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Bridges reported one of the earliest observations of gene duplication from the doubling of a 
chromosomal band in a mutant of the fruit fly, Drosophila melanogaster, which exhibited extreme 
reduction in eye size. Based on whole-genome analysis of Arabidopsis thaliana, there is compelling 
evidence that angiosperms underwent two whole-genome duplication events early during their 
evolutionary history. Recent studies have shown that these events were crucial for the creation of many 
important developmental and regulatory genes found in extant angiosperm genomes. Recent studies 
provide strong indications that even yeast (Saccharomyces cerevisiae), with its compact genome, is in 
fact an ancient tetraploid. Gene duplication is providing new genetic material for mutation, drift and 
selection to act upon, the result of which is specialized or new gene functions. Without gene 
duplication, the plasticity of a genome or species in adapting to changing environments would be 
severely limited. The era of whole genome sequencing of model organisms suggests a number of 
duplication events take place while evolving modern species. 
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INTRODUCTION 
 
An event in which one gene gives rise to two genes is 
generally known as duplication; in this, the two genes 
cannot be operationally distinguished from each other. 
Duplicated genes may remain in the same genome (known 
as paralogs) from where they arose and their presence 
may be in different genome (known as orthologs) after 
duplication. Gene duplication is believed to play an 
important role in evolutionary process by providing a 
chance to evolve new genes. Duplicated gene generates 
new opportunity for natural selection. At first Darwin 
published his idea about the “Origin of Species” but still it 
is a major issue. In 1900, when the rediscovery of Mendel‟s 
law was proposed it gave us a better understanding of 
how genetic variations exist for traits. However, Bridges 
in 1936 first identified bar eye locus in drosophila and its 

effect on eye shape when duplicated. Besides, recom-
bination duplication followed by diversification is one of 
the great paves for creation of variation. In 1970, Ohno, 
in his book, “Evolution by Gene Duplication”, had given a 
clear-cut idea about the origin of duplicated genes and 
the possible fate of gene duplication. He concluded that 
gene duplication is the only means by which a new gene 
can arise and argues that in the past whole genomes 
have been duplicated. Duplication may take place either 
in single genes, a segment of chromosome, whole chro-
mosome or even the whole genome of a species. Transi-
tion from invertebrates to vertebrate could occur only if 
whole genomes were duplicated (Ohno, 1970). It has 
been found that all the present day angiosperm has 
undergone large scale gene duplication or whole genome
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duplication (Bodt et al., 2005). Ohno‟s representation of 
duplication as evolutionary force opened up a new 
window to find out evolutionary consequences through 
research. The idea that gene duplication has a funda-
mental role in the origin of diversity suggested numerous 
proposals for knowing how a new gene copy can emerge 
from its predecessor and evolve a novel function. The 
use of molecular markers technologies and the sequence 
information of the model organisms opened up new win-
dows for carrying out research on duplication analysis, 
and determining the evolutionary pathways of  organisms 
became interesting work.  
 
 

MOLECULAR MECHANISMS OF GENE DUPLICATION 
 

Duplicated gene may be produced by unequal crossing 
over, retro-transposition, duplicated DNA transposition 
and polyploidization.  
 

 

Unequal crossing over  
 

This produces tandem repeated sequences, that is, con-
tinuous repeats of DNA sequence. Depending on the 
position of crossing over, the duplicated regions can con-
tain part of a gene, an entire gene, or several genes 
(Zhang, 2003). Unequal crossing over may lead to the 
evolvement of paraloguous gene through concerted evo-
lution (Hurst and Smith, 1998; Li, 1997). Crossing over in 
a bivalent carrying duplication in one of the two chromo-
somes may lead to different consequences. If the dupli-
cated segment pairs with its homologous segment in the 
other chromosome ignoring other homologous segments, 
then the unequal crossing over produces duplication of 
other segments Figure 1. If the duplicated segment is 
present in reverse orientation Figure 2 of the original 
segment or if duplication is present on the other arm, 
then the pairing followed by crossing over forms dicentric 
and acentric fragment. If there are duplicated segments 
on another non homologous chromosome Figure 3, 
crossing over with this duplicated region will produce two 
interchanged chromosomes (Gupta, 2007).  
 
 
Retroposition  
 

This is a process where messenger RNA (mRNA) of a 
gene is reverse transcribed to complementary DNA 
(cDNA) and then inserted into the genome. There are 
several molecular features of retroposition: lack of introns 
and regulatory sequences of gene, presence of poly- A 
sequence and presence of flanking short direct repeats. 
The major difference of this mechanism from unequal 
crossing over is the presence of introns. Introns are the 
short DNA sequence present in between the coding 
sequence of gene that splices out after transcription. If 
introns are present in the original genes, they will also be 
present in the duplicated genes through unequal crossing 

 
 
 
 
over, but absent in retrogenes. A duplicated gene gene-
rated by retroposition is usually unlinked to the original 
gene, because the insertion of cDNA into the genome is 
more or less random. Recent studies have found that 
retrogenes that land near other coding regions or even in 
the introns of expressed coding sequences are much 
more likely to be expressed than those that land far from 
coding sequences (Vinckenbosch et al., 2006). mi-RNAs 
are reported to be found in the intron, exons and interge-
neric regions of human genome. Duplication of mi- RNAs 
is one of the mechanisms for their evolution into human 
genome. mi-RNAs are arranged mostly in 5000-nt clus-
ters and their copies are scattered randomly throughout 
the genome at an average distance of 4.3 × 10

6
 bp. Com-

parison of miRNAs copies with the transposable elements 
(TEs) revealed that most miRNAs homologues (96%) 
propagate by DNA transposons and retroelements (Titov 
and Vorozheykin, 2011). 
 
 
Duplicative transposition  
 
Duplicative transposition of DNA sequences can be 
accomplished by one of two main pathways: nonallelic 
homologous recombination (NAHR) or non- homologous 
end joining (NHEJ). The difference between two path-
ways is based on whether homologous sequences are 
used as a template during double-strand break repair, 
and this difference can also be used to infer the mecha-
nism by which individual genes are duplicated. Recombi-
nation between these nonallelic homologous sequences 
can result in the duplication of the intervening sequences, 
which can then lead in turn to more duplications because 
of pairing between the new paralogs (Bailey et al., 2003). 
But other studies in human being have also found multi-
ple cases with no repetitive DNA or long stretches of 
homologous sequence at duplication breakpoints, sug-
gesting the action of NHEJ (Linardopoulou et al., 2005). 
Due to the relatively low proportion of duplicated sequen-
ces arranged in tandem in the human genome, it has 
been proposed that duplicative transposition is the major 
mode of duplication in humans (Samonte and Eichler, 
2002). The number of retrogenes maintained in both 
mammals (Pan and Zhang, 2007) and Drosophila is 
lower than the number maintained by DNA-based inter-
mediates (that is, unequal crossing-over and duplicative 
transposition), despite the fact that the mutation rate 
forming new retrocopies is higher (Pan and Zhang, 
2007). The lack of functional regulatory DNA is likely to 
be the reason that very few of these paralogs are main-
tained for long; only 120 functional retrotransposed gene 
copies have been maintained in the human genome over 
the past 63 million years (Vinckenbosch et al., 2006). 
 
 

Polyploidization  
 
The fourth major mechanism of duplicate gene formation is 
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Figure 1. Duplication present on the 
same arm of chromosome. 

 
 
 

 
 

Figure 3. Duplication on another arm. 
 

 
 

is polyploidization. Polyploidy is an evolutionary process 
whereby two or more genomes are brought together into 
the same nucleus, usually by hybridization followed by 
chromosome doubling. Ohno, in his book, pointed out 
that two rounds of genome duplication had taken place 
for the evolution of vertebrates. Recent studies provide 
strong indications about the importance of gene 
duplication in the origin of organisms. Even yeast 
(Saccharomyces cerevisiae), with its compact genome, is 
in fact an ancient tetraploid. A whole-genome duplication 
followed by massive gene loss and specialization has 
taken place during its evolutionary process (Kellis et al., 
2004). In plants, polyploidy was proposed to have 
occurred in the lineage of at least 70% of angiosperms 
(Masterson, 1994) and in 95% of pteridophytes (Grant, 
1981). Arabidopsis (Arabidopsis Genome Initiative, 2000) 
and rice (Goff et al., 2002) considered as classical dip-
loids are apparently ancient polyploids (paleopolyploids). 
Many higher plant species considered as diploids because 
of their genetic and cytogenetic behavior are ancient poly- 
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Figure 2. Duplication in reverse orientation. 

 
 
 
polyploids that have undergone a process of extensive 
diploidization. Thus, polyploidy is one of the major pro-
cesses that has driven and shaped the evolution of hig-
her organisms. 
 
 
DOES GENE DUPLICATION PROVIDE THE ENGINE 
FOR EVOLUTION? 
 
How life evolved from a few primordial genes to the more 
than twenty thousands of genes in higher organisms was 
a major issue in Darwinism. The current primary hypo-
thesis is that it occurred via gene duplication (Hurles, 
2004). Shanks (2004) concluded that „duplication is the 
way of acquiring new genes by organisms‟. They appear 
as the result of duplication. Ohno concluded that “gene 
duplication is the only means by which a new gene can 
arise”. Not only genes but whole genomes have been 
duplicated in the past, causing „great leaps in evolution 
such as the transition from invertebrates to vertebrates, 
which could occur only if whole genomes were duplica-
ted‟ (Ohno, 1970). Kellis et al. (2004) agree that „whole-
genome duplication followed by massive gene loss and 
specialization has long been postulated as a powerful 
mechanism of evolutionary innovation‟. Genome duplica-
tion has been proved to be major events for angiosperm 
evolution (Bodt et al. 2005). The two major branches of 
the angiosperms (eudicots and monocots), estimated to 
have diverged 125–140 to 170–235 mya (Davies et al., 
2004), show much more rapid structural evolution. This 
difference appears to be largely due to the tendency of 
angiosperms for chromosomal duplication and subse-
quent gene loss (Coghlan et al., 2005). Recent analyses 
of genome sequences suggest that genome duplication 
in angiosperms may be not merely episodic but truly 
cyclic, which causes various fitness advantages that erode 
over time, favoring new polyploidizations (Chapman et 
al., 2006). 
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THE FATES OF DUPLICATE GENES  
 
Whole-genome duplications result in new gene copies of 
every gene in a genome and, obviously, all the flanking 
regulatory sequences. All the genes after duplication may 
not undergo fixation as most of the genes get lost from 
the genome. The birth and death of genes is a common 
theme in gene family and genome evolution with those 
genes involved in the physiologies that vary greatly among 
species (e.g. immunity, reproduction and sensory sys-
tems) probably having high rates of gene birth and death. 
After fixation, the fate of the gene (s) is determined by the 
function of that gene(s) in the genome (Zhang, 2003).  
 
 

Pseudogenation 
 

Generally, carrying out two identical genes in a particular 
genome is not advantageous, as duplicated genes pro-
duce functional redundancy (Zhang, 2003). Pseudogeni-
zation, the process by which a functional gene becomes 
a pseudogene Figure 4, usually occurs in the first few 
million years after duplication if the duplicated gene is not 
under any selection (Walsh, 1995; Lynch and Conery, 
2000; Lynch et al., 2001; Harisson et al., 2002). There 
are two major forces through which duplicate genes 
undergo pseudogenation. These are mutation and dele-
tion where changes in pseudogenes occur through 
promoter mutation, splicing junction lost, nonsense muta-
tion or missense mutation (Harisson et al., 2002). Muta-
tion distracting the structure and function of one of the 
two genes is not removed by selection (Lynch and 
Conery, 2000; Lynch et al., 2001). Gradually, the muta-
tion containing gene becomes a pseudogene, which is 
either not expressed or become non-functional. After a 
long time, pseudogenes will either get deleted from the 
genome or become more diverged from the parental 
genes that they are no longer identifiable with the original 
genes. In humans and mice, the size of the olfactory 
receptor gene family (~1000) is similar but the percen-
tage of pseudogenes is >60% in humans and only 20% in 
mice (Rouquier et al., 2000; Mombaerts, 2001; Zhang 
and Firestein, 2002). This may be due to the lesser use 
of olfaction since the origin of hominoids, which can be 
compensated for by other sensory mechanisms such as 
better vision (Rouquier et al. 2000). 

Occasionally, it has been observed that pseudegenes 
may also serve some functions. One functional gene 
(VH1) that encodes the heavy chain variable region of 
immunoglobulin in chicken. Immunoglobulin diversity is 
generated by gene conversion (Hurst and Smith, 1998) of 
the VH1 gene (Ota and Nei, 1995).  
 

 

Conservation of gene function 
 

There are several known proteins present in cell where 
large quantity is required by the cell for proper func-
tioning. The first mechanism for maintaining a duplicate  

 
 
 
 
copy of gene proposed by Ohno (1970) was to simply 
increase the number of protein coding genes, where both 
loci maintain their original functions. Ohno (1970) pro-
posed two possible models why these duplicates would 
maintain the original functions. The first model states that 
a second gene could provide functional redundancy if the 
original locus was disabled by mutation. The second 
possibility for why exact copies of duplicated genes are 
maintained is that there is an advantage of producing 
more of a gene to accomplish the increased levels of 
protein production in the cells. The most commonly cited 
examples are the highly duplicated ribosomal RNAs nee-
ded for development and histone proteins. Now the ques-
tion arises: “how can two paralogous genes maintain the 
same function after duplication?‟‟ One of the possible 
mechanisms is concerted evolution (Li, 1997) and 
another is purifying selection (Nei et al., 2000). Concerted 
evolution: a mode of gene family evolution through which 
members of a family remain similar in sequence and 
function because of frequent gene conversion and/or 
unequal crossing over (Hurst and Smith, 1998; Li, 1997). 
Whereas strong purifying selection plays against muta-
tions that modify gene function which can prevent dupli-
cated genes from diverging. The difference between 
gene conversion and purifying selection can be described 
through synonymous or silent mutation; where, a synony-
mous nucleotide difference does not change the function 
of genes as the change in nucleotide in DNA sequence. 
Synonymous differences are more or less immune to 
selection and cannot be reduced by purifying selection 
whereas gene conversion homogenizes DNA sequences 
regardless of whether the differences are synonymous or 
non synonymous (Nei et al., 2000; Piontkivska et al., 
2002; Hurst and Smith, 1998). 
 
 
Sub-functionalization 
 

In general, the duplicate gene is deleterious for the ge-
nome or species (some exceptions like histone protein 
coding genes). Two genes with identical functions are not 
maintained generally in the genome unless duplicated 
gene product is advantageous (Nowak et al., 1997; Lynch 
and Conery, 2000). After duplication, both the daughter 
genes are maintained in the genome for a period of time 
when they differ in some aspects of their functions. This 
can occur by subfunctionalization Figure 4, in which each 
daughter gene adopts part of the functions of their 
parental gene (Hughes, 1994; Force et al., 1999; Lynch 
and Force, 2000). For example, a pair of transcription 
factor genes in zebrafish is engrailed-1 and engrailed-1b 
generated by a chromosomal segmental duplication. 
Engrailed-1 is expressed in the pectoral appendage bud, 
whereas engrailed-1b is expressed in the neurons of 
hindbrain/spinal cord. Despite the sole engrailed-1 gene 
of mouse, orthologous to both genes (engrailed-1 and 
engrailed-1b) of the zebrafish is expressed in both 
pectoral appendage bud and hindbrain/spinal cord (Force
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Figure 4. Diagrammatical representation of consequences of duplicated genes and the role of 

duplication evolving different gene function. 
 
 
 

et al., 1999). Subfunctionalization of homeologous genes 
has great importance for speciation. If duplicated genes 
are subfunctionalized or reciprocally lost in geographi-
cally isolated populations and when such individuals from 
each population are united, it can lead to hybrids that lack 
both copies of a duplicated gene pair, resulting in hybrid 
inviability, reproductive isolation and speciation (Werth 
and Windham, 1991; Lynch and Force, 2000; Taylor et 
al., 2001). 
 
 

Neo-functionalization 
 

Origin of novel gene function is one of the most important 
outcomes of gene duplication.  Gene duplication allows 
the evolution of genes with new functions Figure 4. Dupli-
cation followed by selection plays a major role in evolu-
tion as the selection maintains the initial amplification and 
beneficial mutant alleles where the less improved genes 
get lost from the genome (Nasvall, 2012).  The evolution 
of a novel fruit shape in tomato (Solanum lycopersicum) 
SUN and its progenitor (IQD12) evolved by the chance of 
duplication. A plant specific protein (67 amino acid motif 
called IQ67) produced the gene (SUN) into a new regula-
tory context belonging to a gene family that is involved in 
calmodulin signaling. SUN is expressed at much higher 
levels during the early stages of fruit development, and 
up-regulation correlates with an elongated fruit shape 
instead of round type fruit produced by gene IQD12 (Xiao 
et al., 2008). In contrast to that, the natural allopolyploid 
Arabidopsis suecica is readily resynthesized in the labo-
ratory from its model progenitors, A. thaliana and 
Arabidopsis arenosa. An interesting feature of this allo-
polyploid was found; it grows to a larger stature and 
produces more biomass than either of its parents. Most of 
the genes up-regulated in allotetraploid were CCA1 
(circadian clock associated 1), which showed that CCA1 
and LHY were epigenetically suppressed in the allopoly-

ploid and that this suppression strongly correlates with 
increased starch synthesis and chlorophyll content, ulti-
mately leading to greater plant biomass (Ni et al., 2009). 

 
 
DUPLICATION IN RELATION TO DIVERSITY AND 
SPECIATION 

 
Duplication may take place in a part of gene, the whole 
gene, part of genome or the whole genome. Whole 
genome duplication leads to doubling of large quantity of 
genes at once and this provides large potential source of 
novelty. Selection pressure (neither completely randomly 
nor deterministically) would play out in different ways in 
different populations in different climatic situation Figure 
5, potentially leading to increased rates of speciation 
(Christian et al., 2007). Genes that are duplicated by 
polyploidy could be expressed at equal levels, or there 
could be unequal expression or silencing of one copy. 
Most gene pairs formed by a WGD have only a brief 
lifespan before one copy becomes deleted, leaving the 
others to survive as a single-copy locus (Wang et al., 
2004). Studies of newly created synthetic polyploids 
revealed that silencing of some duplicated genes often 
resulted in the onset of allopolyploidy (Wang et al., 2004, 
Kashkush et al., 2002; He et al., 2003), indicating that 
gene silencing is a common response to polyploidy. It is 
expected that the probability of retention is initially equal 
for both duplicates following WGD, but recent findings 
have suggested that one duplicate may be more suscep-
tible to loss than others. It has been found that in 
Arabidopsis thaliana, one paralogon (duplicated genomic 
region) tends to contain significantly more genes than the 
others (Thomas et al., 2006). Silencing of genes can take 
place immediately at the first generation following poly-
ploidy, although some genes are not silenced until later 
generations (Wang et al., 2004). Silencing and expression
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Figure 5. The process of gene diversification after duplication through natural selection. 

 
 
 

of genes are many complex phenomenons as varying 
levels of gene expression are observed at organ level. 
Some duplicated genes are silenced immediately upon 
allopolyploidy in some organs of the plant but remain 
expressed in other organs (Adams et al., 2003).  There is 
strong evidence for one round of genome doubling after 
the eudicot divergence and a second polyploidization 
event sometimes following the divergence of Arabidopsis 
and Brassica from their common ancestor with the 
Malvaceae, represented by cotton (Adams and Wendel, 
2005). 

It has been demonstrated recently that most eudicot 
plants are descendents of an ancient hexaploid ancestor 
(Jaillon et al., 2007), subsequently followed by lineage-
specific tetraploidizations in some taxa: Populus (Tuskan 
et al., 2006; Jaillon et al., 2007), Arabidopsis (Bowers et 
al., 2003; Blanc et al., 2003 and Simillion et al. 2002), 
legumes (Cannon et al., 2006), but not recorded in Vitis 
(Jaillon et al. 2007). WGD has been proposed to be a 
lineage splitting force because of the subsequent occur-
rence of gene losses independently in different popula-
tions. In particular, reciprocal gene loss (RGL) occurs 
when two paralogs created by WGD are retained until 
speciation, after which each species loses a different 
copy (Scannell et al., 2006; Semon and Wolfe, 2007). 
After duplication, one of the two redundant copies of a 
gene should be free to accumulate mutation and become 
lost from the genome or gain some function without any 
consequence (Ohno, 1970). One analysis was performed 
just after artificial allopolyploidization in cotton where one 
paralog was silenced or down regulated in 5% of the 
gene pairs and that silencing was often organ-specific 
(Adams et al. 2004). 
 

 

GENOME DUPLICATION AND THE ORIGIN OF 
ANGIOSPERM 
 

It  has  been  suggested that large-scale gene duplication  

or whole-genome duplication events can be associated 
with important evolutionary transitions and a major leaps 
in development of modern species. Angiosperms appear 
rather suddenly in the fossil record during the Jurassic 
(208–145 million years ago), with no obvious ancestors 
for a period of 80–90 million years before their appea-
rance (Doyle and Donoghue, 1993). This ancestral lineage 
is coined „angiophytes‟. It is presumed that angiophytes 
went through a period of little diversification during the 
late Triassic (220 Mya) and Jurassic, probaby because of 
the diversity-enhancing features, such as flowers (Wing 
and Boucher, 1998). 

The recent transitional–combinational theory of the 
angiosperm origin suggests an evolution from Jurassic 
seed ferns through three fundamental transitions: (i) evo-
lution of the carpel; (ii) emergence of double fertilization; 
and (iii) origin of the flower. The extant (or modern) 
angiosperms did not appear until the Early Cretaceous 
(145–125 Mya), when the final combination of these three 
angiosperm features occurred, as supported by evidence 
from micro- and macrofossils (Stuessy, 2004). The fossil 
record provides supporting evidence for this rapid diver-
sification in floral form during the earliest phases of 
recorded flowering plant history. This diversification of 
angiosperms occurred during a period (the Aptian, 125-
112 Mya) when their pollen and mega fossils were rare 
components of terrestrial floras and species diversity was 
low (Crane et al., 1995). Angiosperm fossils show a 
dramatic increase in diversity between the Albian (112–
99.6 Mya) and the Cenomanian (99.6-93.5 Mya) at a 
global scale (Crane et al., 2004). 

In 1996, when the sequencing of the flowering plant A. 
thaliana (Brassicaceae) genome began with its small 
genome, it was not expected to be an ancient polyploid. 
However, five years after the release of its genome 
sequence, there is compelling evidence that the Arabidopsis 
genome, or rather that of its ancestors, has been duplica-
ted three times (events referred as 1R, 2R and 3R) during 



 
 
 
 
the past 250 million years along with small scale 
continuous duplication (Sterck et al., 2007). Ancient poly-
ploidy events might have directly influenced the increase 
in the number of plant species and plant complexity 
observed since the Early Cretaceous. Blanc and Wolfe 
(2004) studied the relationship between gene function 
and duplicate loss after the most recent polyploidy event 
(3R). Recently, Maere et al. (2005) developed an evolu-
tionary model based on the KS distribution of the 
Arabidopsis paranome where they took into account the 
three major genome-wide duplication events (1R, 2R and 
3R) and a continuous mode of small scale gene duplica-
tions (referred to as 0R). These studies all concluded that 
genes involved in transcriptional regulation and signal 
transduction have been preferentially retained following 
genome duplications. Similarly, developmental genes 
have been observed to be retained following genome 
duplications, particularly following the two oldest events, 
that is, 1R and 2R (Maere et al., 2005). Overall, the three 
polyploidy events in the ancestors of Arabidopsis might 
have been responsible for >90% of the transcription fac-
tors, signal transducers and developmental genes crea-
ted during the past 250 million years.  

S-adenosyl-l-methionine (SAM) dependent O-methyl 
transferases (OMTs) proteins are involved in the methy-
lation of various secondary metabolites. Phylogeny across 
land plant lineages showed that OMT genes were distri-
buted in two main classes, also suggesting that they have 
evolved by a gene duplication that had happened in the 
ancestor of land plants (Barakat  et al., 2011). Soybean 
undergoes two separate polyploidy events resulting in 
75% of genes present in multiple copies. Multiple events 
have taken place over the duplicated genes where sub 
functionalization, neo functionization, non functionaliza-
tion or even the epigenetic or positional regulations play a 
role for gene regulation (Roulin et al., 2012).  
 
 

DUPLICATION ANALYSIS IN MODEL ORGANISMS 
 

Since 1990, the sequencing project has been launched in 
different organisms at different period of time; it revealed 
to us how to analyze the evolutionary pattern of different 
species by different chromosome rearrangements. The 
similarity and colinearity analysis of different species or 
within species among different chromosome has clearly 
shown the process of genome duplication over time and 
their role in species diversification. A cluster of resistance 
genes namely Tak703-1, Lrr703, Tak703, and Lrk703 have 
been identified in the D genome of wheat, where the 
structural cluster unit is conserved in nine grass genomes. 
Duplication has played major role in the Tak/Lrk evolution 
in oats, maize, barley, wheat, sorghum, and Brachypodium, 
while tandem duplication drove the expansion of this 
locus in japonica rice (Wang et al. 2013). Duplication 
analysis of some of the model organisms based on the 
genome sequencing data or comparing them with other 
species is described briefly as follows. 
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Duplication in arabidopsis genome (The Arabidopsis 
Genome Initiative, 2000) 
 
The Arabidopsis Genome Initiative in 2000 published 
sequence analysis on model flowering plant, Arabidopsis. 
They used large-insert bacterial artificial chromosome 
(BAC), phage (P1) and transformation-competent artificial 
chromosome (TAC) libraries as the primary substrates for 
sequencing. The Arabidopsis genome sequence provides  
a complete view of chromosomal organization and clues 
to its evolutionary history. It revealed 1,528 tandem arrays 
containing 4,140 individual genes covering 17% of all genes 
of Arabidopsis.  All the five chromosomes of Arabidopsis 
were aligned with each other in both orientations using 
MUMmer; and all segments were identified at least 1,000 
bp in length; and 50% identity which revealed 24 large 
duplicated segments of 100 kb or larger, comprising 
65.6Mb or 58% of the genome. But using TBLASTX to 
identify collinear clusters of genes in large duplicated 
chromosomal segments showed duplicated regions en-
compassing 67.9Mb, 60% of the genome. This study 
revealed a tetraploid ancestor was the progenitor of 
present day Arabidopsis as the majority of the Arabi-
dopsis genome is represented in duplicated segments 
(Gaut and Doebley, 1997). A comparative sequence 
analysis of Arabidopsis and tomato estimated that dupli-
cation occurred in 112 Myr ago to form a tetraploid. The 
degrees of conservation of the duplicated segments 
might be due to divergence from an ancestral autotetra-
ploid form, or might reflect differences present in an allo-
tetraploid ancestor (Ku et al., 2000). 
 
 

Duplication in Saccharomyces cerevisiae 
 

Wolfe and Shields (1997) interpreted the presence and 
distribution of such regions in the S. cerevisiae genome 
as supporting a model of WGD. Kellis et al. (2004) 
showed that S. cerevisiae arose from complete duplica-
tion of eight ancestral chromosomes, and subsequently 
returned to functionally normal ploidy by massive loss of 
nearly 90% of duplicated genes in small deletions. They 
identified 145 paired regions in S. cerevisiae, tilling 88% 
of the genome and containing 457 duplicated gene pairs. 
The experiment was conducted by using Kluyveromyces 
waltii, closer to S. cerevisiae to identify orthologous 
regions. In contrast to the 1:1 mapping seen for close 
relatives19, most local regions in K. waltii are mapped to 
two regions in S. cerevisiae, with each containing mat-
ches to only a subset of the K. waltii genes. This clearly 
proved the evidence that ancient whole genome duplica-
tion would occur in the previous lineages of yeast. 
 
 

Gene and chromosome duplication in rice (Report of 
IRGSP) 
 

The International Rice Genome Sequencing Project was 
organized to achieve >99.99% accurate sequence using  

http://www.ncbi.nlm.nih.gov/pubmed?term=Barakat%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21338660
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Table 1. Duplication analysis in rice genome. 
 

Chromosome number Gene Paralog 

1 4,467 956 (21.4%) 

2 3,011 616 (20.5%) 

3 3197 493 (15.4%) 

4 2,679 689 (25.7%) 

5 2,426 472 (19.55) 

6 2,342 484 (20.7%) 

7 2,507 568 (22.7%) 

8 2,286 489 (21.4%) 

9 1,618 323 (20.4%) 

10 1,724 433 (25.1%) 

11 1,834 557 (30.4%) 

12 1,870 497 (26.6%) 

TOTAL 29,961 6577 (22.0%) 
 
 
 

Table 2. Rice Arabidopsis synteny. 

 

Chromosome number Significant threshold (99.99%) 

1 41 

2 34 

3 31 

4 11 

5 20 

Total 137 
 
 
 

a mapped based cloned sequencing strategies. More 
than 104,000 EST from a variety of rice tissue has been 
developed in EST database. Goff et al. (2002) describe a 
random shotgun sequencing of Oryza sativa L. ssp. 
Japonica (cv. Nipponbare) to discover rice genes, mole-
cular markers for breeding and to mapped sequences for 
association of candidate genes. Using BLAST for com-
paring all H genes and M genes it was found that 77% 
were homologous to at least one other predicted genes. 
Chromosomal duplication was identified by comparing 
(BLASTN) more than 2000 mapped rice cDNA markers to 
the anchored portion of Syd. and it was observed that 
locally duplicated genes ranged from 15.4 to 30.4%, de-
pending on the chromosome Table 1. The largest dupli-
cation is on the chromosomes 11 and 12. The amino acid 
substitution rate (dA) was used to estimate the whole 
genome duplication that occurred in rice around 40 – 50 
million years ago. Synteny analysis between rice and 
Arabidopsis chromosome showed 137 high confidence 
sytnenic groups at 99.9% threshold level (Table 2). 
 

 
CONCLUSION  
 

The most important contribution of gene duplication to-
wards evolution is providing new genetic material for 
different mechanisms of evolutions, that is, mutation, drift 
and  selection  to  act  upon, the result of which is specia- 

 
 
 
 
lized or new gene functions. Duplication increases buf-
fering activity of genome or species in adapting to chan-
ging environments where no more than two variants 
(alleles) exist at any locus within a (diploid) individual. 
Although, duplicated genes and genomes can provide the 
raw material for evolutionary diversification and the func-
tional divergence of duplicated genes might offer a 
selective advantage to polyploids over a long time period, 
a beneficial effect of these duplications is assumed 
shortly after the duplication event. Lynch has suggested 
that differential gene duplication and pseudogenization in 
geographically isolated populations cause reproductive 
isolation and speciation, although this intriguing hypo-
thesis awaits empirical evidence. 
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