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Gene and genome duplications provide a playground for various selective pressures and
contribute significantly to genome complexity. It is assumed that the genomes of all major
eukaryotic lineages possess duplicated regions that result from gene and genome dupli-
cation. There is evidence that the model plant Arabidopsis has been subjected to at least
three whole-genome duplication events over the last 150-200 million years. As a result,
many cellular processes are governed by redundantly acting gene families. Plants pass
through two distinct life phases with a haploid gametophytic alternating with a diploid
sporophytic generation. This ontogenetic difference in gene copy number has important
implications for the outcome of deleterious mutations, which are masked by the second
gene copy in diploid systems but expressed in a dominant fashion in haploid organisms. As
a consequence, maintaining the activity of duplicated genes might be particularly advan-
tageous during the haploid gametophytic generation. Here, we describe the distinctive
features associated with the alteration of generations and discuss how activity profiles of

duplicated genes might get modulated in a life phase dependent fashion.
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INTRODUCTION

The genome represents the construction plan for all living organ-
isms and has been subject to many different mutations over
evolutionary time. In the last couple of decades, reverse genetic
approaches have revealed that the majority of single loss-of-
function mutants do not lead to apparent developmental defects
(Thomas, 1993; Gu et al., 2003; Briggs et al., 2006). The tolera-
tion of genomic changes appears to be largely due to considerable
genetic redundancy, which is predominantly but not exclusively,
the result of gene and genome duplications (Ohno, 1970; Gu et al.,
2003; Wagner, 2008). In 1970, Ohno proposed that whole-genome
duplications occurred in the early history of all vertebrates. It now
seems probable that all major lineages of eukaryotic genomes pos-
sess duplicated regions that may have resulted from genome dupli-
cations (Ohno, 1970; Lynch et al., 2001). According to their extent,
the duplications have been categorized into small-scale duplica-
tions, which include local, tandem, and segmental duplications,
and large-scale duplications of the entire genome, which result
in a transient or stable increase in ploidy levels (Levasseur and
Pontarotti, 2011) and a concomitant change in the expression of
ploidy-sensitive genes (Guo etal., 1996; Galitskietal., 1999). Large-
scale duplications occurred more often in plants than in animals
(Li, 1997) and are especially widespread in angiosperms (Steb-
bins, 1950; Grant, 1981; Soltis and Soltis, 1999; Leitch and Leitch,
2008). It is estimated that 50-80% of angiosperms, including crop
plants such as alfalfa, potato, wheat, and coffee, are polyploids
(Wendel, 2000), and this polyploidy dates back to ancient dupli-
cation events (Grant, 1963; Masterson, 1994; Otto and Whitton,
2000). The analysis of the Arabidopsis bacterial artificial chromo-
somes (BACs) indicates that almost 60% of the genome consists of
duplicated regions (Blanc et al., 2000), suggesting that Arabidopsis
is an ancient polyploid. Synteny-based analysis of the Arabidopsis

genome has provided evidence for at least three whole-genome
duplications (Vision et al., 2000; Simillion et al., 2002; Bowers
et al., 2003), and most genes in Arabidopsis appear to have dupli-
cated approximately 65 million years ago (Lynch and Force, 2000).
One obvious advantage of gene and genome duplications is the
supply of raw genetic material, which provides a playground for
various selective pressures. Classic evolutionary theory predicts
that the typical fate of any gene duplicate is loss because duplicated
genes should have redundant function immediately after forma-
tion, and full redundancy is considered to be genetically unstable
(Thomas, 1993; Briggs et al., 2006; Hardtke, 2006). The duplicate
can accumulate deleterious mutations and gradually develop into
a pseudogene, a process termed non-functionalization (Haldane,
1933; Ohno, 1970; Tautz, 1992; Wagner, 1998; Lynch and Force,
2000), and expression analysis of polyploid plants has revealed
that some duplicated loci become silenced after polyploidization
(Pichersky et al., 1990; Ford and Gottlieb, 2002). Over evolution-
ary time, pseudogenes are either deleted or become so diverged
from the ancestral gene that they are no longer identifiable (Walsh,
1995; Lynch and Conery, 2000; Lynch et al., 2001). A less likely
scenario is for both copies to be stably maintained in the genome,
which is possible if both copies differ in some aspects of their
functions (Nowak et al., 1997). In a process termed subfunction-
alization, one gene copy adopts partial aspects of the original
function (Jensen, 1976; Orgel, 1977). This can be realized, for
example, through evolution of temporally and spatially diverse
expression patterns (Force et al., 1999). Duplicated genes can also
evolve a different function, whereby one copy acquires advan-
tageous mutations which become subject to selection, leading
to the establishment of a novel function. This neofunctionaliza-
tion represents the only mechanism by which the members can
permanently escape mutational decay (Lynch and Force, 2000).
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FLOWERING PLANTS ALTERNATE BETWEEN GENERATIONS
OF DIFFERENT PLOIDY

Sexually reproducing organisms pass through two distinct life
phases. Meiosis results in the formation of haploid gametes,
which fuse to produce a diploid life form. In plants, the hap-
loid phase comprises a few to many cells, called gametophytes.
The gametophyte is the dominant generation in mosses. By con-
trast, in flowering plants, the gametophyte is reduced to only a few
cells, which might reflect an evolutionary trend (D’Amato, 1977).
Thus, flowering plants are not only subject to phylogenetic ploidy
changes but also encounter ploidy changes on an ontogenetic level.
Diploid organisms have one copy more of each chromosome than
haploid organisms and theoretical considerations have suggested
various implications associated with the respective genomic set-
tings (Mable and Otto, 1998). One obvious advantage of a diploid
organism over a haploid is that recessive deleterious mutations
are masked. As a side effect, deleterious mutations can accumu-
late in the gene pool of diploid organisms, which can negatively
influence the quality of the gene pool. However, mutations also
increase genomic variability and can lead to the evolution of novel
gene functions. By contrast, haploid genomes have by definition
a lower redundancy level. As a consequence, deleterious muta-
tions are dominantly expressed and hence not tolerated. As in
haploid gametophytes, early embryo development can rely on
a single gene copy in those cases, where one parental allele is
silenced, a process referred to as imprinting. In the respective
developmental stages mutations of essential gene functions are
similarly dominant as in haploid organisms (Grossniklaus et al.,
1998; Luo et al., 1999; Ohad et al., 1999), unless the intact allele is
reactivated upon loss of the other. Recently, substantial new collec-
tions of imprinted genes have been identified (Autran et al., 2011;
Hsieh et al., 2011; Luo et al., 2011; McKeown et al., 2011; Wolff
etal, 2011), and genome wide expression profiling has suggested
that, in the early two to four celled-embryo, more than 30% of
all gene products are exclusively maternally contributed (Autran
etal., 2011).

MODIFICATION OF GENE ACTIVITY PROFILES IN A LIFE
PHASE DEPENDENT MANNER

The haploid and diploid life phases of flowering plants might have
conflicting interests with respect to the retention or removal of
extra gene copies resulting from gene and genome duplications.
Due to gene dosis constraints, a given segmental gene duplica-
tion might result in a net loss of fitness (Chernoff et al., 1992).
The extra gene copy might, however, also result in a net gain
of fitness in haploid tissue, where deleterious mutations can be
masked (Figure 1). As an adaption to potentially conflicting
demands for extra gene copies, it is tempting to speculate that
plants might have evolved compensatory mechanisms to pref-
erentially maintain the activity of duplicated genes in haploid
tissue. In this respect, it is interesting that the three Arabidop-
sis pre-mRNA splice factors AtBRR2, AtPRP8, and GFA1 are
not only encoded by ubiquitously expressed loci but also by
a gene copy that is preferentially active in the female gameto-
phyte (Figure 2). In theory, the activity status of a given gene
can be regulated on different levels. The establishment of tran-
scriptional differences implies the presence of life phase specific
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FIGURE 1 | Hypothetical model of life phase dependent redundancy
adjustment. (A) The diploid sporophyte and the haploid gametophytes
exhibit, by definition, different redundancies for a given locus. Deleterious
mutations are consequently masked in the sporophyte but dominantly
expressed in the gametophyte. (B) Gene duplication increases redundancy
levels in the haploid and diploid phase. (C) If the activity of a given gene is
preferentially maintained in the gametophyte, different redundancy levels
between the sporophyte and the gametophytic life phase might be
buffered. Black bar, ancient locus; green bar, duplicated locus, gray arrows
indicate redundancy differences.
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cis-regulatory elements, which is supported by the substantial
number of genes enriched in gametophytic tissue (Honys and
Twell, 2003, 2004; Sprunck et al., 2005; Yu et al., 2005; Johnston
et al., 2007; Steffen et al., 2007). Promoters conferring expression
during female gametogenesis have been identified (Yu et al., 2005),
however the responsible transcription factor binding sites have
not yet been defined. Haerizadeh et al. (2006) have shown that
a gamete-restrictive silencing factor, GRSF, which is expressed in
accessory cells, stably represses gamete specific gene expression
in Arabidopsis. Additionally, a 77-bp comprising cis-regulatory
element responsible for egg apparatus specific expression of the
enhancer detector line ET253 was identified (Yang et al., 2005),
and the specific expression of members of the type I MADS
domain family in the central cell and antipodal cells of the female
gametophyte suggests the presence of a chalaza-determining cis-
regulatory element (Bemer et al., 2010). Additionally, the analysis
of a battery of MYB98 downstream targets has identified two
distinct cis-regulatory elements associated with MYB98 induced
synergid expression (Punwani et al., 2007; Punwani and Drews,
2008). Corresponding work on MYB- and MADS-box family
transcription factors in the male gametophyte have identified
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FIGURE 2 | Expression patterns of three pre-mRNA splice factor
encoding gene pairs in the ovule. Recent work in the authors’ laboratory
indicate that AtBRR2, AtPRP8, and GFA1 are encoded by genes
(At1g20960, At1g80070 and At1g06220, respectively) expressed in
sporophytic and gametophytic tissue (A,C,E), but also by a gene copy,
AtBRR2L (At2g42270), AtPRP8L (At4g38780), and GFL (At5g25230) that is
preferentially active in the female gametophyte (B,D,F). The micropylar half
of the female gametophyte is in focus and encircled by a dottet line.

target sites necessary for pollen specific expression (Verelst et al.,
2007a,b). Additionally, the dissection of the vegetative cell spe-
cific LAT52 promoter has delineated three activator domains,
each sufficient to confer pollen specific expression when com-
bined with the minimal CaMV 35S promoter (Bate and Twell,
1998) and promoters conferring sperm cell specific expression
have been identified (Mori et al., 2006; von Besser et al., 2006).
That genes of the haploid life phase can jointly be targeted, is
also suggested by the recently identified ouroboros mutant of Ecto-
carpus siliculosus, which exhibits a sporophyte to gametophyte
conversion (Coelho et al., 2011). As a consequence, the char-
acteristic alterations between haploid and diploid generation is
replaced by a reiteration of the gametophytic phase. Although
the respective single recessive locus has not yet been identi-
fied, this example shows that the developmental programs of
a given life phase can converge in a single homeotic master
regulator.

Apart from the obvious regulation through diversification of
cis-regulatory elements, activity profiles can be modulated at fur-
ther levels. This includes the epigenetic regulation of genetic loci
and the regulation of mRNA and protein levels by tissue specific
mRNA and protein-degradation machineries. In this respect, work
by Bate et al. (1996) is very interesting. The group has studied the
role of the LAT52 5'UTR in transient expression assays, which
strongly enhances LAT'52 translation in the pollen. By contrast,
no such effect has been observed in sporophytic tissue, suggest-
ing that the respective regulatory network is differentially active
in male gametophytic versus diploid tissue. Similarly, Ylstra and
McCormick (1999) have reported on two mRNAs which exhibit
tissue specific stability differences in tobacco: GUT15 mRNA is
unstable in BY2 cells but very stable in pollen and GRP2 mRNA
was found to be readily degraded in pollen but is stable in BY2
cells, suggesting life phase dependent differences in the regulation
of mRNA levels.

GENETIC REDUNDANCY IN HAPLOID TISSUE

To this end it is not clear whether gene duplicates are more
likely kept active in the haploid gametophyte than in sporo-
phytic tissue, however research of the last decades has shown
that there is substantial genetic redundancy covering distinct
aspects of male and female gametophyte development. In
the female gametophyte, important cytoskeletal functions are
governed by homologous gene pairs: NACK1/HINKEL and
STUD/TETRASPORE/AtNACK?2 code for kinesin-like proteins
and NACK1/HINKEL plays a critical role in embryogenesis
(Strompen et al., 2002), whereas STUD/TETRASPORE/AtNACK 2
is required for meiosis (Hulskamp et al., 1997; Spielman et al,,
1997). Notably, plants defective in both, NACK1/HINKEL and
STUD/TETRASPORE/AtNACK?2, exhibit female gametophytic
defects with abnormal nuclei size and positioning (Tanaka et al.,
2004), suggesting that these processes are regulated in a redundant
manner. Similarly, the c-tubulin TUBGI1 together with TUBG2
regulates nuclei size and positioning in the female gametophyte
(Pastuglia et al., 2006).

Also, fusion of central cell nuclei, which is a prerequisite for
the formation of triploid endosperm, is regulated in a redun-
dant manner: MIROL1 is a GTPase, which has been shown to play
a role during pollen tube growth and embryogenesis. The Ara-
bidopsis genome contains three MIRO GTPases, and mutations
in MIROL1 affect pollen tube growth and early embryo develop-
ment (Yamaoka and Leaver, 2008). By contrast, homozygous miro2
mutants don’t exhibit developmental abnormalities, however the
double mutant MIRO1/mirol, miro2/miro2 strongly enhances the
pollen tube growth defect and nuclei fusion in the central cell of the
female gametophyte is disturbed (Sormo et al., 2011). Similarly,
the BiP protein, a molecular chaperone Hsp70 in the endoplas-
mic reticulum, is required for polar nuclei fusion (Maruyama
et al., 2010): Arabidopsis contains three BiP proteins, with BiP1
and BiP2 being 99% identical. Whereas bip single mutants do
not exhibit any defects, central cell nuclei fail to fuse in bipl
bip2 double mutants. Functional redundancy does also occur in
pollen as evidenced, for example, by the analysis of members of the
pollen specific MIKC* class of MADS domain transcription fac-
tors (Verelst et al.,2007b) and characterization of apyrases AtAPY1
and AtAPY?2, which together regulate pollen germination (Steine-
brunner et al., 2003). The example of RPT5a, which constitutes
one of six AAA-ATPases of the regulatory particle (RPT) demon-
strates that the function of the second allele can critically depend
on accession specific backgrounds (Gallois et al., 2009): RPT5 is
encoded by two genes as a result of a gene duplication event.
Both genes, RPT5a and RPT5b are redundantly required for the
development of the female gametophyte and double mutants in
the Wassilewskija (WS) accession exhibit a development arrest at
the one- to two-nucleate embryo sac. By contrast, male gameto-
genesis is already perturbed in the rpt5a single mutants in the
Wassilewskija background. Intriguingly, a rpt5a single mutation
in Columbia does not affect male gametogenesis due to a com-
plementary function of the Columbia RPT5b gene. Another hint
for substantial redundancy in gametophytic tissue can be inferred
from transcriptome studies: Yu et al. (2005) have screened for
genes enriched in the female gametophyte and selected six genes
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for functional analysis through T-DNA insertion lines. Notably,
they did not observe a defect in any of the lines, which is explained
with possible redundant functions of homologous genes.

The alternation of generations realized in flowering plants com-
bines two generation on a single organism. Here we have discussed
the possibility that the associated differences in gene copy number
might result in different demands of both generations to maintain
a given duplicated gene in its active state. Notably, the respective
data sets to address this issue have already been generated through
comprehensive transcriptome profiling approaches of diploid and
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