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11.1 Introduction

Cytologists have long documented differences in chromo-

some number and organization among plants, but the truly

dynamic nature of plant genome evolution is only becoming

apparent with fully sequenced and assembled genomes. A

major result of these new data is that duplication—of single

genes, chromosomes, and whole genomes—is a major force

in the evolution of plant genome structure and content. For

example, genomic comparisons among divergent animals

are able to recover significant signatures of synteny (Hiller

et al. 2004), but less divergent flowering plant genomes often

demonstrate relatively lower large-scale collinearity because

of cycles of polyploidy and diploidization (Tang et al. 2008;

Salse et al. 2009). Among individuals and closely related

species, copy number variation and changes in gene family

size are now recognized as critical sources of genetic varia-

tion (Lynch 2007). Duplication and subsequent resolution

have yielded a continually changing genome whose ele-

ments are constantly turning-over. Although gene and

genome duplication has long garnered attention as a poten-

tially important source of evolutionary novelty (Haldane

1933; Stebbins 1950; Ohno 1970), the perspective of a

dynamic plant genome fueled by duplication and loss stands

in contrast to classical concepts of a largely stable genome.

In this chapter we provide an overview of how duplication-

driven genomic turn-over has influenced the evolution and

diversity of plant genomes.

11.2 Frequency and Sources of Duplications
in Plant Genomes

Plant and other eukaryotic genomes contain an abundance

of duplications with a variety of origins. The power of these

duplications to influence evolution is attenuated by the rate

and nature of gene birth and death. In most eukaryotes,

including plants, plots of the age of all gene duplications in
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a single genome demonstrate an exponential or power-law

distribution, generally with a steep curve indicative of high

birth and death rates (Fig. 11.1). An immediate result appar-

ent from these types of plots is that most duplicated genes do

not survive very long. However, polyploidy, or whole

genome duplication, yields a large and enduring signature

in such plots (Fig. 11.1b). Although these polyploid peaks

are observable even after many millions of years because

of the scale of gene birth, the signal likely persists longer

than expected because some gene classes are known to be

strongly retained in duplicate following polyploidy (Maere

et al. 2005; Doyle et al. 2008; Edger and Pires 2009). Thus,

the nature of gene birth has a significant impact on the

ultimate fate of duplicates.

How often does a gene duplicate in the average plant

genome? Lynch and Conery (2003) measured the birth rate

(B) of genes in Arabidopsis thaliana to be 0.0032 with a

death rate (D) of 0.033 on a time scale of 1% synonymous

divergence per gene for a single individual. Using an alter-

native approach, Maere et al. (2005) arrived at a nearly

identical B for Arabidopsis—0.03 per 10% synonymous

divergence. Although these estimates are based on the ini-

tial peak of duplications and should not be confounded

by paleopolyploidy, it is possible that the presence of

paleopolyploid duplicates influences the birth and death

rates of these young, ongoing duplications in plant genomes.

To evaluate this possibility, we used Lynch and Connery’s

(2003) method to estimate birth and death rates for the

recently sequenced genome of Selaginella moellendorffii
(Banks et al. 2011), the only sequenced plant without evi-

dence of ancient polyploidy. We estimate B ¼ 0.00883 and

D ¼ 0.0999 for S. moellendorffii on a scale of 1% synony-

mous divergence. Although these rates are higher than

Arabidopsis, the B/D ratios (Arabidopsis B/D ¼ 0.0970;

Selaginella B/D ¼ 0.0883) are similar, suggesting that

paleopolyploidy likely has a negligible impact on the birth

and death rates of ongoing gene duplication in plant

genomes. Notably, these B/D ratios are the highest estimated

rates among sampled eukaryotes, but still of the same order

of magnitude (Lynch and Conery 2003). Overall birth

rates in most plant genomes will be much higher than these

estimates from the initial slope of the birth-death curve

because of ancient polyploidy.

To put these rates of gene birth and death into perspective,

it is useful to compare them to other evolutionary events. For

example, the average gene birth rate for eukaryotes is

approximately 40% of the rate of mutation per nucleotide

site (Lynch 2007). Arabidopsis and Selaginella are within the

reported range with rates of gene duplication—excluding

polyploidy—of nearly 32% and 88% the rate of mutation

per nucleotide site. If a whole genome duplication occurs at

least once per 100% synonymous divergence—a reasonable

estimate for most angiosperms (Blanc and Wolfe 2004a, b;

Pfeil et al. 2005; Cui et al. 2006; Barker et al. 2008; Tang

et al. 2008; Shi et al. 2010)—then the rate of duplication for

plant genes will often exceed the mutation rate over the time

scale it takes to achieve mutational saturation. Considering

that some whole genome duplications are actually tripli-

cations (Jaillon et al. 2007) or possibly higher multiples,

and that many plant genomes have experienced more than

one round of polyploidy on a time scale of 100% synony-

mous divergence (e.g., Cui et al. 2006; Barker et al. 2008; Shi

et al. 2010), the genome-wide rate of gene duplication is

substantially higher than the rate of mutation per nucleotide

in plant genomes on a long time scale.

Fig. 11.1 Age distribution of

gene duplications from multiple

nuclear gene family phylogenies.

(a) Selaginella moellendorffii
(Banks et al. 2011), the only

sequenced plant genome without

an ancient polyploidy.

(b) Helianthus argophyllus
(Barker et al. 2008) with a

paleopolyploidy visible as a large

peak of gene duplications
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11.2.1 Small-Scale Duplications: Segmental
Duplication

Both large and small-scale duplication events produce new

genes in plant genomes. Although large-scale duplication

events such as whole genome duplications have received

significant attention among plant biologists, much more

frequent but small-scale duplication events have contributed

similar quantities of paralogs. Nearly 25% of the genes in

Arabidopsis are the product of ancient whole genome

duplications (Blanc et al. 2003), but nearly 16% of the

genes occur as tandem duplicates (Rizzon et al. 2006), just

one class of small-scale duplications. Lynch (2007) describes

four mechanisms for the origin of gene-sized duplications

in eukaryotic genomes that are collectively referred to as

segmental duplications. These include tandemly duplicated

genes derived from replication errors such as strand slip-

page or unequal crossing-over, the replication and ectopic

insertion of genes downstream from sloppily transcribed

non-LTR retrotransposons, the capture and incorporation

of new genes from DNA inserts during repair of double-

strand breaks, and duplication by ectopic exchange when

the ends of a double-strand break invade a non-homologous

region and initiates a recombination event that copies a

gene(s) by strand extension before repair of the broken

chromosome.

Analyses of plant genomes indicate that these mech-

anisms actively and variously contribute to the repertoire

of gene families across the plant phylogeny. For example,

unequal crossing over appears to have been responsible for a

large fraction of tandemly arrayed genes in Arabidopsis
thaliana and Oryza sativa (Rizzon et al. 2006). Consistent

with duplication by unequal crossing over, Rizzon and

colleagues (2006) found nearly 80% and 88% of the

tandemly arrayed genes in rice and Arabidopsis, respec-

tively, are in direct orientation. Other mechanisms, such as

intrachromosomal recombination between repeats, generally

produce tandem duplicates that are oriented in opposite

directions (Schuermann et al. 2005). Thus, unequal crossing

over appears to be responsible for ~14% and ~11% of the

genes in the Arabidopsis and rice genomes, respectively.

Other mechanisms of segmental duplication have also

produced abundant duplications in plant genomes. In partic-

ular, repetitive DNA constitutes a large fraction of plant

genomes and is an important mechanism of genome size

evolution (Leitch et al. 2005). Much of this repetitive DNA

is non-coding and derived from a variety of mobile genetic

elements. However, many genes or at least gene fragments

may be duplicated along with mobile elements. For example,

mutator-like elements (MULEs) are associated with the

transduplication of more than 1,300 genes or gene fragments

in rice (Jiang et al. 2004; Juretic et al. 2005). Although most

transduplicated gene fragments are pseudogenes (Juretic

et al. 2005), some transduplicated genes may be active and

contribute to phenotypic evolution (Jiang et al. 2004). An

outstanding case is the retrotransposon mediated gene dupli-

cation of a SUN gene in a cultivar of Solanum lycopersicum.

SUN is a major gene involved in the control of fruit

shape, particularly length, in tomato. By mapping and posi-

tionally cloning the SUN locus, Xiao and colleagues (2008)

discovered that the region, which encoded a member of a

IQ67 domain-containing family, arose by duplication of a

24.7 kb fragment mediated by the Rider long terminal

repeat retrotransposon. Critically, duplication and move-

ment of this gene led to increased SUN expression that

significantly altered the phenotype. Considering the fre-

quency of repetitive elements in plant genomes, their

potential contributions to both gene and gene expression

evolution may be significant.

Functionally transduplicated gene families may also

expand selfishly and contribute little to the host organism.

Hoen and colleagues (2006) recently found evidence for

functional transduplication and expansion of a family of

ULP-like genes in Arabidopsis associated with MULEs.

Unlike most functional cellular gene families, these ULP-

like genes were targeted by small RNAs and silenced in most

tissues but with elevated expression in the pollen. Further

analyses indicate that these genes may actually encode for

proteins that disrupt host transposon-silencing mechanisms.

Thus, this gene family may be selfish rather than contri-

buting to cellular processes.

Perhaps more significant for the origin of new functional

paralogs and synteny evolution is the discovery of single-

gene transposition in plant genomes. Strikingly, Freeling and

colleagues (2008) found evidence that 25–75% of all genes

in Arabidopsis have moved location by single-gene transpo-

sition since divergence from Carica. Recent analyses in

maize (Woodhouse et al. 2010) have uncovered evidence

that flanking repeats are associated with many of these

transposed genes as well as membership in tandem arrays,

suggesting that intrachromosomal recombination between

tandem arrays may be responsible for the duplication and

movement of these sequences. Evidence for a similar pro-

cess has been found among other plant lineages, particularly

the nucleotide-binding site (NBS)-Leucine-rich repeat

(LRR) gene family in Medicago. Composed of 400–500

members, the NBS-LRR gene family in Medicago appears

to have expanded through a combination of tandem duplica-

tion and transduplication (Ameline-Torregrosa et al. 2008).

Additional high quality genome sequences, especially from

relatively closely related plants where mutation and turnover

has not completely erased the genomic footprints of dupli-

cation mechanisms, are needed to further resolve the con-

tribution of various molecular processes and ultimately

evolutionary forces that drive segmental duplications in

plant genomes.
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11.2.2 Large-Scale Duplications: Polyploidy

Perhaps one of the largest changes ushered in by analyses of

plant genomes is a paradigm shift on the importance of

polyploidy, or whole genome duplication, in the evolution

of plant genome organization and diversity. Prior to genomic

analyses of the Arabidopsis genome that uncovered evidence

of ancient whole genome duplications (Vision et al. 2000),

some researchers had come to regard polyploid species as

nothing more than evolutionary “dead-ends” (e.g., Wagner

1970). Despite accounting for an abundance of extant plant

diversity—nearly 35% of vascular plants are recent poly-

ploids (Wood et al. 2009)—some botanists surmised that

polyploidy had, for various reasons, not replaced diploidy

as the predominant genetic system and thus polyploids must

largely go extinct (Wagner 1970; Stebbins 1971). Although

analyses of recent polyploids show that most polyploid spe-

cies go extinct at much higher rates than related diploids

(Mayrose et al. 2011), a fraction of the polyploid species

formed over the history of plant evolution have survived and

their legacies are evident in plant genomes. Analyses of the

Arabidopsis genome revealed that a plant long-considered a

model diploid species was in fact an ancient polyploid that

had experienced at least three rounds of paleopolyploidy that

were obscured by gene fractionation and genetic diploi-

dization over millions of years (Vision et al. 2000; Blanc

et al. 2003; Bowers et al. 2003). Additional analyses of

plant genomic data have uncovered evidence of widespread

paleopolyploidy across the plant phylogeny (Blanc and

Wolfe 2004a; Pfeil et al. 2005; Cui et al. 2006; Barker

et al. 2008, 2009; Tang et al. 2008; Shi et al. 2010), including

duplications before the origin of seed plants and angio-

sperms (Jiao et al. 2011). Far from being an evolutionary

dead-end, polyploidy has occurred repeatedly throughout

the evolutionary history of plants.

Unlike ongoing small-scale segmental duplications that

often produce dead-on-arrival genes or gene fragments,

polyploidy punctually creates functional copies of the entire

genome. This scale of duplication means that although

polyploidies occur at a much lower rate than for example,

tandem duplications, they still have a large impact on gene

content. The fraction of genes in contemporary “diploid”

genomes directly derived from paleopolyploidy varies, but

is generally substantial. Near the low end of the range for

plants is Arabidopsis thaliana with nearly 25% of its genes

derived from paleopolyploidy (Blanc et al. 2003). Other

plants generally have higher fractions of genes retained

from ancient polyploidy: 50% in rice (Wang et al. 2005),

67% in soybean (Schmutz et al. 2010), and ~30% in Populus
(Tuskan et al. 2006). The time since polyploidy and the

number of duplications does not appear to entirely explain

the different contributions of polyploidy to plant genomes.

For example, Arabidopsis genome has been multiplied at

least 12 times (Tang et al. 2008) yet contains fewer genes

and chromosomes than Vitis (Jaillon et al. 2007) whose

genome has been multiplied only six times (Tang et al.

2008). Considering that Arabidopsis has also experienced

two rounds of whole genome duplications since its diver-

gence from Vitis (Tang et al. 2008; Barker et al. 2009), it is

indicative that variation in rates of gene fractionation and

diploidization are just as important as new duplications for

shaping the content of plant genomes.

It is important to note that although polyploidy has

directly produced a significant fraction of the genes present

in many plant genomes, the current complement of

genes does not appear to be entirely dependent on poly-

ploidy. A single sequenced plant genome, Selaginella

moellendorffii, demonstrates no evidence of paleopolyploidy

(Banks et al. 2011). However, its genome contains 22,285

annotated genes, nearly 85% of the annotated gene count in

Arabidopsis thaliana (Haas et al. 2005). Selaginella’s rela-
tively small genome size and low gene count—the lowest

among sequenced land plant genomes—is probably partially

attributable to its lack of paleopolyploidy. Although poly-

ploidy has clearly been a predominant force in creating new

genes in many plant genomes, the fact that the Selaginella

genome contains nearly as many genes as an angiosperm

whose genome has been multiplied at least 12 times under-

scores that polyploid history does not, by itself, predict

the current complement of genes in plant genomes.

11.3 Differential Fates of Duplicated Genes
in Plant Genomes

11.3.1 Introduction and Nonfunctionalization

Newly duplicated genes face several possible fates, but most

frequently one member of a newly formed gene pair is lost

(Walsh 1995). This is because the rate of deleterious muta-

tion is much higher than that of beneficial mutation (Kimura

1983), and if duplicated genes act redundantly one copy may

eventually accumulate deleterious mutations and undergo

pseudogenization. Computational simulation supports the

view that the rate of gene loss after duplication is at least

an order of magnitude higher than gene divergence (e.g.,

Ohta 1987; Walsh 1995). One need only look at the steep-

ness of the Ks curve for duplicate genes in any eukaryotic

genome to see that there are many young duplicates but that

relatively few persist. Although the reversion to single copy

after gene duplication is expected, there are still numerous

duplicated genes retained in all eukaryotic genomes studied.

Several different models have been proposed that attempt to

explain why and how duplicates are retained (Fig. 11.2).

Here we attempt to only provide a more detailed introduc-

tion for three predominant models: (1) Neofunctionalization;
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(2) Subfunctionalization; and (3) Gene dosage balance.

More complete discussion of all the proposed routes to

duplicate gene retention can be found in recent reviews,

e.g., Sémon and Wolfe (2007), Conant and Wolfe (2008),

Hahn (2009), and Innan and Kondrashov (2010).

11.3.2 Neofunctionalization

Long hypothesized to be an important source of new varia-

tion (Harland 1936; Stephens 1951; Ohno 1970), the

neofunctionalization model anticipates the gain of a new

function by one gene of a duplicated pair. In this model,

duplicated genes are expected to have redundant function so

one copy is free to accumulate mutations without affecting

the gene’s ancestral role. Either rapidly or over a long period

of time, this copy may gain a new function. As discussed

below with various examples, this process may happen by

completely neutral processes (Dykhuizen–Hartl effect), as

an adaptive process (positive Darwinian selection), or by

some combination of the two.

11.3.2.1 Dykhuizen–Hartl Effect (Neutral Process)
In this scenario, a new function arises as a by-product of the

accumulation of chance mutations in the cis-regulatory or

protein coding regions. Critically, these neutral mutations

become prevalent in the population by genetic drift, a domi-

nant process in eukaryotes with small population sizes.

Although initially increased in frequency by non-adaptive

mechanisms these mutations might later become adaptive,

especially if the ecological or biochemical environment

changes, the so called Dykhuizen–Hartl effect (Kimura

1983). Thus, there may be no need for positive Darwinian

selection to drive the acquisition of a new function. Liu and

Adams (2010) provide a potential example that shows

neofunctionalization of a duplicated gene by neutral process.

They studied a pair of duplicated genes, Short Suspensor
(SSP) and Brassinosteroid Kinase 1 (BSK1), derived from

the most recent Brassicaceae-wide paleopolyploidization,

the At-a duplication (Tang et al. 2008; Barker et al. 2009).

After gene duplication, SSP underwent both expression reg-

ulatory and protein sequence changes, acquiring a pollen-

specific expression pattern and the loss of a protein kinase

domain. Changes to both cis-regulatory and protein coding

regions allowed SSP to gain a new function, transitioning

from being a component of the brassinosteroid signaling

pathway to a paternal regulator of early embryogenesis.

Although SSP experienced accelerated amino acid changes,

a codon-based statistical method for testing positive selec-

tion supported a relaxation of purifying selection instead of

positive Darwinian selection, suggesting that the neofunctio-

nalization of SSP may be the result of neutral processes (Liu

and Adams 2010).

11.3.2.2 Positive Darwinian Selection (Adaptive
Process)

The second scenario is neofunctionalization by an adaptive

process. Positive Darwinian selection may play an important

Fig. 11.2 Alternative fates of

duplicated genes in plant

genomes. Panels (a–d) upper
gene model depicts

preduplication ancestor, below
are the duplicates. (a) Protein

subfunctionalization. (b)

Expression subfunctionalization.

(c) Protein neofunctionalization.

(d) Expression neo‐
functionalization. Panels (e–g)

portray dosage-sensitive genes

and macromolecular complexes

produced from their products. (e)

A dosage sensitive gene

contributing a component to a

macromolecular product. (f)

Small scale duplication, gene

dosage is unbalanced. (g) Large

scale duplication resulting in

duplication of all genes in the

pathway and balanced gene

dosage
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role in promoting the fixation of beneficial mutations in one

member of a new duplicate pair, facilitating neofunctiona-

lization following duplication. Under this model, positive

selection drives one copy to gain a new function and thus

preserve it—subsequent deleterious mutations to this copy

would carry a fitness cost. Several examples of neofunctio-

nalization have been documented in plants. One example

of neofunctionalization by positive selection is MEDEA,

which is a gene duplicated by the most ancient whole

genome duplication in Brassicaceae. MEDEA, a SET-

domain Polycomp group protein, is a paternally imprinted

gene that regulates the development of endosperm in

Arabidopsis. After duplication,MEDEA’s duplicated partner

retained the ancestral function whereas MEDEA underwent

positive Darwinian selection due to parental conflict (Spillane

et al. 2007), with a larger magnitude of positive selection

in outcrossing lineages in comparison to selfing lineages

(Spillane et al. 2007; Miyake et al. 2009). Although it is

controversial whether positive selection or balancing selec-

tion act on the new function of MEDEA (Kawabe et al.

2007), a recent study suggested that both types of selection

contributed to the gain of new function (Miyake et al. 2009).

Another example of neofunctionalization driven by

positive selection is a pair of functionally redundant cyto-

chrome P450 genes (CYP98A8 and CYP98A9), duplicated

by retroposition in Brassicaceae (Matsuno et al. 2009). Their

ancestral gene, CYP98A3, is involved in the formation of

lignin monomer. The ancestral gene is expressed in many

organ types but not in pollen, whereas CYP98A8 and

CYP98A9 are highly expressed in pollen. Their new function

has been showed to be involved in a novel phenolic pathway

for pollen development. Codon-based methods found that

several codons in these two genes have undergone repeated

amino acid changes, suggesting that positive Darwinian

selection has contributed to the acquisition of new function

in CYP98A8 and CYP98A9. Similarly, other cytochrome

P450 genes (CYP79s and CYP83s), duplicates from ancient

WGDs, have evolved distinct functions in novel biochemical

defense pathways (Schranz et al. 2011). However, whether

the evolution of these pathways was an adaptive process is

still unclear.

11.3.3 Subfunctionalization

An alternative to the long-popular neofunctionalization

model is subfuntionalization, which explains duplicate

gene retention by the partitioning of multiple ancestral

functions or expression patterns among the new paralogs

(Hughes 1994; Force et al. 1999). Assuming that a gene

has multiple functions or expression patterns before duplica-

tion, subfunctionalization would predict that these ancestral

functions are simply partitioned among the new paralogs.

It should be noted that expression subfunctionalization

and protein subfunctionalization will result in two different

outcomes. Duplicated genes may share the same function for

the subfunctionalization of expression patterns, but both are

needed to maintain proper spatial or temporal expression—

the loss of one copy will be detrimental to fitness because of

mis-expression or loss of expression. For protein subfunctio-

nalization, the ancestral gene must have multiple functions

that can be partitioned among the new paralogs. Thus, the

loss of a protein subfunctionalized paralog will be deleteri-

ous because retention of both copies is essential to fully

complement the ancestral function. Such a dichotomous

scenario, however, oversimplifies the complexity of possible

combinations between expression and protein subfunctiona-

lization and it is possible that the retention of some

duplicated genes might be driven by both expression and

protein subfunctionalization.

Based on population genetic simulation, subfunctiona-

lization may initially be a neutral stage of duplicate gene

evolution, as each copy accumulates mutations that may be

reciprocally deleterious without interrupting the total func-

tion of their ancestral state. Thus, it has been argued that

subfunctionalization is likely more important than neo-

functionalization, especially in organisms with small effec-

tive population sizes, because it is easier to lose an existing

function by mutation than gain a new one (Lynch and Force

2000). As we discuss in more detail below, this does not

necessarily mean that positive selection will not act on

subfunctionalized gene duplicates for long-term preser-

vation. Subfunctionalization may be further classified into

two different models: (1) duplication, degeneration, and

complementation (DDC) model and (2) escape from adap-

tive conflict (EAC) model.

11.3.3.1 DDC Model (Neutral Process)
When Force et al. (1999) initially proposed the DDC model

they focused on regulatory aspects of duplicate gene evolu-

tion. According to this model, both copies will neutrally

accumulate deleterious mutations on their cis-regulatory

regions. After sufficient mutation accumulation significantly

impairs function, each copy will retain only a fraction of the

ancestral phenotype (i.e., subfunction) and complement each

other to cover the full spectrum of their ancestral expression

pattern. Thus, this kind of subfunctionalization has been

termed as duplication-degeneration-complement (DDC)

model. It has been shown that the probability of DDC

subfunctionalization is much higher than that of regulatory

neofunctionalization, especially in organisms with small

effective population sizes where positive selection is less

efficient and genetic drift is more predominant (Force et al.

1999). A nice example of the DDC model in plants was

illustrated by Force et al. (1999). A pair of MADS-box

transcription factor genes (ZAG1 and ZMM2) in maize,
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which originated from an allopolyploidization event,

showed reciprocal expression pattern where ZAG1 is highly

expressed throughout carpel development but weakly

expressed in stamen, and ZMM2 is highly expressed in

stamen (Mena et al. 1996). In comparison to their putative

ancestral expression pattern from a single orthologous gene

in Arabidopsis (AGAMOUS) and Antirrhinum (PLENA) that

are highly expressed in both carpels and stamen (Yanofsky

et al. 1990; Coen and Meyerowitz 1991; Bradley et al.

1993), it is reasonable to infer that ZAG1 and ZMM2 have

subfunctionalized (i.e. DDC) since their duplication.

Another example consistent with the DDC model is an

organ-specific reciprocal gene silencing pattern for a pair

of homoeologous alcohol dehydrogenase genes (AdhA) in

allopolyploid cotton (Adams et al. 2003). In this case,

one copy is only expressed in petals and stamen whereas

the other copy is only expressed in carpels, indicative of

regulatory subfunctionalization across different organ types.

Because the polyploidization event in cotton has been

inferred to occur about 1–2 million years ago (Cronn et al.

2002; Senchina et al. 2003) and polyploid plants likely have

small effective population sizes at the onset of polyploi-

dization, the AdhA example supports the perspective that

the DDC model is important for the retention of duplicated

genes in organisms where genetic drift predominates their

population genetic landscape.

11.3.3.2 EAC Model (Adaptive Process)
Under the Escape from Adaptive Conflict (EAC) model, a

new function arises in the ancestral gene but it reduces the

performance of the original function. This creates an adap-

tive conflict where improving either function comes at a cost

to the other. One solution to resolve such adaptive conflicts

is by gene duplication. After duplication, one copy is free to

improve the new function whereas the other copy may

improve the original function. Discriminating subfunctiona-

lization by EAC and neofunctionalization by adaptive pro-

cess relies on these improvements because both processes

will leave signatures of positive Darwinian selection. How-

ever, both copies will experience adaptive changes under the

EAC model whereas only one copy will show adaptive

change if neofunctionalization occurs. Further, the ancestral

function will be improved if EAC took place but not under

neofunctionalization. Des Marais and Rausher (2008) report

a nice example of the EAC model in tandemly duplicates of

the anthocyanin biosynthesis pathway gene dihydroflavonol-

4-reductase (DFR) in morning glories (Ipomea). The major

function of DFR is the regulation of flower color by via the

anthocyanin biosynthesis pathway. After the first gene dupli-

cation event, one copy (DFR-A/C clade) underwent repeated

positive Darwinian selection based on codon-based models

of sequence evolution while the copy (DFR-B clade) showed

an improvement of its ancestral function by increasing its

enzyme activity on dihydrokaempferol (DHK), dihydro-

quercetin (DHQ) and dihydromyricetin (DHM). In addition,

the copy in DFR-A/C clade has been demonstrated to lose its

ancestral function, suggesting that a new function has been

acquired after gene duplication although this new function

remains uncharacterized.

11.3.4 Frequency of Subfunctionalization
and Neofunctionalization on a
Genome-Wide Scale

A number of examples demonstrate that both neofunctiona-

lization and subfunctionalization contribute to the evolution

of new genes in plant genomes. However, the relative con-

tribution of these two processes to duplicate gene retention is

a major question in the evolution of plant genome content.

Large-scale genomic studies, as outlined below, are being

used to investigate expression pattern and protein sequence

divergence to make inferences about the importance of sub-

and neofunctionalization.

11.3.4.1 Expression Pattern Divergence
Genome-wide studies of expression divergence between

duplicated genes have largely focused on rice, Arabidopsis,
and cotton. Blanc and Wolfe (2004b) and Haberer et al.

(2004) investigated the expression divergence between

duplicated genes in Arabidopsis. Overall, they found that

the majority of duplicated genes have significantly divergent

expression patterns. For example, 57% of At-a whole

genome duplicated genes and 73% of older At-b or At-g
whole genome duplicated genes have diverged in their

expression pattern from 62 different developmental stages

and organ types, indicating that many paralogs may func-

tionally diversify after duplication even though protein

divergence between most duplicated genes is small (Blanc

and Wolfe 2004a, b; Haberer et al. 2004). In rice, 88% of

paralogs had divergent expression (Throude et al. 2008). The

correlation of expression divergence and protein divergence

is indeed observed in later studies where Casneuf et al.

(2006) and Ganko et al. (2007) found that older paralogs

showed more functional divergence than younger gene

duplicates. A similar trend was also found in rice duplicated

genes (Li et al. 2009). Further, studies by Casneuf et al.

(2006) and Ganko et al. (2007) demonstrated that expression

pattern in small-scale duplications (i.e., tandem duplication

or dispersed duplication) are less correlated than those in

large-scale duplications (i.e., chromosomal or whole genome

duplication), suggesting that small-scale duplications poten-

tially have a higher chance to be neofunctionalized than

large-scale duplications. Although these studies demonstrate

that paralogs frequently have different expression patterns,

they are unable to infer regulatory subfunctionalization or
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neofunctionalization due to the lack of information about

their ancestral expression pattern.

The first attempt to ascertain the relative contribution of

regulatory sub- or neofunctionalization for the retention of

duplicated genes in plants on a genome-wide scale was

recently conducted by Zou and colleagues (2009). They

used the stress response of paralogs to gain a better under-

standing of the relative contributions of regulatory sub- and

neofunctionalization in duplicate evolution. Using a maxi-

mum likelihood probabilistic framework with gene family

phylogenies, they employed a Bayesian method to recon-

struct the putative most recent common ancestral expression

pattern for every duplicated gene pair in Arabidopsis. From

their analysis, ~61% duplicated genes retained ancestral

responsiveness to stress, ~30% showed the loss of ancestral

responsiveness to stress, ~6% experienced the gain of a new

response to stress, and only ~2% experienced a functional

switch that changed their response to the opposite of their

ancestral state. For the ~30% of paralogs where the ancestral

expression pattern was lost, the ancestral functions were

partitioned between gene duplicates in most cases, sug-

gesting that subfunctionalization plays an important role

in paralog retention in response to stresses. Their analyses

also found that older duplicates tended to be more neo-

functionalized than younger paralogs, which were more

often subfunctionalized. Although Zou et al. (2009) found

that subfunctionalization is more frequent than neofunctio-

nalization, it should be noted that they only analyzed the

gene expression pattern under different stress conditions.

It is reasonable to assume that the relative contribution of

subfunctionalization and neofunctionalization will differ

when someone survey different dataset (e.g., developmental

stages, cell types, organ types) or more conditions (e.g.,

temporal and spatial). For example, Duarte et al. (2006)

found that 85% of 280 Arabidopsis duplicated pairs showed

significant gene by organ effect across six different organs

based on an analysis of variance approach, indicative of

potentially regulatory subfunctionalization or regulatory

neofunctionalization.

How fast can the regulatory sub-/neofunctionalization

arise after gene duplication? To answer this question,

Adams et al. (2003) and Chaudhary et al. (2009) surveyed,

in total, 103 duplicated genes in various tissues/organ types

in recently formed polyploid cotton, Gossypium hirsutum.

Interestingly, eight cases of regulatory subfunctionali-

zation (~8%) and 15 cases of probable regulatory neo-

functionalization (~15%) were observed in their analyses.

Their studies provide striking examples that regulatory sub-

functionalization and neofunctionalization can quickly

arise soon after genome duplication, suggesting that both

mechanisms are important for the retention of duplicated

genes over evolution.

11.3.4.2 Protein Sequence Divergence
Neofunctionalization predicts that gene duplicates will

evolve asymmetrically. In other words, one copy will expe-

rience relaxed purifying selection, accumulate more

nonsynonymous substitution or positive selected sites,

whereas the other copy will experience strong purifying

selection and accumulate mutations without evidence of

significant amino acid change or positive selection. Based

on these assumptions, Blanc and Wolfe (2004a, b) surveyed

the asymmetric rate of sequence evolution between

duplicated genes in Arabidopsis to assess the relative contri-

bution of neofunctionalization in the retention of duplicated

genes in plants. Nearly 21% of paralogs derived from the

At-a whole genome duplication showed asymmetric

sequence rate evolution, indicative of potential neofunctio-

nalization. Their observation suggests that neofunctiona-

lization may play an important role in paralog retention in

plants. However, it should be noted that using asymmetric

sequence rate analysis is not a perfect test for neofunctiona-

lization. As mentioned previously, asymmetric sequence

rate evolution is also possible under the EAC model and it

is difficult to use difference in paralog rate evolution as a

method to distinguish between subfunctionalization and

neofunctionalization.

To resolve this issue, better knowledge of the ancestral

protein function or structure, pre-duplication, will be impor-

tant. However, characterization of gene function is a tedious

and daunting task and plant biologists often must apply a

case-by-case approach. It is therefore difficult to apply a

rigorous, genome-wide analysis in this regard. Analyses of

protein structure may be high-throughput, and those related

to protein subcellular relocalization (PSR) offer a promising

approach to evaluate post-duplication fates. PSR is often

associated with the 50 N-terminal signal peptide (detailed

review in Byun-McKay and Geeta 2007). By comparing

this region with other closely related species, it is poss-

ible to infer if the change of subcellular localization results

from subfunctionalization or neofunctionalization. An

unpublished analysis of differential subcellular localization

found that the N-terminal peptide in Arabidopsis dupli-

cated genes evolved rapidly relative to the rest of the

protein region, implying that PSR might greatly contribute

to functional diversification between duplicated genes in

plants (Byun-McKay et al. 2009). So far, studies that aim to

understand the relative importance of subfunctionalization

and neofunctionalization after gene duplication at the pro-

tein level on a genome-wide scale remain rare. In addition

to rice and Arabidopsis, more genomic resources from

closely related plant species will help us to understand the

relative contribution of protein subfunctionalization and

neofunctionalization for the retention of duplicated genes

in plants.
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11.3.5 Gene Dosage Balance

The concept of dosage balance arose from studies of chro-

mosome segregation in plants during the early twentieth

century (e.g., Blakeslee and Avery 1919; Blakeslee et al.

1920; Blakeslee 1921). Pioneering plant geneticists found

that unbalanced chromosome numbers such as trisomy or

monosomy often caused significant phenotypic changes.

Some of these phenotypic changes were strongly deleterious

and severely impacted plant growth. Based on these

observations, plant geneticists proposed that imbalance in

the products of genetic materials carried by the chromo-

somes were responsible for these phenotypic changes

(Blakeslee 1921). Support for this hypothesis was found in

examples of chromosomal changes that restored proper dos-

age. For example, a secondary isochromosome (fusion of

two sister chromatids) in a trisomic plant would alleviate the

phenotypic changes of a pure trisomic line (Belling and

Blakeslee 1924). In this case, the secondary isochromosome

yields four identical chromosomal arms, which consequently

produced proper gene dosage balance and ameliorate delete-

rious phenotypic changes. These concepts have been

updated recently by researchers utilizing molecular genetic

approaches to study the effects of gene copy number, or

dosage, on phenotype and gene duplication in yeast (Veitia

2002, 2003; Papp et al. 2003), fruitfly, and plants (Birchler

et al. 2001). Significantly, this recent work has found that the

products of genes involved in regulatory roles (e.g., tran-

scriptional factors and signal transductions) appear to

require maintenance of their stoichiometric relationships,

or dosage balance, likely because they participate in the

formation of macromolecular complexes (see review by

Birchler and Veitia 2007 and references therein). These

concepts have been synthesized into the gene dosage balance

hypothesis, whereby genes involved in more interaction, so

called “connected” genes, are more dosage-sensitive (see

introduction by Freeling and Thomas 2006).

How does gene dosage influence the retention of

duplicated genes in plants? After gene duplication, gene

dosage balance is commonly invoked to explain that either

gene loss or retention is required to maintain the proper

amount of protein product stoichiometry, or dosage, in

genomes (e.g., Birchler et al. 2001; Veitia 2002, 2003;

Papp et al. 2003). Based on this model, duplicated genes

that have large pleotropic effects (or more interactions with

other proteins) are expected to be retained more often after a

large scale duplication event (i.e., whole genome duplica-

tion) than a small scale duplication event (i.e., tandem dupli-

cation, dispersed duplication, and retroposition). This is

because other interacting partners will also be duplicated in

large-scale events and retention of all genes is necessary to

maintain stoichiometry, whereas not all interacting loci will

be duplicated in a small-scale event and loss of the new

paralog is required for proper dosage (see review by Freeling

2009). Specifically, the dosage balance hypothesis predicts

that genes such as transcription factors or involved in signal

transduction are expected to be retained after whole genome

duplication such that entire genetic network still has proper

amount of upstream regulator to regulate the doubled down-

stream pathway. If such highly connected genes are created

by small scale events they would disrupt the non-duplicated

downstream elements. In contrast, genes involved in the

terminals of genetic networks are not prevented from being

retained following small-scale duplications because addi-

tional copies of these genes is less likely to cause significant

imbalance on the genetic network.

As expected, genes involved in transcriptional factors

and signaling transduction often are overrepresented in

duplicated genes from whole genome duplication while

genes involved in abiotic or biotic stresses are overrepre-

sented in those from tandem duplication in Arabidopsis, rice,
and kiwifruit (Blanc and Wolfe 2004a, b; Tian et al. 2005;

Shi et al. 2010). Further evidence supporting gene dosage

balance and the retention of duplicated genes was recently

reported by Liang et al. (2008). They investigated the rela-

tionship between protein under-wrapping (i.e., a molecular

quantifier of the reliance of the protein on binding partner-

ships to maintain its protein structure stability or, simply

the degrees of interaction with other molecules) and gene

duplicability across various organisms, including E. coli,
yeast, nematodes, fruit fly, mammals, and plants. A strong

negative correlation between protein under-wrapping and

gene duplicability was found, suggesting that dosage-sensi-

tive genes are unlikely to be duplicated by small-scale dupli-

cation events. Their analysis supports the argument that

proteins with highly interacted partners are more sensitive

to dosage imbalance and be less like to be retained. It should

be noted that not all analyses of ancient polyploidy in plants

have found results consistent with dosage balance hypothe-

sis. In the Compositae, Barker et al. (2008) found the oppo-

site pattern predicted by the dosage balance hypothesis;

signaling genes and transcription factors were significantly

lost across whole genome duplications in multiple species,

whereas metabolic and structural genes were strongly

retained in duplicate (Fig. 11.3). It may be that the dosage-

sensitivity of gene families varies across the plant phylog-

eny, and further study in model systems outside of the

Brassicales would be valuable to better understand the evo-

lution of plant genomes in these disparate lineages.

One intriguing possibility is that the shrinkage or expan-

sion of plant gene families across the phylogeny may be

largely attributed to the degree of dosage sensitivity. Cannon

et al. (2004) investigated the relative contribution of large-

scale and tandem gene duplication on the evolution of 50

different large gene families in Arabidopsis. As predicted by

gene dosage balance hypothesis, gene families that function
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as transcription factor (e.g., MYB transcription factor) and

signaling molecules (e.g., GTP binding protein and calmod-

ulin) contained a higher proportion of genes derived from

large-scale duplications, whereas gene families that function

as pathogen defenses (e.g., major latex protein and chloro-

phyll a-b binding) were composed of a high proportion of

tandemly duplicated genes. Such an observation further

supports the importance of gene dosage balance on the

retention of duplicated genes, whereby more “connected”

genes (i.e., upstream regulator of genetic network such as

transcription factor and signaling) would be likely retained

after large scale duplication and less “connected” genes (i.e.,

terminal nodes of genetic network such as genes in response

to biotic or abiotic stresses) should be likely retained by

small scale duplication. This reciprocal pattern of retention

(i.e. WGD versus tandem duplicates) is supported by the

distribution of duplicates across the entire Arabidopsis met-

abolic network (Bekaert et al. 2011). The retained duplicates

from ancient WGDs were significantly more clustered (i.e.

“connected”) and involved in high flux reactions across the

entire network compared to tandem duplicates. Similarly,

Freeling (2009) observed a reciprocal pattern in gene reten-

tion following WGDs compared to tandem duplications

across various GO terms.

Under the gene dosage balance hypothesis, what will be

the evolutionary driving force operating on the retention of

duplicated genes? Veitia (2005) illustrated that mutations for

genes encoding multidomain proteins can produce dominant

Fig. 11.3 Cell plot of gene ontology frequencies demonstrating biased gene retention following ancient polyploidy in the Compositae (Barker

et al. 2008)
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negative phenotypes, thereby inactivating the macromolecu-

lar complexes. For example, within the context of a dimer

AA, one mutant allele in a tetraploid will result in only 56%

of the AA dimers being active. Assuming that the decrease

of active macromolecular complexes reduces fitness, such

dominant negative effects may serve as strong purifying

selection for the retention and maintenance of duplicated

dosage-sensitive genes (see detail illustrations and descrip-

tion in Veitia 2005). In contrast, the retention of numerous

copies of dosage-insensitive genes could be driven by posi-

tive Darwinian selection. For example, Hanikenne et al.

(2008) provided a nice example about the expansion of

small-scale duplicated genes in related to abiotic stress

where the tolerance of high heavy metal concentration in

Arabidopsis halleri was due to the triplication of three

tandemly arrayed heavy metal aptase 4 (HMA4) genes. The

amplification of copy number for HMA4 allows A. halleri to

colonize heavy-metal polluted soil, suggesting that the reten-

tion of small-scale duplicated genes were largely driven by

positive selection. In addition, the authors showed that

enhanced expression level of HMA4 by changes of cis-

element region also contribute to the tolerance of heavy

metal in A. halleri. Thus, the increase of protein product

itself, rather than maintenance of stoichiometry, may be

beneficial for fitness in some circumstances.

Which model best explains the patterns of retention and

loss of duplicated genes in plant genomes? Although all

models likely act in plant genomes, gene dosage balance

has become favored by many researchers because it makes

explicit predictions about retention and loss. Neofunctiona-

lization and subfunctionalization models explain how and

why duplicate genes may be retained, but they are unable to

generate predictions with regards to which genes will be

retained after different types of duplication. Only gene dos-

age balance model can predict the reciprocal gene function

retention pattern between whole genome duplicates and

tandem duplicates in several plants such as Arabidopsis,

rice, and kiwifruit (Freeling 2009; Edger and Pires 2009;

Shi et al. 2010). However, these models are not mutually

exclusive. For example, it is likely that the retention of

dosage-insensitive gene duplicates from small-scale

duplications, which are essentially dosage-neutral, may

often be best explained by the sub- and neofunctionalization

models. Thus, it is likely that all of these models contribute

to the content of plant genomes with their efficacies varying

across gene families and duplication type.

11.4 Duplication, Turnover, and
Re-organization of Plant Genomes

All plant species have at least undergone one round of whole

genome duplication over their evolutionary history (Blanc

and Wolfe 2004a, b; Pfeil et al. 2005; Cui et al. 2006; Barker

et al. 2008; Tang et al. 2008; Shi et al. 2010; Jiao et al.

2011). However, most of these species demonstrate diploid

chromosomal behavior and disomic inheritance restored

through a process termed diploidization (Wolfe 2001).

Diploidization is a dynamic process of fractionation, shuf-

fling, and divergence of duplicated portions of a genome.

The scale of events that contribute to diploidization range

from loss of single genes to entire chromosomes. Various

aspects of the process have been studied at time scales

ranging from early generation polyploids to fully diploidized

paleopolyploids. Diploidization results in the large scale

re-organization of plant genomes and parallels the process

of gene duplication, gene loss and functional divergence

(Fig. 11.4). In this section, we present recent work on

the effect of whole genome duplication on the dynamics of

genomic reorganization from early generation polyploids to

fully diploidized paleopolyploids in plants. These examples

Fig. 11.4 Schematic of progressive stages of genomic diploidization

following an ancient whole genome duplication depicting homoeologous

pairing and chromosomal loss
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will provide some insight on our current understanding of

turnover and genome evolution in plants.

11.4.1 Re-organization of Polyploid Plant
Genomes

Diploidization may begin as early as the first generation

following genome duplication. Chromosomal rearrange-

ments have been observed in many early generation

polyploids. For example, in 50 synthetic allopolyploid lines

of Brassica napus genomic changes were present but rare in

the first generation (Lukens et al. 2006) and by the fifth

generation every line had evidence for recombination

between homologous chromosomes. These recombination

events resulted in the loss of alleles from one of the parents

and a doubling of the other. A recent analysis of synthetic B.

napa allopolyploid lines found variation in chromosome

number as early as the first generation (Xiong et al. 2011).

Further, Xiong and colleagues (2011) discovered that

although there was extensive loss and shuffling of chromo-

somes, the total number was maintained close to the tetra-

ploid count with apparent compensatory replacement of

homoeologous sets, putatively to maintain dosage balance.

The rate of these early generation changes appears to vary

significantly across lineages, even within the genome of a

species. Allohaploid lines from a diverse panel of B. napus

were found to have markedly different rates of homo-

eologous recombination and suggest different levels of

crossover suppression between homoeologs (Cifuentes

et al. 2010). Similar early generation changes have also

been found in natural polyploids. A striking example is the

Tragopogon allopolyploids, which formed less than 80 years

ago (Soltis et al. 2004), but which have experienced a variety

of genomic changes following polyploidy, including chro-

mosomal rearrangements and loss (Lim et al. 2008). How-

ever, not all polyploids demonstrate significant changes in

genome organization. The genomes of nearly cotton

allopolyploids demonstrate very little genomic changes

(Liu et al. 2001). It is not clear why some plants, such as

cotton, do not experience rapid changes in chromosomal

rearrangement after polyploidization. At larger time scales,

the rate of synteny evolution is clearly variable across plants

(Jaillon et al. 2007), and it may be a similar or the same

process at work here. Future work associating the rates of

turnover and synteny evolution with life history traits, gen-

eration time, and effective population sizes may be fruitful

avenues for advancing our understanding of these patterns of

plant genome evolution.

The process of chromosomal rearrangements and

sequence divergence is continuous following polyploid for-

mation. Allopolyploid tobacco species with similar parent-

age but a range of times since formation have been observed

to follow this expectation. In a recent study, young

polyploids were found to have fewer rearrangements and

less sequence divergence than older ones and the most

ancient allopolyploid of the group (~5 million years old)

experienced too much sequence divergence for the tech-

nique employed (Genomic In Situ Hybridization) to identify

the parental alleles within its genome (Lim et al. 2007).

Australian relatives of Arabidopsis experienced a lineage-

specific whole genome duplication event since the well

documented At-a WGD, 6–9 million years ago. Strikingly,

the three species studied have a relatively low chromosome

counts of n ¼ 4, 5, and 6 with the genetic behavior of

diploids. Reconstruction of their polyploid ancestor suggests

there would have been 16 chromosomes in their ancestral

genomes. Mandáková and colleagues (2010) found that most

segments of their genomes still exist in duplicate although

extensive and independent rearrangement has occurred in

these different species. The large amount of chromosome

number reduction would have required multiple chromo-

some loss and fusion events as well as the loss of several

centromeres (Mandáková et al. 2010). Most rearrangements

in plant genomes probably involve high repeat regions,

telomeres and centromeres (Lysak et al. 2006), and in this

case it seems that substantial amounts of end-to-end chro-

mosomal fusion and unequal reciprocal translocations were

the main mechanisms of chromosomal reduction. Whether

or not such cases are outstanding or routine among plant

lineages remains to be seen.

An interesting observation made when comparing

syntenic blocks of ancient whole genome duplicates is a

bias in which of the blocks undergo fractionation or loss of

duplicates. The majority of syntenic blocks in Arabidopsis

remaining from the At-a WGD have biased fractionation

where clusters of genes were retained within blocks on the

same homoeolog, but lost from the other (Thomas et al.

2006). Surprisingly, Thomas and colleagues (2006) found

that ~85% of the Arabidopsis genome experienced this

biased fractionation, most often involving genes in the

same genetic network consistent with the dosage-balance

hypothesis. A similar study in maize, which had the benefit

of having an extant pre-duplication outgroup for com-

parison, also found evidence of biased fractionation. The

authors propose a mechanism of the deletion of homologs

by small intrachromosomal recombination (Woodhouse

et al. 2010). It is possible that some of these differences

existed in the ancestral parental genomes before the genome

merger and duplication event; however, research with youn-

ger polyploids suggest that the biased gene content in the

different blocks is due to biased fractionation following

polyploidy. For example, the young (<80 years) allotetra-

ploid Tragopogon mirus also exhibits biased loss towards

one parent (Koh et al. 2010). Significantly, synthetic F1

crosses between the two parental species demonstrated
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only additive patterns of both locus presence and expression.

These results suggest that the biased patterns of homoeolog

loss observed in natural polyploid populations are the result

of later generation changes and are not the immediate result

of hybridization. Biased fractionation following WGD has

also been documented in protozoan, fungal, and animal

lineages (e.g. Paramecium, yeast, teleost; Sankoff et al.

2010). Further studies on patterns of gene expression, homo-

eolog loss, cytonuclear interactions, and epigenetic phenom-

ena in related allo- and autopolyploids are needed to

disentangle the effects of hybridization and polyploidy on

biased fractionation in plant genomes.

Conclusions

Duplication and loss are fundamental forces in the evolu-

tion of plant genomes. Polyploidy and smaller scale

duplications, while operating at different scales and

frequencies, have provided the raw material and set the

pace for the evolution of plant gene families as well as

genome organization. Differential loss and retention of

paralogs has led to significantly different gene family

content across the vascular plants (Banks et al. 2011)

that were likely important for the evolution of the defin-

ing phenotypes of many lineages of land plants (Banks

et al. 2011; Jiao et al. 2011) and their evolutionary suc-

cess. The relatively high cycles of duplication and loss

experienced by plants have also driven substantial

changes in genome organization, yielding more rapid

changes among the genomes of related plants compared

to animals (Salse et al. 2009). Resolving the relationships

among repetitive element content, rearrangements, chro-

mosomal loss and gain, dosage balance, and life history

features promises to be an exciting synthesis of plant

genome evolution over the next decade. Although much

progress has been made in the last decade, the growing

genomic data from across plants will refine our knowl-

edge of plant genomes and population and clade-scale

genomics will provide the ultimate resources to test the

numerous hypotheses proposed by plant geneticists over

the past century.
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