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Abstract

As it is the case for non-coding regions, the coding regions of organisms can be expanded or shrunk during evolu-
tionary processes. However, the dynamics of coding regions are expected to be more correlated with functional
complexity and diversity than are the dynamics of non-coding regions. Hence, it is interesting to investigate the
increase of diversity in coding regions – the origin and evolution of new genes – because this provides a new
component to the genetic variation underlying the diversity of living organisms. Here, we examine what is known
about the mechanisms responsible for the increase in gene number. Every mechanism affects genomes in a distinct
way and to a different extent and it appears that certain organisms favor particular mechanisms. The detail of some
interesting gene acquisitions reveals the extreme dynamism of genomes. Finally, we discuss what is known about
the fate of new genes and conclude that many of the acquisitions are likely to have been driven by natural selection;
they increase functional complexity, diversity, and/or adaptation of species. Despite this, the correlation between
complexity of life and gene number is low and closely related species (with very similar life histories) can have
very different number of genes. We call this phenomenon the G-value paradox.

Introduction

A striking evolutionary feature of genomes is the dif-
ference in genome size among various organisms.
Early efforts in the study of genome evolution were
an attempt to understand the relationship between ge-
nome size and biological complexity, which gave rise
to a generalized observation summarized as the C-
value paradox. The term C-value paradox applies to
the fact that genome size does not closely correlate
with the biological complexity of organisms and thus
with the phylogenetic relationships between species
(Li, 1997). However, a genome can be partitioned
into two portions: coding and non-coding regions.
Does size of the coding region correlate with biolo-
gical complexity? Or, asked in another way, does the
paradox as observed at the level of the whole genome
disappear for the coding region?

An analysis of ample genome sequence informa-
tion from various genome projects rejects a positive
answer to the above questions. The first impression is
that the genomes of different organisms encode dif-
ferent number of genes (Table 1), which allows a

further analysis of genome coding region evolution.
When examining the relationship between gene num-
ber and species differences, we see two phenomena.
First, closely related organisms with similar life his-
tories can contain very different gene numbers, for
example, the genomes of Mycoplasma pneumonia
contain 50% more genes than M. genitalium. And
second, gene number does not clearly correlates with
complexity. For example, Arabidopsis thaliana and
Drosophila melanogaster contain around 25,500 and
14,000 genes, respectively; the former encodes nearly
twice as many genes as the latter, but it is not clear
that it is twice as complex. As in the C-value para-
dox, these simple numerical analyses reveal similar
phenomena: gene number does not tightly correlate
with biological complexity. Thus, following the ana-
logy with the C-value paradox, we can also simply call
the phenomena described above as the G-(gene) value
paradox.

The G-value paradox raises a question related to
genomic evolution. Why does not the number of
genes correlate highly with biological complexity?
That gene numbers differ between organisms suggest
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Table 1. Genome size and gene number in various organisms

Genome size Gene number

Homo sapiens 3.0 × 109 40,000

Fugu rubripes 4.0 × 108 60,000

Drosophila melanogaster 1.2 × 108 13,601

Caenorhabditis elegans 1.0 × 108 18,424

Ciona intestinalis 1.6 × 108 15,500

Arabidopsis thaliana 1.2 × 108 25,498

Saccharomyces cerevisiae 1.2 × 107 6,241

Plasmodium falciparum 3.0 × 107 6,630

Methanococcus jannaschi 1.7 × 106 1,738

Archaeoglobus fulgidus 2.2 × 106 2,436

Escherichia coli 4.6 × 106 4,288

Bacillus subtilis 4.2 × 106 4,100

Haemophilus influenzae 1.8 × 106 1,743

Treponema pallidum 1.1 × 106 1,041

Mycoplasma genitalium 5.8 × 105 470

Mycoplasma pneumoniae 8.1 × 105 716

a process of birth and death and, more interestingly,
poses the general question: How do coding regions of
genome expand by acquiring new genes and how is
that related to complexity? A great deal of effort has
been made to accomplish some understanding in this
direction. One major accomplishment is the compre-
hension of various evolutionary mechanisms to create
new genes. We will review various major mechanisms
that increase the amount of coding region, their relat-
ive importance and finally we will discuss the general
fate of new genes. A review of what is known will
provide a basis for understanding how the expansion
of coding regions might be related to complexity.

Duplication

Gene duplication was the first proposed mechanism
for the increase of genetic content (Haldane, 1932;
Muller, 1935). As early as the 1930’s, the first du-
plication was identified; the Bar duplication. This du-
plication occurs as a consequence of unequal crossing-
over involving section 16A of the X chromosome in
Drosophila melanogaster (Bridges, 1936). Duplica-
tions can be classified according to their size (Ohno,
1970): domain duplication, gene duplication, seg-
mental duplication, and genome duplication. The
mechanisms that give rise to these events are differ-
ent. Domain, gene or segment duplication are gen-
erated by means of unequal crossing-over. Unequal
crossing-over during meiosis between misaligned se-

quences generates a chromosome with a duplicated
region and a chromosome with a deleted region. Re-
petitive sequences can increase the chances of unequal
crossing-over. Genome duplication takes place as a
consequence of errors during meiosis or mitosis that
end in the lack of reduction division within species or
in hybrids (Haldane, 1932; Ohno, 1970).

Innumerable examples of domain, gene, and ge-
nome duplicates have been added to the literature
(Ohno, 1970; Graur & Li, 2000; Otto & Whitton,
2000) but, in this era of post-genomics, the impor-
tance of duplication is even greater. During the year
2001, the number of completely sequenced euka-
ryotic genomes has increased to five: Saccharomyces
(Goffeau et al., 1996), C. elegans (The C. elegans
Sequencing Consortium, 1998), Arabidopsis (The
Arabidopsis Genome Initiative, 2000), Drosophila
melanogaster (Adams et al., 2000), and H. sapiens
(Lander et al., 2001; Venter et al., 2001). Percentages
of the genes that belong to identifiable families of du-
plicates in these genomes are 30, 48, 60, 40, and 38%
of the genome, respectively (Blanc et al., 2000; Rubin
et al., 2000; Ball & Cherry, 2001; Li et al., 2001).
There are enormous numbers of duplicated coding
regions in these genomes.

Genomic organization of these duplicated genes
differs depending on the lineage. Yeast, worm,
Arabidopsis, and human show clear blocks of du-
plicated genes (Friedman & Hughes, 2001; Lander
et al., 2001; Venter et al., 2001). The yeast ge-
nome contains 39 duplicated blocks, all except one of
which are inter-chromosomal. Twenty eight of these
blocks are ancient. These data are consistent with
a polyploidization event in the yeast lineage (Wolfe
& Shields, 1997; Friedman & Hughes, 2001). The
orientation of duplicated blocks with respect to their
centromeres also supports this view (Wolfe & Shields,
1997). In the worm, only five duplicated pairs of seg-
ments (four of them recent) were found, all of them
within the same chromosome (Friedman & Hughes,
2001), suggesting that they are a consequence of local
duplication rather than genome polyploidization. The
Drosophila sequence shows that most of the duplic-
ations are local (Friedman & Hughes, 2001). The
human genome shows extensive duplication of seg-
ments; however, there is no adequate evidence for
ancient polyploidization (Lander et al., 2001; Venter
et al., 2001). The Arabidopsis genome is the most ex-
tensively duplicated and reorganized of the sequenced
genomes (Blanc et al., 2000; Bancroft, 2001). The
genome sequencing has provided clear evidence of
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large regions that are duplicated. Additionally, trans-
position and/or translocation might have to be invoked
to explain the organization of Arabidopsis genome
today (Blanc et al., 2000).

All these genome data illustrate that, by far, the
most general and important mechanism to generate
new copies of genes is the duplication of genes and/or
genomes. Duplications of genes and genomes are
believed to result in the increase in complexity of
organisms and an increase in rates of diversification
(Ohno, 1970). It has, for example, been suggested that
the ancestors of vertebrates had only ∼15,000 genes
while vertebrates have ∼60,000 genes (Spring, 1997;
Ohno, 1999). Two rounds of genome-wide duplication
have been hypothesized to explain this and, hence, the
diversity of forms generated during vertebrate evolu-
tion (Spring, 1997). Recently, this one-to-four rule has
been extended to a one-to-eight rule in fish (Meyer &
Schartl, 1999). The genome duplication and the di-
versification of fish seem to coincide in time, making
fish the most successful group of vertebrates (Meyer
& Schartl, 1999). The extent of the possible corre-
lation between polyploidization and levels of species
diversification remains to be shown. However, it is a
suggestive working hypothesis.

Above, we summarized general patterns of gene
duplication; the detail of the following examples
should reveal the deeper understanding we have about
how duplications lead to the evolution of new func-
tions.

Adh-Adhr in Drosophila: tandem duplication, close
linkage and dicistronic expression

Adh and Adhr genes of Drosophila are tandem dupli-
cates, as evidenced by two observations: one is their
significant sequence similarity (about 40% amino acid
identity); the other their common intron/exon structure
(Schaefer & Aquadro, 1987; Rat, Veuille & Lepesant,
1991). This duplication may be as old as 180 million
years (My) (Russo, Takezaki & Nei, 1995). Adh func-
tions to detoxify dietary alcohols (Chambers, 1988;
Ashburner, 1998) but Adhr has unknown function,
although it seems not to be a NAD-dependent dehy-
drogenase (Jeffs, Holmes & Ashburner, 1994). After
duplication, Adh and Adhr were very close, separ-
ated by ∼300 bp (Figure 1). The expression of both
genes has been studied in great detail in D. melano-
gaster. There are only two kinds of transcripts: one
(∼1 kb) includes only Adh and the other (∼2 kb) is di-
cistronic including both genes (Brogna & Ahsburner,

1997), suggesting that dicistronic transcription is the
only means by which ADHR protein is produced.
Brogna and Ashburner (1997) detected ADHR with
antibodies. Within the genus Drosophila the ADHR
protein is evolving slightly slower than the ADH pro-
tein, supporting its functionality (Albalat Marfany &
González-Duarte, 1994). The dicistronic transcript
includes the intergenic region and it is rare, its abun-
dance being roughly 1% or so that of the monocis-
tronic Adh transcript. The relative level of the two
transcripts is controlled by the efficiency of the ter-
mination and polyadenylation signals in the intergenic
region (Brogna & Ashburner, 1997): the more tran-
scriptional read-through, the more dicistronic tran-
script is produced.

Recent data on the expression of Adhr in D. leban-
onensis and D. buzzatii (Betrán & Ashburner, 2000)
suggest that the co-transcription of Adh and Adhr is
the primitive state, and that Adhr acquired independent
(monocistronic) transcription in the subgenus Droso-
phila (Figure 1). Given that these two genes originated
from an adjacent duplication, most parsimoniously
the two genes have been co-transcribed in many spe-
cies (Figure 1) since the duplication event and have
evolved different functions (see above) despite that.
This is an example of how a duplicated gene can be
expressed without a promoter if it is sufficiently close
to the parental gene and, still, evolve a new function.

Origin of antifreeze protein genes

The origin of the antifreeze glycoproteins (AFGPs)
genes in fishes is one of the best examples of how
a similar function can originate independently under
a common environmental pressure (Chen, Devries &
Cheng, 1997a, b; Logsdon & Doolittle, 1997). These
proteins function by preventing intracellular crystal
growth (Knight, Cheng & Devries, 1991). Chen, Dev-
ries and Cheng (1997a) studied the AFGP gene family
in Antarctic notothenioid fish and found certain homo-
logy of this gene with the trypsinogen gene. Sequence
divergence between the homologous regions of the
two genes was very small (4–7%). Chen, Devries and
Cheng (1997a) estimated that the transformation of the
trypsinogen gene (proteinase gene) into an ice-binding
protein happened recently. The young ages of these
antifreeze genes allowed authors to follow the whole
detail of the process and to correlate their appearance
with the freezing of the Antarctic Ocean 10–14 My
ago.
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Figure 1. Distribution and expression of Adh and Adhr in the genus Drosophila (Russo et al., 1995; Brogna & Ashburner, 1997; Betrán &
Ashburner, 2000). Lines indicate species and gene phylogenies. A double arrow indicates a duplication event. Expression is shown under the
gene.

Figure 2 summarizes the mechanism in which
these antifreeze protein genes originated. Given the
common elements in the sequence, it seems that
the AFGP gene in Antarctic notothenioid fish was
born as a trypsinogen gene that underwent a big
deletion and a series of tandem duplications of a
nine nucleotide (Thr-Ala-Ala) motif. Thr is gly-
cosylated and that allows the protein to bind ice.
The spacers provide sites of postranscriptional proteo-
lytic cleavage. A completely new function was born
from pieces and an intron of the trypsinogen gene.
This occurred under the appropriate selective pres-
sure allowing a species to adapt to a new environ-
ment.

In addition, Chen, Devries and Cheng (1997b)
studied the AFGP gene in the Arctic cod. They found
that this gene is not related to trypsinogen and shows
a different intron/exon structure despite the repeti-
tive nature of both proteins (Figure 2). Antarctic no-
tothenioid fish and Arctic cod are in different orders
and although they produce nearly identical antifreeze
proteins, the origin of these proteins is apparently
unrelated.

This is a unique example because it is the only
known case in which duplication of a small non-
functional motif played a role in adaptation repeatedly
in different lineages.

Processed genes

Processed copies of genes are copies of genes crea-
ted by retroposition in which an mRNA of a gene
is reverse-transcribed and inserted in the genome.
Generation of processed copies of genes has been ex-
perimentally studied in human cells (Maestre et al.,
1995). By using an assay for detection of reverse tran-
scription and insertion events from a naive reporter
gene, Maestre et al. (1995) demonstrated that genes
indeed are reverse-transcribed and integrated in the
genome. The integrated sequence has the length of
the mRNA of the original gene, with a polyA tail and,
often, direct flanking repeats (<15 bp) (Figure 3). Re-
cently, Esnault, Maestre and Heidmann (2000) showed
that LINE (long interspersed element) retrotranspo-
son enzymatic machinery was involved in generating
processed copies of genes in human cells. LINEs are
endogenous mobile elements, which transpose via re-
verse transcription of their own transcript and have
accumulated in ∼100,000 copies in mammals. Fur-
thermore, it was shown that the presence of the LINE
machinery increases 10-fold the rate at which pro-
cessed copies of a reporter gene are produced in a
cell culture assay, suggesting an important role of
the LINE retrotransposons in the origin of processed
copies of genes.
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Figure 2. Gene structure of the AFGP genes in polar fishes. Regions of homology with other genes are shown when known. Arrows are used
to describe tandem duplications.

Figure 3. Generation of processed copies of genes in the genome.

Processed genes were first described in mammals
because of their high copy number in mammalian ge-
nomes (Wagner, 1986). For example, in human chro-
mosome 22 there are 134 pseudogenes. Out of these
134, 82% are sequences ‘with homology with known
genes but that lack intron/exon boundaries’, a con-
spicuous feature of processed pseudogenes (Dunham
et al., 1999). Now it is clear that they are also present
in other organisms (Mighell et al., 2000). LINE-
mediated retrotransposition of protein coding genes
(Esnault, Maestre & Heidmann, 2000) could explain
why processed copies of genes are more abundant in
mammalian genomes than in the LINE-element-poor
lineages as Drosophila (Petrov, Lozovskaya & Hartl,
1996) or C. elegans (Harrison, Echols, & Gerstein,
2001).

Processed copies of genes are often called pseudo-
genes because these elements do not carry promoter
regions and insert randomly in the genome (Graur
& Li, 2000). In addition, processed copies of genes
often have traits (deletions and/or premature stop
codons) that preclude their functionality. Because of
that, retrotransposed paralogous copies of genes were
first viewed as dead-end sequences. Although it is
still accepted that many processed copies of genes are
indeed pseudogenes (Mighell et al., 2000), an increas-
ing number of examples have shown that this may be
an important mechanism for generation of new genes
(Brosius, 1991, 1999).

Two well-studied instances in humans are
Pyruvate dehydrogenase 2 (Pdha2) and Phosphogly-
cerate kinase 2 (Pgk-2). Both of these genes are
intronless autosomal copies of intron-containing X-
linked genes (Pdha1 and Pgk-1). The original genes,
Pdha1 and Pgk-1, have constitutive function, while the
retroposed copies Pdha2 and Pgk-2 are expressed only
in testes, suggesting newly evolved specific function.
They share 86 and 87% protein sequence identities
with the parental genes, respectively (McCarrey, 1987;
Dahl et al., 1990; Fitzgerald et al., 1996; McCarrey
et al., 1996). How did these new genes acquire
their new promoters? The Pdha2 promoter region
derives from a recent insertion of Pdha1 gene pro-
moter into 5′ region of Pdha2 (Datta et al., 1999),
while the Pgk-2 promoter region arose originally from
an aberrant transcript that included a region tran-
scribed from promoter region of Pgk-1 (McCarrey,
1987).

We surveyed the literature for more cases of func-
tional protein-coding processed genes in mammals
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Table 2. Mammalian genes generated by retrotransposition

Retrotransposed gene name, Original gene name, Distribution Hallmarks of Age References

function, and expression function, and expression retrosequences

Pgk-2; testes, Cr 19 Pgk-1, ubiquitously, Cr X Mammals Intronless (abnormal 125 Mya McCarrey, 1987, 1990;

5′ long mature mRNA) McCarrey et al., 1996

Pdha2; testes. Cr 4 Pdha1; ubiquitously, Cr X Placentals Intronless ∼70 Mya Dahl et al., 1990;

Datta et al., 1999

Cetn1, testes, Cr 18 Cetn2, Cr X Mammals Intronless and >75 Mya Hart et al., 1999

flanking direct repeats

Cγ subunit of cAMP- Cα subunit of cAMP-dependent Catarrhini Intronless, poly A tail and 40 Mya Reiton et al., 1998

dependent protein protein kinase; ubiquitously. Cr 19 primates flanking direct repeats

kinase, testes. Cr 9 GK; constitutively. Cr X Human Intronless 11 Mya Sargent et al., 1994;

Pan et al., 1999

GK, testes, Cr 4

GA733-1, placenta, Cr 1 GA733-2; placenta, Cr 4 Human Intronless 300 Mya Linnenbach et al., 1993;

OTF3C, pancreatic islet, Cr 8 Oct3, adult tissues, Cr 6 Mammals Intronless ∼75 Mya Takeda et al., 1992

XAP-5 like, testes, Cr 6 XAP-5, Cr X Human and mouse Intronless >75 Mya Sedlacek et al., 1999

αCP1, ubiquitous, Cr 2 αCP2, Cr 12 Human and mouse Intronless ∼75–120 Mya Makeyev et al., 1999

CDY, testes, Cr Y CDYL, ubiquitous, Cr 13 Human–squirrel Intronless 30–40 Mya Lahn and Page, 1999

monkey

hnRNP, testes, Cr 11 hnRNP, Cr X Human Intronless _ Elliot et al., 2000

GLUD2, retina, testes GLUD1, ubiquitous. Cr 10 Human but not Intronless <70 Mya Shashidharan et al., 1994

and brain. Cr X mouse

CaM like, epitelial cells CaM Human, rat and Intronless �75–120 Mya Rhyner et al., 1992

chicken

SRp46, ubiquitous, Cr 11 PR264/SC35. Cr 17 Human and Intronless ∼89 Mya Soret et al., 1998

simians

eIF4E2, placenta, Cr 20 eIF4E1, placenta, Cr 4 Human not mouse Intronless, <70 Mya Gao et al., 1998

direct repeats

ADAM20 and ADAM21, ADAM9 Human but not Intronless <20 Mya Poindexter et al., 1999;

testes, Cr 14 macaque Hooft van Huijsduijnen, 1998

SP-100-HMG, Cr 2 HMG1, Cr 13 Chimp and gorilla Intronless-chimeric 35 Mya Rogalla et al., 2000
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Table 2. (continued)

Retrotransposed gene name, Original gene name, Distribution Hallmarks of Age References

function, and expression function, and expression retrosequences

MYCL2, testes, Cr X MYCL1 Human Intronless _ Morton et al., 1989

Robertson et al., 1991

HPRT2, liver HPRT1, ubiquitous, Cr X Marsupials Intronless 130–150 Mya Noyce et al., 1997

Pabp2, testes Pabp1, testes and somatic cells Mouse only Intronless ∼80 Mya Kleene et al., 1998;

Kleene et al., 1999

AdoMetDC like, liver AdoMetDC, ubiquitous Mouse and Intronless _ Persson et al.,1995

possibly rat

G6pd2, testes G6pd1, ubiquitous Mouse Intronless <30 Mya Hendriksen et al., 1997

PMSE2b, transcribed PMSE2 Mouse Intronless and At least Zaiss and Kloetzel, 1999

LINE1 sequence 75–120 Mya

Preproinsulin I, Preproinsulin II, Mouse and rat Intronless (abnormal ∼35 Mya Soares et al., 1985

pancreas, Cr 1 pancreas, Cr 1 5′ long mature mRNA)

Zfa; testes. Cr 10 Zfx; ubiquitous. Cr X Mouse Intronless ∼5 Mya Ashworth et al., 1990;

Louh and Page, 1994

U2af1-rs1, Cr 11 U2af1-rs2 Cr X Mouse Intronless and inserted in an <80 Mya Nabetani et al., 1997

intron of another gene

Ubc9-ϕ1 and Ubc9-ϕ2 Ubc9 Mouse Intronless, poly-A tail and ∼80 Mya Tsytsykova et al., 1998

direct repeats

Supt4h2, Cr 10 Supt4h, Cr 11 Mouse Intronless <70 Mya Chiang et al., 1998

Pem2, epididymis, Cr 4 Pem1, testes, Cr X Rat Intronless _ Nhim et al., 1997
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Figure 4. Structure of the chimerical gene: jingwei. Homology with
the Adh gene of the retrotransposed region of the gene is shown.

and list the results in Table 2. These integrated se-
quences have the length of the mRNA of the original
gene; sometimes polyA tracts still remain and di-
rect repeats flank the inserted sequence. Interestingly,
some cases show partially processed copies of genes
or processed copies of abnormal transcripts that in-
clude 5′ promoter regions of the parental gene, for
example, Preproinsulin I in mouse and Pgk2 in hu-
man. In addition, there are also many functionally
important RNA genes, which are not translated into
proteins, that originated via retroposition, for example,
BC1 RNA gene in rodents (Brosius & Gould, 1992)
and BC200 RNA gene in primates (Martignetti &
Brosius, 1993).

Origin of jingwei a chimerical processed functional
gene in Drosophila

In Drosophila, there are also processed genes. One
revealing example is a new chimerical gene called
jingwei (jgw); (Long & Langley, 1993). This gene
is located on chromosome 3 in D. teissieri and
D. yakuba and it is not present in the closest relatives.
The age of the gene has been estimated to be less than
2.5 My (Long, Wang & Zhang, 1999). A part of jgw
was initially observed to hybridize to the alcohol de-
hydrogenase (Adh) probe in polytenic chromosomes
(Langley, Montgomery, & Quattlebaum, 1982). Fur-
ther analysis suggested that in the ancestor of these
two species Adh (chromosome 2) generated a pro-
cessed gene (Jeffs & Ashburner, 1991). The structure
of this new gene is depicted in Figure 4. Jgw cDNA
has been examined (Long & Langley, 1993). Jgw has
an Adh-like 3′ end and a 5′ end (3 exons) recruited
from another gene, yellow emperor (ymp) as shown in
Figure 4 (Wang et al., 2000).

The interest in the origin of jgw includes not only
the described initial molecular events but also the
subsequent population dynamics. Population genet-
ics analysis of the gene reveals that natural selection
participated in the subsequent evolution of this gene
(Long & Langley, 1993). The Adh-derived portion
was sequenced from 10 jgw alleles of D. teissieri and
20 of D. yakuba. Most polymorphisms were silent as
expected for genes under purifying selection. To ex-
plore the divergence of jgw in the period immediately
after the Adh retrotransposition but before the split
of D. teissieri and D. yakuba, the Adh region of jgw
was compared with Adh of the other species in the
D. melanogaster subgroup. Eight substitutions took
place in that period; all of them replacements. This
excess of replacement substitutions is consistent with
jgw responding to positive selection and evolving a
new function. A relative excess of (fixed) replacement
substitutions over (fixed) silent substitutions between
species (21:16) is apparent when compared to the
proportion of replacement polymorphisms over silent
polymorphisms within species (4:27). These results
reveal that adaptive protein evolution remained im-
portant in the evolutionary history of jgw after the
separation of the two species (McDonald & Kreitman,
1991).

Transposition

The movement of genetic material from one genome
location to another is known as transposition. Usually,
the ability to transpose is associated with mobile ele-
ments however, examples of coding regions that can
generate new copies by transposition are also found
(Saxena et al., 1996; Yi & Charlesworth, 2000). This
phenomenon is different from retrotransposition since
the origin of this newly originated copy does not
involve mRNA retrotranscription but ectopic recom-
bination. Convincing cases of transposition of genes
have been described but its importance genome wide
is difficult to quantify because duplication of a gene
with subsequent reorganization leaves similar genome
fingerprints.

A recent event of transposition of a gene in Dro-
sophila miranda involves the ‘resurrection’ of a gene
via this means. In D. miranda, the fusion between
the Y chromosome and an autosome (Muller ele-
ment C) has created a new sex determining system
(Figure 6), (Powell, 1997). The chromosome attached
to the Y chromosome is transmitted paternally and it
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Figure 5. Sex chromosome composition of D. miranda male and female are shown. C refers to the Muller element (Powell, 1997). Exu1
transposition is indicated with an arrow. Status of the chromosomal arm is indicated with a texture.

Figure 6. Sdic structure and mechanism of generation. One duplication and three deletions gave birth to a new chimerical gene. Sdic duplicated
later on ∼10 times.

is not undergoing crossing-over. This chromosome is
called neo-Y and its non-fused homolog is called neo-
X (Figure 5). In these developing sex chromosomes,
two main processes are taking place: the neo-Y chro-
mosome is degenerating and the neo-X chromosome
is developing dosage compensation (Steinemann &
Steinemann, 1998). Yi and Charlesworth (2000) found
that a gene, exuperantia 1 (exu1), (originally located

in the neo-X chromosome) had recently transposed
a copy into the ancestral X chromosome. The trans-
position fixed in the population in very short time:
the transposed gene is not found in closely related
species and its fixation swept variation away (Yi &
Charlesworth, 2000). Its rapid fixation on the ances-
tral X implies very likely a selective advantage for its
new location. Exu1 plays a role in proper localization
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of maternal mRNA and also in spermatogenesis. The
degeneration of the neo-Y chromosome will promote
deterioration of the neo-Y copy of exu1. That is expec-
ted to have a deleterious effect resulting in favorable
selection for the transposed copy. Authors believe that
the mechanism of transposition could have been ec-
topic exchange due to some homology between donor
and target site; positive selection would have driven
the copy to fixation.

Exon shuffling

Exon shuffling was first proposed in the late 70’s.
At that time the intron/exon structure of eukaryote
genes was newly described and scientists recognized
the presence of the same functional domains in dif-
ferent proteins. Hence, a new way of generating new
proteins was suggested (Gilbert, 1978): introns (non-
coding interspersed part of the gene) could help exons
(coding interspersed part of the gene) to ‘shuffle’. The
word shuffle was used at that time to indicate that
the process is similar to card shuffling in the sense
that different sets of protein domains can combine to
form different proteins. Exon shuffling occurs when
exons duplicate or when they are inserted or deleted
by ectopic recombination between introns, retrotrans-
position or unequal crossing over. In any case, intron
phase, the intron position with reference to the trans-
lation open reading frame, should be compatible to
maintain the frame of the protein.

An example of exon shuffling is jingwei (Long
& Langley, 1993): the Adh part appears in the Adh
gene and in the jingwei gene. Sdic could also be
considered another example of exon shuffling. Two
genes duplicated and in one of the copies the gene
became chimerical after gene fusion (Nurminsky et al.,
1998). Domains of AnnX and Cdic are present in Sdic
(see below). The list of examples could be long but
the antifreeze glycoproteins are another example. In
this family of proteins, a 9-nucleotide (Thr-Ala-Ala)
motif has been duplicated to generate a family with
genes that vary in motif number from 4 to 55 cop-
ies (Chen, Devries & Cheng, 1997a). This motif has
shuffled.

Genome wide analysis of exon shuffling has been
centered on three topics: (1) study of the intron/exon
phase distribution, (2) the correlation between pro-
tein domains and intron position, and (3) estimation
of the extent of domain sharing between proteins. In
all cases the aim is to determine the amount of exon
shuffling.

If exon shuffling is very common and an-
cient, a biased intron phase distribution is expected
(Gilbert, de Souza & Long, 1997). The intron/exon
phase analysis reveals that there is an excess of sym-
metric introns and of introns with phase 0, which
keeps codons intact and putative shuffling domains
complete (Fedorov et al., 1998; Long & Deutsch,
1999). It has also been shown that intron position
correlates with module boundaries in ancient proteins
(de Souza et al., 1996; Long et al., 1998).

Domain sharing and shuffling have been investi-
gated by Li et al. (2001) in human, fly, worm, and
yeast complete genomes. Domains are functional units
in a protein. Out of 1865, 1218, 1183, and 973 do-
mains in human, fruitfly, worm, and yeast, respect-
ively, they found 3433, 1702, 1248, and 470 distinct
arrangements of two or more domains in these gen-
omes. Many proteins showed extensive domain repe-
tition. The largest total number of protein domains
in a protein was 130. Lander et al. (2001) have also
devoted time to the analysis of protein architecture
from domains. They conclude that protein evolution
has been centered not on domain innovation but on do-
main architecture (linear arrangement of domains in a
protein). The human genome contains 1.8 times more
protein architectures than fly or worm and 5.8 more
than yeast. Shuffling creates different architectures;
adding and deleting domains generating protein di-
versity. Morgensten and Atchley (1999) have recently
studied 122 basic helix-loop-helix proteins in different
species (bHLH). These proteins are classified together
because they share the bHLH domain but the authors
investigated the evolutionary history of the remain-
ing parts of these proteins. Several lines of evidence
support the modular history. First, the bHLH domain
varies in position within these proteins. Second, there
is a lack of sequence similarity in the regions flanking
the bHLH domain. Third, there is a mosaic pattern for
other very conserved domains: some bHLH proteins
include these domains (leucine zipper domain or PAS
dimerization domain) and others do not.

These genome-wide analyses reveal the high
present and past importance of exon shuffling. Al-
though exon shuffling has been studied mainly in
animal species, plant species also show it (Long et al.,
1996).

Horizontal transfer

Horizontal gene transfer is the transfer of genetic
information from one species to another, by which



75

large number of ‘foreign’ genes can be introduced
into genomes. In this way, species that are geneti-
cally separated entities can acquire alien coding DNA.
Horizontal transfer can easily occur between differ-
ent bacteria species by transformation, transduction
and conjugation (Graur & Li, 2000). The sequen-
cing of bacterial genomes has confirmed that lateral
transfer is the major way by which bacterial genomes
innovate (Ochman, Lawrence, & Groisman, 2000).
Ochman, Lawrence and Groisman (2000) have re-
cently reviewed the investigations on this phenomenon
in bacteria. It was found that some bacteria have
gained up to 16% of their genome by horizontal trans-
fer. Horizontal transfer in unicellular eukaryotes can
also occur via phagocytosis (de Koning et al., 2000).
In multicellular eukaryotes, it has to be rare and most
likely involves the action of retrovirus (Graur & Li
2000; de Koning et al., 2000). Surprisingly, a set
of 223 genes has recently been reported to be ho-
rizontally transferred from bacteria to vertebrates as
represented by humans (Lander et al., 2001). However,
Salzberg et al. (2001) have compared these genes with
all the sequenced genomes and have found that only 40
genes are exclusively shared by human and bacteria.
Although these 40 genes are candidates for horizontal
gene transfer, the fact the rest have been found in other
lineages and are ancient genes lost in some species
puts some doubt on their actual origin.

Recruitment of new regions and gene fusion

New coding sequences can also be generated by re-
cruitment of new regions and gene fusion (Begun,
1997; Nurminsky et al., 1998; Thomson et al., 2000).

Adh-Finnegan (Begun, 1997) is an Adh duplic-
ate that recruited a new 5′ untranslated region (UTR)
and a new exon1 and used part of the old 5′ UTR to
code for 60 new N-terminal amino acids in the D.
repleta group. This gene does not have ADH activ-
ity. The protein is more basic than ADH and evolves
faster.

Sdic is a tandem duplicated chimerical gene (Nur-
minsky et al., 1998). The repeating unit consists of
a 5′ end from a gene playing a role in cell-adhesion
(annexin X) and a 3′ end from a cytoplasmic dynein
intermediate chain gene (Cdic). This chimera formed
after an initial duplication of the Cdic-AnnX region
followed by a set of deletions (Figure 7). In addition,
the first exon of Sdic is derived from a portion of the
third intron of Cdic. This new gene evolved testis-
specific expression and is producing a protein that can

be detected by GFP fusion in the tails of mature sperm.
All these events happened in the 3 My old D. melano-
gaster lineage (Powell, 1997). This means that the
events fixed in the population very rapidly and likely
by positive selection (Nurminsky et al., 1998; but see
Charlesworth & Charlesworth, 1999).

Birth and death: where do new genes go?

Whenever a new copy of a gene appears in a ge-
nome, two outcomes are possible. One is that the
copy accumulates deleterious mutations and degener-
ates. Alternatively, the gene remains in the genome. If
the gene is kept, it can gain new function or maintain
previous function. Theoretically, given that most new
mutations are deleterious and two functional genes are
present after duplication, degeneration, and loss of the
first gene to fix a deleterious mutation should happen
more often than retention. Classical work was centered
on the estimation of the time to silencing of one of
the copies (Kimura & King, 1979, Watterson, 1983).
Degeneration of one of the copies is supposed to occur
within a few million generations. Walsh (1995) ela-
borated a population genetic model for the two fates of
new gene copies. This model showed that in general,
the probability that a new gene duplicate becomes a
pseudogene instead of acquiring new function is high.
However, the probability of a new gene acquiring a
new function and staying in the population increases
with population size if the ratio of advantageous to
null mutations is high and selective advantage is high
(4Nes � 1).

Recently, Lynch and Conery (2000) conducted
a genome-wide analysis of duplicates in the avail-
able genomes: human, mouse, D. melanogaster, C.
elegans, S. cerevisiae, and A. thaliana, They ob-
served the interesting phenomenon that all species
under study show a high frequency of recent duplic-
ation, suggesting that some unknown proportions of
older duplicates have been silenced. However, cau-
tion must be taken for their further interpretation of
the results (Long & Thornton, 2001). For example in
their work, age of the duplicates was estimated from
synonymous changes. It is known that synonymous
substitution rates vary among different genes by more
than an order of magnitude with a flat distribution
in the analyzed genes (Li, 1997; Zeng et al., 1998).
Thus an adequate clock usable across different genes,
critically required in their analysis, is not supported.

A recent review on polyploid evolution by Otto and
Whitton (2000) cites revisions of the fraction of genes
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retained after genome duplication. This fraction is 8%
in yeast after 100 My, 72% in maize after 11 My, 77%
in Xenopus after 30 My, 70% in salmonids after 25–
100 My, 47% in catastomids after 50 My and 33% in
vertebrates after 500 My. These numbers suggest that
many duplicated copies have persisted longer in these
genomes than expected. Several pertinent mechanisms
have been suggested to explain these observations
of long retention time of new gene duplicates (see
below).

Concerted evolution

Redundant number of copies of one gene can be ad-
aptive because it allows the organism to produce large
quantity of a particular product (Ohno, 1970). If that is
the case for a given gene product, after duplication we
expect the copies to be kept and to evolve concertedly.
Many families of genes arranged in tandem are kept
and evolving in this way under unequal crossing-over
and gene conversion (Graur & Li, 2000). Concerted
evolution is not only achieved in closely linked dupli-
cates. Fitzerald et al. (1996) studied Pdha1/Pdha2 and
Pgk1/Pgk2, and showed that gene conversion occurred
between these copies although they are in differ-
ent chromosomes. Duplicates can share information
rarely revealing the existence of moderate concerted
evolution (Nurminsky et al., 1996).

Additional effects of gene conversion

Resurrection of genes can take place by gene con-
version. These resurrections can preserve copies that
otherwise would be lost. One example of resurrection
is the ribonuclease pseudogene in the bovine linage
(Trabesinger-Ruef et al., 1996). The conversion event
in this case removed a deletion and restored the amino
acid sequence. Other examples are found in the am-
ylase gene family in D. pseudoobscura in which gene
conversion retarded pseudogene evolution (Popadic
et al., 1996) or 18S rRNAs in D. melanogaster
(Benevolenskaya et al., 1997). Recently, gene con-
version has also been claimed to play a role in ad-
aptive peak shift (Hansen, Carter & Chin, 2000).
Hansen, Carter and Chin (2000) present a mathemat-
ical model in which mutations can accumulate in an
unconstrained pseudogene of the family and convert
a functional copy of the gene into a copy with new
function. Chiu et al. (1997) showed that the changes
accumulated in γ2 globin were transferred by gene
conversion to γ1 globin. These changes increase the
capture of oxygen from the mother’s blood.

Population genetic factors

Purifying selection through continued expression have
also been claimed to keep copies from degenerat-
ing. The production of abnormal products would be
harmful and will be selected against (Hughes, 1994;
Ohta, 1994). Some other families (immunoglobulins,
T-cell receptors, and major histocompatibility com-
plex genes) are maintained with efficient generation
of diversity through mutation, gene conversion, ba-
lancing selection, and/or birth and death of copies (Gu
& Nei, 1999; Sharon et al., 1999; Ohta, 2000). Given
the existence of heterozygous advantage for a gene,
pre-existing heterozygous benefit can be fixed for all
individuals in a population after the duplication of the
gene and fixation of a different allele in each gene
(Spofford, 1969; Ohno, 1970).

Subfunctionalization

Recently, Force et al. (1999) and Lynch and Force
(2000) have proposed a model in which the role of
complex promoter regions is considered. If the du-
plication occurs in a gene with complex promoter
region, complementary degenerative mutations can
occur in both regulatory regions making both copies
essential and preserving duplicates. The model is sup-
ported by the existence of developmental genes that
show temporal partitioning of expression (Force et al.,
1999). The role of subfunctionalization has been stud-
ied in mammalian developmental genes (Dermitzakis
& Clark, 2001). Dermitzakis and Clark (2001) studied
how different coding domains of developmental genes
evolve after duplication. Positive selection was found
to act in different regions of the gene in the different
copies. Coding subfunctionalization was claimed to
explain the results.

New functions

Novel functions arising in new genes are no doubt
important to maintain many newly generated gene
copies. Todd, Orengo and Thornton (2001) compared
a large number of protein superfamilies for which
structural information is available. They conclude that
all superfamilies exhibit functional diversity gener-
ated by local sequence variation and domain shuffling,
likely due to exon shuffling. If currently solved pro-
tein structures random, by sample the proteins in ge-
nomes, Todd et al.’s observation likely points to a high
evolutionary rate of new gene functions, thus suggest-
ing that evolution of new functions may be a factor
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maintaining a substantial proportion of new genes.
In addition, more and more particular examples are
accumulating in which positive selection played an
important role after duplication. There are examples
of positive selection driving the gene to fixation, di-
versifying function, and/or changing the function of
the gene (Long & Langley, 1993; Ohta, 1994; Nurm-
insky et al., 1998; Ting et al., 1998; Duda & Palumbi,
1999; Yi & Charlesworth, 2000). Additionally, it has
been demonstrated that transition to a new function
does not require many amino acid changes (Golding
& Dean, 1998), simplifying the gain of a new
function.

Concluding remarks

We have identified new gene acquisition as an impor-
tant component in the evolution of coding regions in
genomes. There are a number of mechanisms respon-
sible for this process, as we summarized above, with
ample evidence. An initial picture of the actual origin
of new genes is emerging. It seems that by far the most
general and important mechanism to generate new
copies of genes is the tandem duplication of genes.
The importance of other mechanisms has also been
shown; especially retrotransposition and transposition,
two mechanisms whose importance resides in allow-
ing movement of genes between chromosomes. A
genome wide study of exon shuffling also reveals that
protein evolution has centered not on domain inno-
vation but on domain architecture change. Horizontal
gene transfer has been confirmed as a major way in
which bacterial genomes innovate. However, what
part of these acquisitions increases complexity or only
redundancy remains unclear and a paradox. Recent
progress in identifying and characterizing new gene
functions and analyzing genomes has confirmed the
tremendous importance of Darwinian selection in fix-
ation and improvement of new gene structures. But
as we discussed in the introduction there are cases of
increase in size of coding regions without apparent in-
crease in functional complexity. One explanation that
does not conflict with other observations is that some
of these extra genes are transient redundant copies
whose fate is to be lost. The expansion of genome cod-
ing regions may be balanced by gene loss, a process
that has been revealed by analysis of genome se-
quences in some organisms (e.g. Aravind et al., 2000).
In addition, subfunctionalization would be a way of
maintaining additional coding regions without increas-
ing complexity. Much remains, both conceptually and

technically, in the domain of mystery. We do not know
how often new genes with novel functions originate in
genomes; little solid data are available. While genome
sequences provide a lot of information for computa-
tional analysis, they have not provided good indicators
to measure age of a new gene, a key parameter in the
study of new acquisitions. These challenges will stim-
ulate further efforts to explore new gene evolution, the
evolution of an important part of the genome.
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