternative splice acceptor or

splice donor sites within the framework of the existing
exons (Fig. 1f, g).
These events represent a tremendous addition to the
coding capacity and functional interactions within the
human proteome [38]. While some alternative splic-
ing events are thought to result from stochastic
variation in spliceosome binding [37], there is evi-
dence for differential distribution of alternatively
spliced genes among different tissues, with the highest
prevalence reported in the functionally complex
brain, testis, and liver [35, 39]. Furthermore, several
cases where alternative splicing is tightly regulated are
known, including a-tropomyosin [40], troponin T
[41], and PTCH1 oncogene [42].
In addition to the classic form of alternative splicing,
which affects a transcript of a single gene, there is now
mounting evidence of intergenic splicing events that
arise within a read-through chimeric transcript of two
different genes located in tandem [43– 58]. The
majority of such intergenic splicing events, also
known as transcription-induced chimeras or TICs,
involve tandem transcripts located less than 8.5 kb
apart (although ~ 5% involve genes separated by over
50 kb), and represent as diverse a group of splicing
events as traditional alternative splicing (see Fig. 2)
[45, 46]. Intergenic splicing is estimated to affect at
least 5% of tandemly located genes [46], and up to 2%
of all human genes [45]. Careful comparisons of each
TIC event in a range of species will be necessary to
determine whether it represents a novel transcrip-
tional fusion of two genes, or whether, in fact, it is a
remnant of a larger ancestral gene, which has under-
gone alternative splicing-induced gene fission to form
two genes, with the second half of the original gene
acquiring independent transcription from a down-
stream promoter.
Notably, the combination of single-gene alternative
splicing and intergenic splicing represents the most
common mechanism of novel protein creation. While
these creative splicing processes do not generally alter
the total gene number (except in extreme cases when
TICs evolve into outright gene fusions, or alternative
splicing leads to gene fission), they are frequent,
ubiquitous and create innovative gene products at low
cost to the host. In fact, inclusion of intronic sequences
as alternative exons is the only known context for de
novo exon origination; approximately 2300 – 2700
novel exons in rodent transcriptome are thought to
have been formed by this mechanism [59, 60]. The
transposable element sequences found in up to ~ 4%
of human transcripts (typically in minor and/or
untranslated RNA isoforms) and in 0.1% of functional
human proteins [61 – 65] had also likely originated as
alternatively spliced exons. In agreement with this
concept, multiple functional splice sites in the com-
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mon Alu and L1 repeats have been reported [61, 63,
66].
Importantly, ~35% of alternatively spliced transcripts
[67] and 56 – 64% of TICs [45, 46] cause a frame-shift
and a premature stop codon, and are expected to
undergo nonsense mediated decay (NMD) [68].
Nevertheless, rapid evolution of new exons occasion-
ally creates functional protein-coding regions that
may offer a selective advantage to the host; such
alternatively spliced transcripts could then evolve into
predominant splice variants, or could specialize in
tissue- or developmental-specific functions [63]. In
contrast to the other two mechanisms of new gene
formation – DNA duplication and retrotransposition
(discussed below), which do not change the existing
gene complement upon new gene creation – an

atypical splice product may become a major splice
isoform, replacing an existing predominant gene
product, which may then become a minor isoform
and be lost overtime.

DNA duplication

The requirement for gene duplication to explain the
gene number expansion in the evolution of eukaryotes
was postulated well before the last decade (reviewed
in [18]), when extensive amounts of duplicated genes
became apparent in genomes of organisms as diverse
as mycoplasma and humans (Table 1). Duplications of
whole genomes has been reported for a number of
species, including Saccharomyces cerevisiae [69], Ara-

Figure 1. Alternative splicing events within a single gene (reviewed in [37]) include (b) skipping of a canonical exon, (c) inclusion of an
alternative exon, (d) transcription from an alternative promoter and alternative first exon, (e) inclusion of an alternative terminal exon, and
use of (f) an alternative splice acceptor or (g) splice donor sites within an existing exon. Exons are shown as rectangles, with white and black
shading indicating untranslated and coding regions, respectively. Skipped and alternatively included exons are indicated by stripes and gray
shading (*), respectively. Bent arrow, transcription start site; pA, polyadenylation signal; dotted lines between exons, splicing.
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bidopsis thaliana [70], and Tetraodon [71]; up to two
genome duplications were also proposed to occur
prior to the origin of vertebrate lineage [69]. The
majority of duplication events, however, involve
smaller duplications either locally, creating tandem
segmental duplications, or to more distant regions,
typically adding to the complex pericentromeric or
subtelomeric repositories of interspersed segmental
duplications [1, 72, 73].
Tandem clusters of genes or duplications of exons are
thought to be formed by unequal crossing-over events,
or misaligned homologous recombinational repair
[74, 75] (see Fig. 3); some of the genes formed by this
duplicative process include the well-known examples
of homeobox [76] and globin [77] genes. Similar
recombination events, provoked by pairing between
interspersed Alu repeat sequences, are thought to
cause the formation of over 30% of interspersed
segmental duplications [78, 79]. The nonuniform

distribution of interspersed segmental duplications,
with the highest densities in the recombinogenic
pericentromeric and subtelomeric regions [1], suggest
that they may be formed by illegitimate recombina-
tion and non-homologous end-joining repair process-
es. Reports of integration of exogenous DNA sequen-
ces at sites with little or no homology both in cultured
cells and in vivo, often triggered by DNA damage,
further support this explanation [80 – 82]. DNA du-
plicated by this mechanisms includes both exonic,
intronic and intergenic sequences, and is distinct from
the individual copies of processed mRNAs that are
reverse transcribed and inserted into the genome by
LINE-1 retrotransposons (discussed in the next sec-
tion).
Segmental duplications constitute at least 5% of
human genome sequence [1, 73], and are thought to
arise in eukaryotes as frequently as 0.01 per gene per
million years, with rates in individual species ranging

Figure 2. Co-transcription and intergenic splicing between two genes located in tandem, also known as transcription-induced chimera
(TIC) [45, 46]. (a) The majority of TIC splicing occurs in the context of tandem genes separated by less than 8.5 kb. (b) The predominant
TIC splicing occurs between an existing splice donor (SD) of the first gene and an existing splice acceptor (SA) in the second gene, resulting
in omission of intervening exons and intergenic sequence. This generally results in fusion of the two coding sequences, out-of-frame in ~
56% of TIC events. (c) Alternatively, a TIC event may combine a 5�UTR region of the first gene with the coding sequence of the second
gene. (d) Occasionally, a novel intergenic exon may be included, or (e) a new splice site may be used within a framework of the existing
exons. Exons are shown as rectangles, with yellow and brown shading indicating untranslated and coding regions of the first gene, and light
green and dark green indicating untranslated and coding regions of the second gene, respectively. Skipped and alternatively included exons
are indicated by stripes and red shading (*), respectively. Bent arrow, transcription start site; pA, polyadenylation signal; dotted lines
between exons, splicing.
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Figure 3. Unequal recombination, often mediated by homology between interspersed repeats, may lead to tandem or interspersed
segmental duplications. (a) Unequal recombination between intronic regions of different genes may create chimeric genes and
concomitant deletion products. (b) Recombination between intergenic regions can duplicate or delete complete gene structures. Exons are
shown as rectangles, with yellow and green shading indicating gene A and B, respectively. Unequal recombination event, facilitated by Alu
interspersed repeat (Alu) is shown by crossed dotted lines. Over 30% of unequal homologous recombination events are thought to occur by
crossovers between Alu elements; however, nonhomologous recombination between both related and unrelated genes not facilitated by
interspersed repeat sequences has also been reported [132]. The deletion product of the unequal recombination is more likely to cause
haploinsufficiency, disease, or loss of viability, and be lost from the population.
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100-fold from 0.002 to 0.02 [83]. Typical segmental
duplications copy regions are of a few to 75 kb in
length and often contain only partial gene structures
insufficient for gene expression, producing dead gene
copies, referred to as non-processed pseudogenes to
distinguish them from processed pseudogenes created
by L1 retrotransposition [72, 84].
Segmental duplications, typically clustered at the
pericentromeric and subtelomeric regions, undergo
subsequent rearrangement to form highly complex
patterns of duplications within duplications; this is
thought to be due to the active recombinogenic
processes as well as lower adverse effects of integra-
tion and rearrangement in these genomic regions [79,
84, 85]. Juxtapositions of duplicons of different genes
within such segments give rise to chimeric transcripts
combining distinct functional domains, a few of which
have maintained an open reading frame [84 – 86].
Thus, while segmental duplications typically lead to
the formation of non-processed pseudogenes, they
occasionally form gene copies that are expressed,
functional, and innovative. Over the course of evolu-
tion, the sheer volume of duplicative events caused
great expansion of gene families and significantly
enhanced genome complexity. Particularly abundant
are expansions of gene families involved in immunity
and defense, membrane surface interaction, growth
and development, and drug detoxification [73].

Retrotransposition

In addition to segmental duplications of whole gene
structures, mammalian genomes contain over 4000
intronless copies of cellular genes, known as processed
pseudogenes [87 – 91]. Processed pseudogenes are
produced by the action of LINE-1 retrotransposon
(L1, for review see [92]), which is known to occasion-
ally reverse transcribe and integrate cellular tran-
scripts at roughly random genomic sites [93, 94]. Early
mammalian and primate lineages experienced several
bursts in L1 activity creating large populations of
processed pseudogenes [89].
Because L1 retrotransposes typical pol II transcripts
that were spliced and polyadenylated, the resulting
processed pseudogenes, unlike gene copies in seg-
mental duplications, are intronless and lack the
original promoter and regulatory sequences of tem-
plate mRNA (see Fig. 4). For this reason, processed
pseudogenes have been classically thought to be
transcriptionally dead on arrival; the only exceptions
were those arising from alternative transcripts that
aberrantly included the gene�s original promoter, or
pseudogenes that happened to integrate within an
existing transcription unit [95 – 98]. However, more

recent genome-wide surveys of EST databases as well
as transcription analyses of individual pseudogenes
have revealed that, in fact, up to a third of processed
pseudogenes are transcribed, most of them specifi-
cally in the testes [90, 95, 97, 99– 104].
The testicular specificity of pseudogene transcription
is thought to be caused by the transcriptionally
permissive environment in the testes, where the
components of the polymerase II (pol II) holoenzyme
complex are known to increase 30 – 1000-fold during
the haploid stages of spermatogenesis [105, 106].
While in other tissues transcription initiation requires
transcription factor recruitment that is inefficient in
pseudogenes, the greatly increased concentrations of
holoenzyme in the testes allow for efficient tran-
scription from otherwise suboptimal promoter se-
quences [107, 108]. It has been proposed that testic-
ular expression allows for the initial functional
adaptation of the pseudogene in the testes and is
likely to contribute to male reproductive evolution
and speciation; occasional acquisition of more diverse
regulatory elements by mutation may subsequently
allow broader expression [99].
Dozens of functional pseudogenes (known as retro-
genes) have been described, and the total number of
retrogenes in the human genome is estimated at ~ 120
[99]. Among them, there is a striking predominance of
autosomal retrogenes, which are copies of X-linked
parental genes [99, 109, 110]. This phenomenon has
been attributed to the functional substitution of the
autosomal retrogene for the X-linked parental gene;
X-linked genes are silenced during spermatogenesis
by male X chromosome inactivation [95, 111 – 113]. A
remarkable example of retrogene compensation for
the silencing of the X-linked homologous gene was
described by Bradley and colleagues [98]. They
mapped the mutation causing juvenile spermatogoni-
al depletion (jsd) in mice to autosomal Utp14b
retrogene, which arose by retrotransposition of the
X-linked conserved gene Utp14a, a mammalian
ortholog of yeast Utp14 protein required for pre-
rRNA processing and ribosome assembly. Utp14b is
expressed primarily in the testes and is thought to
substitute for the silenced Utp14a in spermatogenesis.
Using sequence-based phylogenetic analyses, Bradley
et al. [98] found that, while Utp14b arose in mice after
the rodent-primate split, an independent retrotrans-
position event of Utp14a created a homologous
UTP14C retrogene in humans, likely driven by the
selective pressure to support spermatogenesis during
meiotic X inactivation.
Unlike segmental duplications, known to cluster in
limited recombinogenic regions [1, 72], retrotranspo-
sition is roughly random, frequently inserting retro-
genes in close vicinity to or within other genes, thus
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creating a fertile environment for exon shuffling. An
important example of genome innovation by this
mechanism includes TRIMCyp gene, formed by L1
retrotransposition of cyclophilin A (CypA) transcript
into intron 7 of TRIM5 ubiquitin ligase in owl monkey
[114]. Sayah and colleagues [114] discovered that the
intronic CypA insertion is spliced to TRIM5 exon 5,
causing an in-frame fusion of TRIM5 (exons 1 – 7)
with the complete CypA cDNA; the resulting chi-
meric protein confers HIV-1 resistance in owl monkey.
Frequent co-transcription and retrotransposition of 3�
flanking DNA by L1 retrotransposons contributes to
exon-shuffling by a similar mechanism, whereby L1
may transfer its downstream flanking region (genic or
nongenic) next to an existing gene, where it may then
develop into a new exon [115, 116].
Notably, retrotransposition plays a key and unique
role in increasing gene architectures by enabling the

transformation of low-abundance innovative tran-
scripts into retrogenes that can be inherited, ex-
pressed, and can evolve independently from the
original gene locus. Indeed, genome-wide compari-
sons of processed pseudogenes with EST and cDNA
databases demonstrate that 19% of pseudogenes
represent unique ancestral splice variants, represent-
ing alternatively spliced as well as TIC mRNAs that
are rare or not found in current humans [117]. It is
conceivable that even occasional transcripts formed
by normally rare trans-splicing [118 – 120] or RNA-
RNA recombination [121, 122] between distinct genes
may have been retrotransposed and contributed to
domain shuffling and gene expansion over the course
of eukaryotic evolution.
In addition to faithful retro-duplication of canonical
and innovative cellular transcripts, L1 has generated a
number of chimeric pseudogenes, combining portions

Figure 4. L1 retrotransposon mobilizes processed mRNAs of cellular genes to create processed pseudogenes. Typical pre-mRNA
transcribed by RNA polymerase II begins downstream of its promoter sequence. Following transcription, pre-mRNAs are spliced, m7G-
capped and polyadenylated. Occasionally, a processed transcript is reverse transcribed and integrated into the genome by L1
retrotransposon (reviewed in [92]), forming an intronless copy of the original gene in a new location. L1-mobilized intronless gene copies
are known as processed pseudogenes; they typically end in a poly(A) sequence, and are flanked by short direct repeats (also known as
target site duplications or TSDs). Gray rectangles, exons; white rectangle, promoter sequence; bent arrow, transcription start site; dotted
lines, splicing; open triangles, TSDs.
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of different mRNAs or mRNAs and transposable
elements, by switching of RNA templates during
reverse transcription [123– 125]. The majority of these
chimeric events involve spliceosomal snRNAs U6 and
U5 and rRNA-processing snoRNAU3 in combination
with L1 or Alu elements, likely reflecting the close
spatial relationships of these RNAs and the L1
retrotransposition complex within the cell [124, 126].
Similar template switching events could have con-
tributed to the co-opting of transposable element
sequences for cellular gene functions [127].

Gene creation and loss are frequent, ongoing, and are
key contributors to speciation

In sum, the formation of novel genes is frequent,
ubiquitous, and ongoing, with identified cases being
but a small fraction of total events: those recent
enough to be recognizable, yet old enough to be fixed
or present at a high enough frequency in the popula-
tion to be found in sequenced genomes and EST
databases. Faithful gene copies, created by segmental
duplications or retrotransposition, start out with
redundant function to their parental gene, and are
subject to relaxed functional constraint and neutral
evolution [128]; an intriguing exception are retro-
genes with essential functions in spermatogenesis [98].
In contrast, chimeric genes, created by either tandem
duplications within an existing gene, juxtaposition of
segmental duplications, or by retrotransposition,
begin with a unique function and are thought to
undergo a burst of positive Darwinian selection,
followed by quiescence and increasing functional
constraint [129]. Relaxed functional constraint and
rapid evolution, in turn, lead to the rapid demise of the
vast majority of gene duplicates through mutational
inactivation, with an estimated half life of ~ 4 Myr
[83]. Thus, frequent gene duplication followed by
differential loss and, more rarely, acquisition of differ-
ential function is likely a significant force in the
evolution of genome complexity, reproductive isola-
tion and the divergence of species [7, 74, 83].
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