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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

The evolvement of duplicated gene loci in allopolyploid plants has become the subject of intensive studies. Most 
duplicated genes remain active in neoallopolyploids contributing either to a favourable effect of an extra gene dosage 
or to the build-up of positive inter-genomic interactions when genes or regulation factors on homoeologous chro-
mosomes are divergent. However, in a small number of loci (about 10%), genes of only one genome are active, while 
the homoeoalleles on the other genome(s) are either eliminated or partially or completely suppressed by genetic or 
epigenetic means. For several traits, the retention of controlling genes is not random, favouring one genome over the 
other(s). Such genomic asymmetry is manifested in allopolyploid wheat by the control of various morphological and 
agronomical traits, in the production of rRNA and storage proteins, and in interaction with pathogens. It is suggested 
that the process of cytological diploidization leading to exclusive intra-genomic meiotic pairing and, consequently, to 
complete avoidance of inter-genomic recombination, has two contrasting effects. Firstly, it provides a means for the 
fixation of positive heterotic inter-genomic interactions and also maintains genomic asymmetry resulting from loss 
or silencing of genes. The possible mechanisms and evolutionary advantages of genomic asymmetry are discussed.

Key words: Common (bread) wheat, cytological diploidization, durum wheat, genetic diploidization, intra-genomic (homologous) 
pairing, inter-genomic (homoeologous) pairing, Triticum aestivum, Triticum turgidum.

Introduction

Allopolyploidization is a biological process that has played 
a major role in plant speciation and evolution (Manton, 1950; 
Stebbins, 1950, 1971; Grant, 1971; Soltis and Soltis, 1993, 
1995; Soltis et al., 2009; Masterson, 1994: De Bodt et al., 2005; 
Tang et al., 2008), and has driven and shaped the evolution of 
vascular plants perhaps more than any other evolutionary pro-
cess (Feldman and Levy, 2005, 2009). It constitutes a radical 
and rapid mode of speciation that produces a new species by 
means of inter-specific or inter-generic hybridization followed 
by chromosome doubling. Allopolyploidization forms a hybrid 
species bearing two or more different genomes enveloped within 
one nucleus. As a result, the newly formed allopolyploid species, 
particularly annual and predominantly self-pollinating, faces 
several immediate challenges (Levy and Feldman, 2002, 2004; 

Feldman and Levy, 2005, 2009). It must secure an exclusive 
intra-genomic pairing at meiosis that will lead to full fertility 
and disomic inheritance, i.e. undergo cytological diploidization. 
In addition, it must orchestrate inter-genomic gene expression, 
namely, adapt to the new interaction between regulatory factors 
of the different genomes, and DNA replication. For example, it 
must deal with redundant and sometimes conflicting patterns of 
gene expression by eliminating duplicated genes or suppressing 
their expression via genetic or epigenetic means (genetic dip-
loidization). These challenges exert considerable genetic stress 
that triggers a variety of cardinal genetic and epigenetic changes, 
affecting genome structure and gene expression and resulting 
in cytological and genetic diploidization (Leitch and Bennett, 
1997; Feldman et al., 1997; Liu et al., 1998a, b; Comai, 2000; 
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Soltis and Soltis, 2000; Ozkan et al., 2001; Shaked et al., 2001; 
Pikaard, 2001; Levy and Feldman, 2002, 2004; Ma et al., 2004; 
Feldman and Levy, 2005, 2009; Ma and Gustafson, 2005, 2006; 
Eilam et al., 2008, 2010).

Cytological diploidization in allopolyploid wheat results from 
the elimination of DNA sequences from one genome in allotetra-
ploids and from two genomes in allohexaploids, augmenting the 
physical divergence between the homoeologous chromosomes 
(Feldman et al., 1997). These sequences, which thereby become 
homologous-specific sequences, may contribute to homology 
recognition and the initiation of meiotic pairing. This leads to 
exclusive pairing and recombination at meiosis between hom-
ologues rather than between homoeologues (Feldman et  al., 
1997). In allopolyploid wheat, unlike the closely related Aegilops 
allopolyploids, cytological diploidization is also sustained by the 
Ph1 and Ph2 gene systems (Sears, 1976), ensuring that chromo-
some pairing is restricted to homologous chromosomes. The Ph 
gene systems evolved at the polyploid level and reinforce the 
cytological diploidization determined by the physical divergence 
between homoeologous chromosomes.

Genetic diploidization is a regulatory process that brings 
redundant or unbalanced gene systems in polyploids toward a 
diploid-like mode of expression (Ohno, 1970). It results either 
from elimination, mutation or repression of genes that, in many 
cases, restrict the activity of sets of genes to only one genome 
(Liu et al., 1998b; Wendel, 2000; Shaked et al., 2001; Levy and 
Feldman, 2002, 2004; Feldman and Levy 2005, 2009; Comai, 
2005; Chen, 2007). These genomic changes may affect the fit-
ness of the newly formed allopolyploid and increase its com-
petitiveness, leading to its successful establishment in nature. 
Hence, successful allopolyploidizations are those that success-
fully trigger an array of genomic changes that confer evolution-
ary advantages. If heightened fitness is not achieved rapidly 
enough, the nascent species will be out-competed by its parents 
and by other species.

Cytological diploidization-driven prevention of inter-genomic 
(homoeologous) pairing and meiotic recombination in allopol-
yploid wheat leads to full fertility and disomic inheritance. In 
other plant species, certain homoeologous recombination events 
can occur during and/or after diploidization of the evolving 
allopolyploid and contribute both to its further diploidization and 
adaptive radiation (Doyle et  al., 2008; Gaeta and Pires, 2010; 
Wang and Paterson, 2011). However, there is little evidence that 
this occurs in allopolyploid wheat, seemingly due to the scarcity 
of homoeologous recombination (Sears, 1976).

Cytological diploidization enables and sustains the occur-
rence of two contrasting and complementary phenomena, both 
of which contribute to the evolutionary success of allopoly-
ploids: (i) build-up and maintenance of enduring and favourable 
inter-genomic genetic combinations, enabled by the absence 
of homoeologous pairing and recombination, and (ii) genomic 
asymmetry in the control of a variety of morphological, physi-
ological, and molecular traits, i.e. complete or predominant con-
trol of certain traits by one of the constituent genomes. While 
the first phenomenon was taken for granted by plant geneticists, 
genomic asymmetry was mainly ascribed to ribosomal RNA 
genes (reviewed in Pikaard, 2000), and has only recently been 
documented for other traits (Peng et al., 2003a, b; Fahima et al., 

2006; Rapp et al., 2009; Feldman and Levy, 2009; Flagel et al., 
2009; Flagel and Wendel, 2010; Gegas et al., 2010). In spite of 
the importance of this phenomenon, not much is known of its 
impact on the allopolyploid phenotype and its adaptive potential. 
This review describes and discusses various aspects of genomic 
asymmetry in the allopolyploid species of the wheat group (the 
genera Aegilops and Triticum), focusing on wild allotetraploid 
wheat, Triticum turgidum subsp. dicoccoides (wild emmer)—
the wild progenitor of domesticated tetraploid wheat, and on 
domesticated allopolyploid wheat. Mechanisms underlying the 
establishment and maintenance of genomic asymmetry in the 
allopolyploid species and the evolutionary advantages of this 
phenomenon are discussed.

Genomic asymmetry in the control of 
morphological traits in allopolyploid 
wheat species

On the basis of plant habitus, spike morphology, and cytogenetic 
data, Zohary and Feldman (1962) classified the allopolyploid 
species of the wheat group (the genera Triticum and Aegilops) 
into three natural clusters (Table  1). Genome analysis of the 
allopolyploids within each cluster showed that they share one 
unaltered genome (the pivotal genome) and a genome or genomes 
that is/are modified [the differential genome(s)]. Thus, all seven 
allopolyploids of the U-genome cluster share a genome homolo-
gous to that of diploid Aegilops umbellulata (Kihara, 1954), all 
the six allopolyploids of the D-genome cluster share a genome 
homologous to that of diploid Ae. tauschii (Kihara, 1954; Kihara 
et al., 1959), and all four allopolyploid species of the A-genome 

Table 1.  The allopolyploid species clusters of the genera Aegilops 
and Triticum (after Zohary and Feldman, 1962)

Genome cluster Genome a

The U genome cluster

Ae. biuncialis UM
Ae. geniculata (=Ae. ovata) MU
Ae. neglecta (=Ae. triaristata 4x) UM
Ae. recta (=Ae. triaristata 6x) UMN
Ae. clumnaris UM
Ae. triuncialis UC
Ae. peregrina (=Ae. variabilis) SU
Ae. kotschyi SU
The D genome cluster

Ae. cylindrica DC
Ae. ventricosa DN
Ae. crassa 4x DM
Ae. crassa 6x DDM 
Ae. vavilovii DMS
Ae. juvenalis DMU
The A genome cluster

T. turgidum BBAA
T. timopheevii GGAA
T. aestivum BBAADD
T. zhukovski GGAAAmAm

a Genome designations according to Kimber and Tsunewaki (1988); 
underlined designation indicates a modified genome.
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cluster, including all the wild and domesticated forms, share a 
genome homologous to that of diploid Triticum urartu (Dvorak, 
1976; Chapman et al., 1976). The allopolyploids of each cluster 
resemble the diploid donor of the shared genome and differ in 
features of the differential genome(s) in their basic morphology 
(stature, leaf shape, and spike and spikelet morphology) and in 
the structure of the seed dispersal unit. The differential genomes 
modified through intra-clustering, and to a lesser extent, also 
via inter-cluster hybridizations (Zohary and Feldman, 1962; 
Feldman, 1965a, b, c), are primarily responsible for the eco-
geographical adaptation of the various allopolyploid species in 
each cluster.

Evidence accumulated over the last decade from molecular 
studies in allopolyploid wheat, indicates that genomic asym-
metry, i.e. biased expression toward only one parental genome 
(Flagel et al., 2009), is more prevalent in these species than pre-
viously thought. Korol and co-workers (Peng et al., 2003a, b) 
have already reported genomic asymmetry in wild allotetraploid 
wheat T. turgidum ssp. dicoccoides. The contribution of the 
A and B genomes to various traits in wild allotetraploid wheat 
are presented in Table 2. The A genome controls morphological 
traits including inflorescence structure, grain shape, free cary-
opsis, glumes with keels, plant habitus, and growth habit. This 
genome also controls the autogamy of allotetraploid wheat 
(assuming that the donor of the B genome is allogamous, i.e. Ae. 
speltoides) and harbours many domestication genes, such as the 
genes for non-brittle spike on 3AS (Rong, 1999; Nalam et al., 
2006), free-threshing on 5AL (Sears, 1954), QTLs for kernel size 
predominantly on A genome (1A, 2A, 3A, 4A, 7A, 5B, and 7B) 
(Elias et al., 1996), and a number of domestication-related QTLs 
(Peng et al., 2003a, b). The Q gene, encoding an Apetala2-like 
transcription factor, has been shown to have a critical effect on 
wheat domestication (Simons et al., 2006). The Q/q loci include 
orthologues and paralogues located on group 5. A recent study 
showed that a combination of mutations in Q genes contrib-
uted to the domestic spike phenotype, namely non-fragile, soft 
glumes and free threshing (Zhang et  al., 2011). The mutation 
with the most significant phenotypic effect is an amino acid sub-
stitution in the protein coded by the 5A locus. Mutations, such as 

pseudogenization, namely, truncated open reading frame, of the 
locus on 5B or subfunctionalization, namely, partition between 
the role of this gene in different tissues or conditions, of the 
locus on 5D also contributed to the domestication phenotype, 
but to a lesser extent (Zhang et  al., 2011). Remarkably, these 
mutations occurred after polyploidization (Zhang et al., 2011). 
Hence, the A genome tends to preserve a complete set of vital 
genes (Peng et al., 2003a, b), while the B genome regulates eco-
logical adaptation and tolerance to biotic and abiotic stresses 
(Peng  et  al., 2003a, b) and plays a leading role in population 
adaptation to environmental conditions (Fahima et  al., 2006). 
Similar genomic asymmetry was found in a recent study of grain 
size and grain form traits in six mapping populations represent-
ing a wide range of primitive wheat species and modern elite 
varieties (Gegas et al., 2010). QTLs were identified in most of 
the homeologous groups, but those on chromosomes 1A, 3A, 4B, 
5A, and 6A had the largest and most consistent (across differ-
ent populations) effects on the studied traits. Sub-genome spe-
cialization in the control of various morphological and resistance 
traits was also found in other allopolyploids, including cotton 
(reviewed by Wendel and Cronn, 2003).

Molecular manifestation of genomic 
asymmetry in the allopolyploid wheat 
sub-genomes

Allotetraploid wheat was formed about 0.5 million years ago 
(Huang et al., 2002) and allohexaploid wheat about 10 000 years 
ago (Feldman et al., 1995). Such young allopolyploid species, 
originating presumably from a small number of inter-specific or 
inter-generic hybridizations, are expected to exhibit low pheno-
typic and molecular variation, due to the genetic bottleneck of 
the founder effect (Haudry et al., 2007). Yet, over the last sev-
eral decades, studies have shown that the allopolyploid wheat 
species harbour considerable genetic diversity whose levels dif-
fer between the two or three genomes of the allotetraploid and 
allohexaploid species, respectively. The B genome exhibits a 
higher marker polymorphism than the A  genome in allohexa-
ploid wheat (Chao et al., 1989; Liu and Tsunewaki, 1991; Devos 
et  al., 1992; Siedler et  al., 1994), in wild and domesticated 
allotetraploid wheat (Liu and Tsunewaki, 1991; Huang et  al., 
1999; Rong et  al., 1999; Li et  al., 2000), as well as between 
wild and domesticated allotetraploid wheats (Peng et al., 2000; 
Peleg et al., 2008). Such differences were most pronounced for 
loci revealed by gDNA rather than cDNA probes (Huang et al., 
1999; Rong et  al., 1999). Similarly, higher polymorphism in 
the B compared with the A genome were seen in microsatellites 
(Röder et al., 1998; Li et al., 2000). B-genome chromosomes are 
characterized by more c-banding than chromosomes of A and D 
genomes (Gill, 1987) and therefore, a higher quantity of repeti-
tive DNA sequences. Similarly, more retrotransposons and vari-
ations within them have been observed in the B genome, when 
compared with the A  and D genomes (K Kashkush, personal 
communication).

Shaked et al. (2001) reported immediate sequence loss in the F1 
and in the newly formed allotetraploids Aegilops longissima–Ae. 
umbellulata and Ae. sharonensis–Triticum monococcum, mainly 

Table 2.  Genome asymmetry in the control of various traits in the 
wild allotetraploid wheat, T. turgidum subsp. dicoccoides (genome 
BBAA) 

Traits under the control of 
Genome A

Traits under the control of  
Genome B

Inflorescence morphology Regulation of ecological adaptation
Free caryopsis Double the number of disease-resistance 

genes
Glumes with keels Contains more stress-related genes?
The shape of the edge of the 
glumes (beaked glumes)

Higher polymorphism of molecular 
markers

Hairs at the base of every 
spikeket

Higher polymorphism of HMW glutenin 
genes

Plant habitus Larger amount of repetitive sequences
Growth habit Activity on nucleolar organizers
Autogamy Larger number of rRNA genes
Many domestication genes

 by guest on A
ugust 2, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


Page 4 of 15  |  Feldman et al.

affecting one of the parental genomes. A high level of sequence 
elimination occurring immediately after hybridization or after 
chromosome doubling, was registered in Triticale (wheat–rye 
allopolyploid). Interestingly, the rye parental genome of Triticale 
underwent more changes than that of the wheat genome, with 
cytoplasmic–nuclear interaction playing a key role in the direc-
tion, amount, timing, and rate of sequence changes (reviewed by 
Ma and Gustafson, 2008). Similarly, the B genome in Brassica 
juncea and B. napus showed fewer changes than the A  or C 
genomes in the allotetraploid background (Liu and Wang 2006).

In addition to sequence elimination, Shaked et  al. (2001) 
reported alterations in cytosine methylation in 13% of the loci 
of the allotetraploid Aegilops sharonensis–Triticun monococ-
cum, affecting both repetitive DNA sequences and low-copy 
DNA in approximately equal proportions. Cytosine methylation 
was also asymmetric; twice as many sequences were affected in 
T. monococcum, when compared with those of Ae. sharonensis.

Genome-wide transcriptome analyses in synthetic Arabidopsis 
allotetraploids showed that expression patterns from one genome 
could be dominant over the other genome (Wang et al. 2006a, 
b). Pumphery et al. (2009) found that approximately 16% of the 
825 genes analysed displayed non-additive expression in the first 
generation of synthetic hexaploid wheat: 2.9% showed overdom-
inance while the remaining 13.1% were similar to one of the par-
ents. Similarly, Chague et al. (2010) analysed 55 052 transcripts 
in two lines of synthetic allohexaploid wheat and found that 7% 
of the genes displayed non-additive expression, approximately 
half of which showed asymmetry. Further compounding evi-
dence was provided by Akhunova et al. (2010), who measured 
homoeologue-specific expression in synthetic allohexaploid 
wheat. They found that about 19% of the studied genes showed 
homoeologue-specific non-additive up- or down-regulation of 
expression. In Tragopogon miscellus (Asteraceae), a non-crop 
young (40 generations-old) allotetraploid plant species, fre-
quent tissue- and sub-genome-specific silencing (partition) in 
natural allopolyploids was noted among the 144 genes ana-
lysed, globally activated by hybridization (Buggs et al., 2011). 
Comparison with the parental diploids led the authors to con-
clude that tissue-specific silencing of one of the homoeoalleles 
occurs within the first 40 generations of allopolyploidy of many 
genes. Coate and Doyle (2010) compared natural allopolyploid 
Glycine dolichocarpa and its diploid progenitors and found that 
the number of genes expressed in the leaves (the size of leaf tran-
scriptome) of the allopolyploid was only 70% of the sum of the 
progenitor transcriptomes, while the reduction in the genome 
size was much smaller (allopolyploid genome size was 94.3% 
of the sum of the progenitor genomes). Thus, ‘transcriptome 
downsizing’ is greater than genome downsizing. Their analysis 
of a few thousand genes showed massive partial dosage compen-
sation. But, in 11.5% of the examined accompanied pairs, one 
of two copies was silent; in cases of complete silencing strong 
up-regulation of the homoelogous gene was found.

In a survey-sequencing study recently conducted by Wicker 
et al. (2011), 6–10 000 gene sequences were sampled per chro-
mosome, in all six arms of the group 1 chromosomes of hexa-
ploid wheat. These gene sequences were compared with their 
closest homologues in the Triticeae group 1 syntenic region in the 
Brachypodium, rice, and sorghum model genomes. Although the 

number of syntenic genes was similar between the homoeologous 
chromosomes, the number of non-syntenic genes was found to 
be highly diverse between wheat subgenomes. For example, the 
long arms of wheat group 1 chromosomes contain between 577 
(1DL) and 1035 (1BL) gene homologues that are specific to their 
respective chromosome arm only. Interestingly, deviations from 
synteny on the short arms of group 1 were more extreme. The 
most extreme events were reported along the wheat 1BS chromo-
some arm, where 2251 putative non-syntenic genes were identi-
fied, more than five times the number of syntenic genes (Wicker 
et al., 2011). These findings suggest that genomic regions are dif-
ferentially affected by this homoeologue diversification—a phe-
nomenon that may enable the establishment of asymmetry. Many 
of these non-syntenic genes represent pseudogenes that arose 
from transposable element (TE) activity and double-strand break 
repair (Wicker et al., 2011). Wicker et al. (2011) propose that this 
accumulation of genic sequences is driven by TE activity, and 
that these findings indicate that homoeologous wheat chromo-
somes can exhibit different evolutionary dynamics. The authors 
conclude that it is still unclear if this process has contributed to 
functional diversity or to the evolution of agriculturally impor-
tant genes or if it mostly represents genomic noise. However, the 
accumulated data reviewed in the current report supports that 
such evolutionary dynamics may have contributed to genomic 
asymmetry in allopolyploid wheat.

Shitsukawa et al. (2007) reported both genetic and epigenetic 
alterations in the homoeologues of a wheat class E MADS-box 
gene. Two class E genes are identified in wheat, WSEP (wheat 
SEPALLATA) and WLHS1 (wheat Leafy Hull Sterile 1). The three 
wheat homoeologues of WSEP showed similar genomic struc-
tures and expression profiles. By contrast, the three homoeo-
logues of WLHS1 showed genetic and epigenetic alterations. 
The A genome WLHS1 homoeologue (WLHS1-A) had a struc-
tural alteration that contained a large novel sequence in place of 
the K domain sequence. Both a yeast two-hybrid analysis and 
a transgenic experiment indicated that the WLHS1-A protein 
had no apparent function. The B and D genome homoeologues, 
WLHS1-B and WLHS1-D, respectively, had an intact MADS-box 
gene structure, but WLHS1-B was predominantly silenced by 
cytosine methylation. Consequently, of the three WLHS1 homoe-
ologues, only WLHS1-D functions in hexaploid wheat. This rep-
resents a situation where three homoeologues are differentially 
regulated by genetic and epigenetic mechanisms.

Genomic asymmetry in nucleolar formation 
and ribosomal RNA gene activity

Nucleolar dominance, i.e. inter-genomic suppression of the for-
mation of a nucleolus or nucleoli of one species by the presence 
of nucleolar organizer(s) of another species, is characteristic of 
many inter-specific and inter-generic plant hybrids (Navashin, 
1928, 1934; Pikaard, 2000) and is a general phenomenon in the 
allopolyploid species of the genera Aegilops and Triticum.

The diploid species of wheat T. monococcum and T. urartu 
contain two nucleolar organizer regions (NORs), one on chro-
mosome arm 1AS and the second on 5AS (Gerlach et al., 1980; 
Miller et al., 1983). In the allopolyploid wheat species, the NOR 
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of 1AS is inactive, while that of 5AS was lost (Miller  et  al., 
1983; Jiang and Gill, 1994). Thus, allohexaploid wheat 
(genome BBAADD) possesses four pairs of NORs on the 
short arm of chromosomes 1A, 1B, 6B, and 5D (Crosby, 1957; 
Crosby-Longwell and Svihla, 1960; Bhowal, 1972; Darvey 
and Driscoll, 1972). In this species, the nucleolar organizers of 
the B genome suppress the nucleolar organizers of the A  and 
D genomes (Crosby, 1957; Crosby-Longwell and Svihla, 1960; 
Darvey and Driscoll, 1972; Flavell and O’Dell, 1979). Similarly, 
the nucleolar organizers of the B genome suppress those of the 
A genome in allotetraploid wheat, T. turgidum (genome BBAA) 
(Frankel et al., 1987) and those of the R genome in 6x and 8x 
triticale (genome BBAARR and BBAADDRR, respectively) 
(Darvey and Driscoll, 1972; Cermeño et al., 1984a; Martini and 
Flavell, 1985; Appels et al., 1986).

Nucleolar dominance was observed in all allopolyploid spe-
cies of Aegilops (Cermeño and Lacadena, 1984; Cermeño et al., 
1984b). In these species, the U genome from Aegilops umbellulata 
completely suppresses the NOR activity of the M genome of 
Ae. geniculata, the S genome of Ae. peregrina, the D genome of 
Ae. juvenalis, and the C genome of Ae. triuncialis and that of one 
pair of the nucleolar organizer chromosomes of the M genome 
of Ae. columnaris, Ae. biuncialis, Ae. juvenalis, Ae. recta. The 
nucleolar activity of the D genome is completely suppressed by 
the U genome in Ae. juvenalis, the C genome in Ae. cylindrica, 
and the M genome in Ae. ventricosa (Cermeño et al., 1984b). The 
nucleolar organizers of the U genome also suppress the activity 
of those of the rye R genome in hybrids between allopolyploid 
species of the U genome-bearing Aegilops and Secale cereale or 
S. vavilovii (Cermeño and Lacadena, 1985).

Every genome possesses one or more NORs that contain clus-
ters of the 45S ribosomal RNA (rRNA)-encoding genes that are 
active inside the nucleolus; the extent of their activity is propor-
tional to the size of the nucleolus (Birnstiel et al., 1971; Appels 
et  al., 1980). Consequently, nucleolus formation is considered 
evidence for rRNA gene expression and the lack thereof, indi-
cates the absence of rRNA gene transcription (Flavell et  al., 
1986). Moreover, the relative size of nucleoli within the same 
nucleus has been taken as a measure of the differential activity 
between one NOR and another (Flavell et al., 1986).

The number of rRNA-encoding genes in each of the four 
NOR sites of allohexaploid wheat was determined by Flavell and 
coworkers. In the standard laboratory Chinese Spring cultivar, 
chromosomes 1A and 5D contain a very small proportion of the 
rRNA-encoding genes (10%), while chromosomes 1B and 6B 
possess 30% and 60% of these genes, respectively (2700 and 
5500 copies, respectively) (Mohan and Flavell, 1974; Flavell 
and O’Dell, 1976). Similar patterns were found for allotetraploid 
wheat (Frankel et al., 1987). Chromosomes 1A and 5D produced 
very small nucleoli or none at all in the Chinese Spring variety 
(Crosby, 1957; Crosby-Longwell and Svihla, 1960). These find-
ings stand in line with chromosomes 1A and 5D having a small 
proportion of the total rRNA gene complement.

Nucleolar dominance in the allopolyploid species of the wheat 
group is achieved either by elimination of rRNA-encoding 
genes, as is the case of 5AS, or by suppression of their activity. 
Gustafson and Flavell (1996) and Houchins et al. (1997) found 
that inactivation of the rRNA-encoding genes is associated with 

increased cytosine methylation at their CCGG sites. Similarly, 
Chen and Pikaard (1997) found that the silenced rRNA-encoding 
genes in Brassica allotetraploids are maintained by DNA meth-
ylation and histone deacetlyation. Further evidence suggesting 
that nucleolar suppression is triggered by cytosine methylation 
came from the fact that the suppression of the NORs of genome 
R was reversed in wheat×rye hybrids and triticale (a synthetic 
allopolyploid between tetraploid wheat and rye, Secale cereale) 
by treatment with the demethylating agent 5-aza-cytosine (Vieira 
et al., 1990; Neves et al., 1995; Amado et al., 1997).

Newly synthesized allopolyploids exhibit genetic and epige-
netic changes in their rRNA-encoding genes similar to those 
occurring in natural allopolyploids, indicating that these changes 
are generated during allopolyploid formation (Baum and 
Feldman, 2010). Shcherban et al. (2008b) detected rapid elimi-
nation of the Aegilops sharonensis rRNA-encoding genes in the 
synthetic allopolyploid Aegilops sharonensis–Ae. umbellulata, 
which stands in agreement with the pattern in the natural allopol-
yploid having the same genomic combination, i.e. Ae. peregrina 
and Ae. kotschyi. Similarly, Brettell et al. (1986) reported that, in 
hybrids between wheat and rye, the rRNA-encoding genes from 
one of the rye chromosomal sites were deleted immediately after 
hybridization. Silencing of rRNA-encoding genes has also been 
found to be a rapid response of Brassicaceae genomes to allopol-
yploidization (Chen and Pikaard, 1997).

Wheat 5S DNA also undergoes immediate changes in 
response to allopolyploidization, followed by the elimination of 
unit classes of 5S DNA (Baum and Feldman, 2010). This elimi-
nation was reproducible, i.e. the same unit classes were elimi-
nated in natural and synthetic allopolyploids having the same 
genomic combinations, indicating that no further elimination 
occurred in the unit classes of the 5S DNA during the life of the 
allopolyploids.

Genomic asymmetry in the control of 
storage proteins in allopolyploid wheat

Genetic control of high molecular weight (HMW) glutenin subu-
nits, important components of wheat seed-storage proteins, was 
studied in allohexaploid wheat (Brown et al., 1979; Payne et al., 
1981, 1982; Galili and Feldman, 1983a) and in domesticated 
and wild allotetraploid wheat (Galili and Feldman, 1983b; Nevo 
and Payne, 1987; Levy and Feldman, 1988; Levy et al., 1988; 
Felsenburg et al., 1991). These subunits, constituting about 10% 
of total wheat-endosperm proteins, are resolved in sodium dode-
cyl sulphate (SDS) and are easily discernible in polyacrylamide 
gel electrophoresis (PAGE). The HMW glutenin subunits are 
encoded by the Glu-A1 and Glu-B1 gene clusters in allotetraploid 
wheat, and by the Glu-A1, Glu-B1, and Glu-D1 gene clusters 
in allohexaploid wheat (Payne et al., 1982; Galili and Feldman, 
1983a), located on the long arm of homoeologous-group-1 chro-
mosomes (Payne et  al., 1982; Galili and Feldman 1983a, and 
reference therein). In allohexaploid wheat, each of these gene 
clusters is composed of two multi-allelic gene loci: Glu-A1-1 and 
Glu-A1-2 on chromosome 1A, Glu-B1-1 and Glu-B1-2 on chro-
mosome 1B, and Glu-D1-1 and Glu-D1-2 on chromosome 1D. 
The products of Glu-A1-1, Glu B1-1, and Glu-D1-1 comprise the 
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slow migrating subunits (x) while those of Glu-A1-2, Glu-B1-2, 
and Glu-D1-2 comprise the fast-migrating subunits (y).

Most lines of allohexaploid wheat have two HMW glu-
tenin subunits controlled by chromosome 1B, two bands con-
trolled by 1D and 0–2 bands controlled by 1A (Lawrence and 
Shepherd, 1981; Payne et  al., 1984a, b; Galili and Feldman, 
1983b). Galili and Feldman (1983b) analysed 109 different lines 
of allohexaploid wheat, representing a wide spectrum of genetic 
backgrounds, and found that 22 lines (20.2%) had no HMW glu-
tenin subunits controlled by chromosome 1A, 44 lines (40.4%) 
had only one such band and 43 lines (39.4%) had two bands. 
Moreover, in all lines having one subunit controlled by 1A, only 
the slow migrating subunit, the x subunit, was involved, i.e. only 
Glu-1A-1 was active. Hence, in 60% of the studied hexaploid 
lines, Glu-A1-2 was inactive, although this gene is regularly 
active in diploid wheat (Waines and Payne, 1987).

Levy et al. (1988) studied the HMW glutenin subunits in 456 
accessions of the wild allotetraploid wheat Triticum turgidum 
subsp. dicoccoides, originating from 21 different populations in 
Israel. In 82% of the accessions, the fast-migrating subunit of the 
A genome, the y subunit, was absent, and in 17% of the acces-
sions, the slow-migrating subunit of this genome, the x subunit, 
was also absent. Namely, only the Glu-B1 genes of the B genome 
were active. The fast-migrating subunit of the A  genome was 
absent in all of the 11 studied lines of the primitive domesticated 
allotetraploid wheat, T. turgidum subsp. dicoccum, i.e. Glu-A1-2 
was inactive. Glu-A1-1 was also inactive, while only Glu-B1-1 
and Glu-B1-2 were active in all of the 19 evaluated lines of mod-
ern allotetraploid wheat, T. turgidum subsp. durum (Feldman 
et al., 1986). Moreover, the HMW glutenin loci of the B genome 
were much more polymorphic than those of the A  genome 
(Felsenburg et  al., 1991). The reduced polymorphism of the 
A genome loci were suggested to reflect the non-random inac-
tivation of HMW glutenin genes mainly affecting the A genome 
genes in allopolyploid wheat (Galili and Feldman, 1983b; Levy 
et al., 1988).

Thus, in both allotetraploid and allohexaploid wheat, inactiva-
tion of HMW glutenin genes is massive and non-random and 
occurs in the Glu genes of the A genome (Galili and Feldman, 
1983a, b; Feldman et  al., 1986; Levy et  al., 1988, and refer-
ence therein). This tendency has also been found in hexaploid 
wheat for HMW gliadin genes (Galili and Feldman 1983a, b). 
The order of inactivation was also non-random, starting with 
the rapidly migrating subunits and continuing with the slowly 
migrating ones.

Evidence showing that the Glu-A1-2 gene exists in the 
Chinese Spring cultivar of allohexaploid wheat, that lacks 
the fast-migrating HMW glutenin band coded by this gene 
(Thompson et al., 1983), supports the assumption of inactivation 
rather than elimination of this gene. This is in accord with the 
finding that the inactivation of Glu-A1-2 in allohexaploid wheat 
is caused by the presence of a terminating sequence inside the 
transcribed portion of the gene (Forde et al., 1985).

Galili and Feldman (1984) showed that inactivation 
of endosperm-protein genes is also brought about by an 
inter-genomic suppression. Extracted allotetraploid wheat, 
lacking the D-genome and possessing the A  and B genomes 
of its allohexaploid progenitor (Kerber, 1964), facilitates the 

study of inter-genomic relationships between genes of the D 
genome and those of the other two genomes. SDS-PAGE anal-
ysis of such extracted tetraploid lines exhibited several bands 
with increased staining intensity, as well as some new bands. 
The latter seemed to result from novel activity of genes located 
on the A  or B genomes, as the repression exerted by the D 
genome was removed. Addition of the D genome resumed the 
suppression of these genes. Galili and Feldman (1984) sug-
gested that these endosperm-protein genes were repressed 
immediately following the formation of allohexaploid wheat, 
about 10 000 years ago, but have retained their potential for 
activity. Likewise, microarray analyses have pointed to a group 
of genes, located on chromosomes of the A and B genomes, 
that are strictly regulated by the presence of the D genome; 
they are not expressed in allohexaploid wheat, expressed in 
an extracted allotetraploid (genome BBAA), and are silenced 
again upon supplementation the D genome to the extracted 
tetraploid plants (B Liu, personal communication). Similarly, 
Kerber and Green (1980) described an inter-genomic suppres-
sion of a rust resistance gene, located in the D-genome, by 
gene(s) of the A or B genomes.

Genomic asymmetry in the control 
of agronomic traits in domesticated 
allopolyploid wheat

Wheat genome-driven control of various agronomic traits and 
of disease and pest resistance in domesticated allopolyploid 
is categorized in Tables 3 and 4, respectively. The B and D 
genomes control the most important genes associated with 
reduced plant height (Rht) and gibberelic acid insensitivity 
(Ga), yielding dwarf and semi-dwarf wheat, the main types of 
modern wheat varieties. Dwarf and semi-dwarf wheat varie-
ties are characterized by an improved harvest index and, con-
sequently, are high-yielding varieties. These varieties have 
replaced the traditional tall, low-yield varieties in many parts 
of the world during the ‘green revolution’ and thus, increased 
global wheat production.

The B and D genomes control grain protein content (Law 
et al., 1978; Joppa and Cantrell, 1990) and grain hardness (Morris 
et al., 1999; Chantret et al., 2005). These genomes also control 
wax production (Tsunewaki and Ebona, 1999), an important trait 
that affects drought tolerance. The B and D genomes are respon-
sible for tolerance to abiotic stresses. The B genome contains 
genes associated with boron tolerance (Paull et al., 1991), low 
cadmium uptake (Penner et al., 1995), and tolerance to iron defi-
ciency (Maystrenko, 1992), while the D genome contains gene(s) 
conferring aluminium tolerance (Riede and Anderson, 1996) and 
response to salinity (Dubcovsky et al., 1996). Most genes for her-
bicide resistance are located in the B genome (Snape et al., 1987), 
and those responsive to photoperiod and most of those responsive 
to vernalization are located on the B and D genomes (Table 3). 
The A genome controls plant and spike morphology and the main 
traits of the ‘domestication syndrome’, e.g. non-brittle rachis 
(Nalam et al., 2006) and free threshing (Sears, 1954).

The B genome harbours double the number of 
disease-resistance genes and resistance-gene analogue (RGA) 
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loci than the A and D genomes (Peng et al., 2003b; Fahima et al., 
2006). It is noteworthy that upon screening the GrainGenes web 
site (http://wheat.pw.usda.gov/), we found that of 184 mapped 
wheat disease resistance genes, 88 were in the B genome, dem-
onstrating significant (P <0.008) deviation from equal distribu-
tion among the three genomes (Table 4). Most genes conferring 
resistance to stem rust, stripe rust, and leaf rust, the most com-
mon wheat diseases that cause significant global yield loss each 
year, are located in the B genome.

In the context of our genome asymmetry concept, it is interest-
ing to note that the predominant location of R-gene clusters and 
clusters of R-gene analogues in the B genome of wheat coin-
cides with certain asymmetry of recombination. Namely, earlier 

a striking difference was found between A  and B genomes in 
recombination distribution, reflected in high marker clustering in 
the B but not in the A genome (Peng et al., 2000).

Evidence of genome asymmetry in the context of domesti-
cation was obtained in other plants as well. In both species of 
independently domesticated cotton, Gossypium hirsutum and G. 
barbadense, transcription of genes related to fibre development, 
the major target of selection in domesticated Gossypium, was 
found to be preferentially enhanced in the D genome when com-
pared with the A genome (Hovav et al., 2008), despite the fact 
that D-genome diploids do not produce spinnable fibres. This bias 
in favour of the D genome coincides with a predominant occur-
rence of fibre-related QTL (~70%) on the D genome (Paterson, 

Table 3.  Genome asymmetry in the control of agronomic traits in domesticated durum (genome BBAA) and bread wheat (genome 
BBAADD) [Data from the 2008 wheat Gene Catalogue (http://wheat.pw.usda.gov/GG2/index.shtml)]

Traits Traits under control of

Genome A Genome B Genome D

Elongated glumes Eg P1 on 7AL Eg P2 on 7BL (?)
Branched spikes Bh on 2AS
Non-brittle rachis br A1 on 3AS br B1 on 3BS

br A2 on 2A
Free-threshing Q on 5AL
Non-tenacious glume tg2 on 2BS tg1 on 2DS
(lax glume)
Reduce plant height Rht7 on 2A Rht B1 on 4BS Rht D1 on 4DS

Rht12 on 5AL Rh4 on 2Bl Rht8 on 2DL
Rht5 on 3BS
Rht9 on 7BS
Rht13 on 7BS

Grain protein content Gpc B1 on 6BS Pro1 on 5DL
Pro2 on 5Ds

Grain hardness Ha on 5DS
Puroindolines and grain Pin D1 on 5DS
softness protein
Gibberellic acid response Ga1, Ga3 on 4BS Ga2 on 4DS
Waxiness W1 on 2BS W2 on 2DS (?)
Epistatic inhibitors W1I on 2BS W2I on 2DS
of waxiness W3I on 1BL
Male sterility Ms3 on 5AS ms1 on 4BS Ms2 0n 4DS

ms5 on 3A Ms4 on 4DS
Pairing homoeologous Ph1 on 5BL Ph2 on 3DS
Hybrid necrosis Ne1 on 5BL

Ne2 on 2B
Hybrid chlorosis Ch1 on 2A Ch2 on 3DL
Aluminium tolerance Alt2 on 4DL
Boron tolerance Bo1 on 7BL
Low cadmium uptake Cdu1 on 5BL
Iron deficiency Fe2 on 7BS Fe1 on 7DL
Difenzoquat insensitivity Dfg 1 on 2BL
Chlortoluron insensitivity Su1 on 6BS
Imidazolinone resistance Imi3 on 6AL Imi2 on 6BL Imi1 on 6DL
Response to photoperiod Ppd-B1 on 2BS Ppd-D1 on 2DS
Response to vernalization Vrn-A1 on 5AL Vrn-B1 on 5BL Vrn-D1 on 5DL

Vrn-B3 on 7BS Vern-D4 on 5DL
Vern-D5 on 5DL

Response to salinity Kna1 on 4DL
Frost resistance Fr1 on 5AL Fr2 on 5DL
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2002). These findings were further supported by Xu et al. (2010) 
who compared the distribution of the fibre development genes 
and transcription factors in the cotton A and D genomes, using 
genetic and physical mapping techniques. More transcription fac-
tors were from D than from A, while opposite trends were found 
for fibre development genes. These results, combined with pre-
vious publications on the prevailing abundance of fibre QTLs 
in the D-genome, were explained as hypothesis detailed below 
(Hovav et al., 2008). After merging of the two diploid Gossypium 
genomes, the A genome of the allotetraploid continued to func-
tion in a similar manner as its fibre-producing A-genome ancestor, 
while the D genome, coming from the non-fibre-producing ances-
tor, provided more transcription factors regulating the expression 
of the fibre genes than the A genome did.

Another example of genome asymmetry in allopolyploid cot-
ton Gossypium hirsutum was recently found in the accumulation 
of seed storage proteins (Hu et  al., 2011). A  higher degree of 
proteomic similarity was found between the allopolyploid and 
its D-genome donor than between its A-genome donor. Hu et al. 
(2011) concluded that unequal expression of proteins from dip-
loid parental genomes occurs in allopolyploids.

Discussion

Evolvement of multiple gene loci in allopolyploids

The reviewed evidence can be best explained by assuming 
that the genetic and epigenetic changes in the newly formed 

allopolyploid wheat species led to the construction of two con-
trasting genetic systems: (i) retention of expression of all homoe-
oalleles of those duplicated or triplicated gene loci whose extra 
gene dosage has a positive effect by itself or may facilitate the 
build-up of positive inter-genomic interactions between diver-
gent regulation factors, and (ii) elimination or suppression of 
genes from one genome in allotetraploids and from two genomes 
in allohexaploids in those gene loci whose extra dosage or new 
inter-genomic interactions are deleterious, thus bringing about 
genome asymmetry for various traits. The latter process may be 
tissue-specific (Buggs et al., 2011).

In wheat allopolyploids, as discussed above, different gene 
types show a differential propensity for homoeologous change 
or retention. Genes encoding functional proteins (enzymes) con-
stitute one category of genes that shows a high degree of reten-
tion of homoeoalleles (Mitra and Bhatia, 1971; Hart, 1983a, b, 
1987). Such retention enables inter-genomic interactions at both 
the transcriptional level and between gene products, giving rise 
to ‘hybrid’ functional proteins in multimeric enzymes consisting 
of subunits encoded by different genomes. These new hetero-
meric proteins may have new and desirable properties. Similarly, 
protein complexes, such as gluten, may also be ‘hybrid’. These 
inter-genomic protein interactions seem also to have had direct 
relevance to wheat cultivation. For example, the baking qual-
ity of allohexaploid wheat (bread wheat) is due to the unique 
properties of its gluten, a product derived from the combined 
contribution of multiple subunits encoded by the three genomes 
of hexaploid wheat.

The retention of genes corresponding to trans-acting factors, 
such as transcription factors, suppressors, and microRNAs, may 
enable the generation of novel trans interactions that may lead to 
new expression patterns absent in the diploid parents, as seen in 
yeast (Tirosh et al., 2009).

For other categories of genes, a lack of retention of paren-
tal genes or the expression patterns is frequent and non-random. 
This includes the genes that encode for ribosomal RNA, for 
structural proteins, such as histones and subunits of tubulins, and 
for storage proteins, such as subunits of glutenins and gliadins. 
In these cases, expression of all homoeoalleles may be redun-
dant, resulting in over-production and even deleterious dosage 
effects. In addition, activity of all homoeoalleles may produce 
intermediate phenotypes in several traits that decrease the viabil-
ity of the plants (e.g. hybrid incompatibility genes). Hence, for 
some traits, control by genes from only one genome (genome 
asymmetry) may have a higher adaptive value than additive 
expression, preventing a genomic clash or avoiding deleterious 
dosage effects. Non-random elimination of DNA sequences, as 
reported in wheat (Levy and Feldman, 2004; Feldman and Levy, 
2005), may contribute to genome asymmetry in alloployploids.

The new evidence presented by Wicker et al. (2011), obtained 
by next generation sequencing of individual wheat group 
1-sorted chromosome arms, indicates that very different levels 
of amplifications of gene sequences occurred between the three 
wheat genomes. This kind of gene amplification seems also to 
have played an important role in homoeologous genome diver-
gence and may also contribute to genomic asymmetry.

Unequal retention of genes is not unique to allopolyploid 
wheat; it has also been reported in allotetraploid soybean 

Table 4.  Genome asymmetry in the control of reaction to 
diseases or pests in the domesticated durum wheat (genome 
BBAA) and bread wheat (genome BBAADD) [data from the 2008 
wheat Gene Catalogue (http://wheat.pw.usda.gov/GG2/index.
shtml) in the control of reaction to diseases or pests]

Disease/pest Number of functional genes

Genome A Genome B Genome D

Barley yellow dwarf virus 3
Powdery mildew 9 11 8
Russian wheat aphid 1 7
Cochlibolus root rot 1
Fusarium head scab 3 1
Cereal cyst nematode 2 1
Magnaporthe grisea 1 1 1
Hessian fly 10 2 6
Septoria tritici 4 6 3
Septoria nodorum 2 1
Root lesion nematode 1
Stem rust 5 13 7
Stripe rust 4 21 7
Leaf rust 6 19 3
Tan spot 1 3 1
Wheat midge 1
Greenbug 1 2
Eyespot 1 1
Karnal bunt 4 1
Wheat yellow mosaic 
virus

1

Total 45 88 51
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(Coate et al., 2011). Tate et al. (2006, 2009), Buggs et al. (2009, 
2010a), and Koh et al. (2010) demonstrated, via cDNA–AFLPs 
followed by genomic and cDNA cleaved amplified polymorphic 
sequence (CAPS) analyses, that one parental gene copy was lost in 
several homoeologous loci of natural allotetraploid Tragopogon 
miscellus and in allotetraploid T. mirus. Moreover, expression of 
only one parental gene copy was detected in several other homoe-
ologous loci. On the other hand, allele loss or silencing was not 
detected in synthetic T. miscellus (Buggs et  al., 2009, 2010a), 
indicating that these changes occur during the life history of the 
allotetraploid. By contrast, immediate gene elimination occurred 
upon allopolyploidization in allotetraploid Triticum turgidum 
and allohexaploid T. aestivum (Liu et al., 1998b; Shaked et al., 
2001) and in allohexaploid and allooctoploid Triticale (a wheat–
rye allopolyploid) (Ma and Gustafson, 2008). Similarly, imme-
diate gene silencing was observed in allotetraploid Arabidopsis 
suecica (Wang et al., 2006a, b), allohexaploid Senecio cambrensis 
(Hegarty et al., 2005, 2006), allotetraploid cotton (Adams et al., 
2004; Flagel et al., 2008) and allopolyploid wheat (Shaked et al., 
2001; Kashkusk et al., 2002).

Genetic diploidization is not a random process, distinctly 
affecting specific gene categories and their corresponding traits 
and forming a clear-cut division of tasks between the constituent 
genomes of allopolyploid wheat. The A-genome preferentially 
controls morphological traits, while the B-genome in allotetra-
ploid wheat and the B and D genomes in allohexaploid wheat 
preferentially control the reaction to biotic and abiotic fac-
tors. The process of genetic diploidization is also non-random 
in rRNA-encoding genes and storage protein genes, affecting 
mostly genes of genome A.  Genetic diploidization may occur 
during or immediately after allopolyploidization (revolutionary 
changes), e.g. in rRNA-encoding genes, or through the life his-
tory of the species (evolutionary changes), for example, in HMW 
glutenin genes.

The stage of allopolyploid formation will dictate if genetic 
diploidization results from homoeologous recombination, ille-
gitimate recombination, or gene conversion. Some of these pro-
cesses may contribute to the reconstruction of the homoeologous 
chromosomes through the course of cytological and genetic dip-
lodization. There is evidence that considerable genetic changes 
in artificially resynthesized Brassica napus resulted from 
homoeologous recombination (Gaeta and Pires, 2010, and refer-
ences therein). After genome merging, a portion of genes can 
undergo directed genetic or epigenetic changes, resulting in gene 
loss or silencing. Obviously, diploidization yielding suppression 
of homoeologous recombination does not necessarily lead to 
universal exclusion of gene conversion, especially in the large 
orthologous blocks of retained genes, such as rice chromosomes 
11 and 12 and their sorghum orthologues 5 and 8 (Wang and 
Paterson, 2011).

Mechanisms responsible to genomic asymmetry

Genome asymmetry may be brought about by either transcrip-
tional dominance of one of the parental genomes (Wang et al., 
2006b; Flagel et al., 2009; Rapp et al., 2009; Flagel and Wendel, 
2010) or inter-genomic suppression of gene activity (Galili and 
Feldman, 1984), due to incompatibility of regulatory elements 

(He et  al., 2003; Tirosh et  al., 2009), chromatin modification 
(Wang et al., 2006b) or suppression of genes adjacent to trans-
posable elements (Kashkush et al., 2003). Differential elimina-
tion or inactivation of coding sequences from one of the parental 
genomes in allotetraploids and from two of the parental genomes 
in allohexaploids contributes to the asymmetrical control of the 
constituent genomes (Feldman and Levy, 2009; Tate et al., 2006; 
Buggs et  al., 2009, 2010a, b; Koh et  al., 2010). Some major 
transcriptional suppressors, or small non-coding RNAs, such 
as microRNAs (Ha et al., 2009), may also have genome-wide 
effects on asymmetry through the suppression of several tar-
gets that, in turn, can affect a cascade of genes, thus leading to 
asymmetry.

Significance of genomic asymmetry in the evolution of 
allopolyploids

The ability of one genome to suppress the activity of genes 
of another genome and thus, fully to control a set of traits in 
allopolyploids, may prevent conflicting gene expression that 
could potentially lead to defective organ shapes. This protective 
mechanism ensures the development of viable plants. Diploid 
species that lack this adaptive ability might fail to produce viable 
allopolyploids. There are two diploid wheat species and 11 dip-
loid Aegilops species [including Amblyopyrom muticum (=Ae. 
mutica)] (Eig, 1929; van Slageren, 1994), most of which have 
geographical contact with one another (Kimber and Feldman, 
1987; van Slageren, 1994). Many more allopolyploid species, 
apart from the currently existing ones, may have been generated 
over the 2–4 million years of the existence of the diploid spe-
cies (Huang et al., 2002). Allopolyploids involving the AD, AC, 
AM, AN, AU, AT, UD, UT, DS, and DT genomic combinations 
can be produced under artificial conditions, but have not been 
found in nature. We speculate that such hybrids and/or allopoly-
ploids have reduced fitness, due to desirable genomic asymmetry 
manifested by some degree of inter-genomic incompatibilities 
overcome through silencing of incompatible loci from one of 
the parents.

Cytological diploidization of allopolyploids, during or soon 
after their production, provides the physical basis for their 
strict intra-genomic pairing of fully homologous chromo-
somes. Restriction of meiotic pairing and recombination to 
fully homologous chromosomes, coupled with a pre-dominant, 
self-pollination system, sustains the co-existence and mainte-
nance of two contrasting systems in allopolyploid plants, namely, 
fixation of heterozygosity between homoeoalleles and genomic 
asymmetry. Inter-genomic pairing would have led to disrup-
tion of the linkage of the homoeoalleles that contribute to posi-
tive inter-genomic interactions and to the segregation of genes 
that participate in the asymmetrical genomic control of certain 
desirable traits. In conclusion, these two contrasting systems, 
related to the fate of duplicated or triplicated genes in allopoly-
ploids, are especially important for the evolutionary success of 
these plants. Indeed, allopolyploids of the genera Aegilops and 
Triticum are very evolutionarily successful; they are aggressive, 
efficient colonizers, compete well with their diploid progenitors, 
are distributed over a larger geographical area, occupy more 
versatile habitats, and exhibit wider ranges of morphological, 
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biochemical, and molecular variations than their parental diploid 
species (Zohary and Feldmam, 1962; Feldman, 1965; Zohary, 
1965; Kimber and Feldman, 1987).

Rapid progress of structural and functional Triticeae genomics 
will enable further insight into the mechanisms and functional 
importance of genomic asymmetry in wheat allopolyploids and 
other allopolyploids of this tribe.

Acknowledgements

The constructive comments of two anonymous reviewers are 
acknowledged with appreciation. The work of AAL was sup-
ported by a grant from the Israeli Science Foundation (ISF grant 
No. 616/09). The researchers at the University of Haifa were 
supported by funding from the European Community’s Seventh 
Framework Programme (FP7/2007-2013) under the grant agree-
ment FP7-212019 (Triticeae Genome) and Israeli Science 
Foundation (ISF grant No. 800/10).

References

Adams KL, Percifield R, Wendel JF. 2004. Organ-specific silencing 
of genes in a newly synthesized cotton allotetraploid. Genetics 168, 
2217–2226.

Akunova AR, Matniyazov RT, Liang HQ, Akhunov ED. 2010. 
Homoeolog-specific transcriptional bias in allopolyploid wheat. BMC 
Genomic 11, 505 (doi:10.1186/1471-2164-11-505).

Amado L, Abrabches R, Neves N, Viegas W. 1997. 
Development-dependent inheritance of 5-azacytidine-induced 
epimutations in triticale: analysis of rDNA expression patterns. 
Chromosome Research 5, 445–450.

Appels R, Moran LB, Gustafson JP. 1986. The structure of DNA 
from the rye (Secale cereale) NOR R1 locus and its behaviour in 
wheat backgrounds. Canadian Journal of Genetics and Cytology 28, 
673–685.

Appels R, Gerlach WL, Dennis ES, Swift H, Peacock WJ. 1980. 
Molecular and chromosomal organization of DNA sequences coding 
for the ribosomal RNAs in cereals. Chromosoma 78, 293–311.

Baum BR, Feldman M. 2010. Elimination of 5S DNA unit classes 
in newly formed allopolyploids of the genera Aegilops and Triticum. 
Genome 53, 430–438.

Bhowal JG. 1972. Nucleolar chromosomes in wheat. Zeitschrift für 
Pflanzenzuchtung 68, 253–257.

Birnstiel ML, Chipchase M, Spires J. 1971. The ribosomal RNA 
cistrons. Progress in Nucleic Acid and Molecular Biology 11, 351–389.

Brettell RIS, Pallotta MA, Gustafson JP, Appels R. 1986. Variation 
at the Nor loci in triticale derived from tissue culture. Theoretical and 
Applied Genetics 71, 637–643.

Brown JWS, Kemble RJ, Law CN, Flavell RB. 1979. Control of 
endosperm proteins in Triticum aestivum (var. ‘Chinese Spring’) and 
Aegilops umbellulata by homoeologous-group-1 chromosomes. 
Genetics 93, 189–200.

Buggs RJA, Chamala S, Wu W, Gao L, May GD, Schnable PS, 
Soltis DE, Soltis PS, Barbazuk WB. 2010a. Characterization of 

duplicate gene evolution in the recent natural allopolyploid Tragopogon 
miscellus by next-generation sequencing and Sequenom iPLEX 
MassARRAY genotyping Molecular Ecology 19, 132–146.

Buggs RJA, Doust AN, Tate JA, Koh J, Soltis K, Feltus FA, 
Paterson AH, Soltis PS, Soltis DE. 2009. Gene loss and silencing 
in Tragopogon miscellus (Asteraceae): comparison of natural and 
synthetic allotetraploids. Heredity 103, 73–81.

Buggs RJA, Elliott NM, Zhang L, Koh J, Viccini LF, Soltis DE, 
Soltis PS. 2010b. Tissue-specific silencing of homoeologs in natural 
populations of the recent allopolyploid Tragopogon mirus. New 
Phytologist 186, 175–183.

Buggs RJA, Zhang L, Miles N, Tate JA, Gao L, Wei W, Schnable 
PS, Barbazuk B, Soltis PS, Soltis DE. 2011. Transcriptomic shock 
generates evolutionary novelty in a newly formed, natural allopolyploid 
plant. Current Biology 21, 551–556.

Cermeño MC, Lacadena JR. 1984. Nucleolar activity and 
competition (amphiplasty) in the genus Aegilops. Heredity 53, 
603–611.

Cermeño MC, Lacadena JR. 1985. Nocleolar organizer competition 
in Aegilops–rye hybrids. Genome 27, 479–483.

Cermeño MC, Orellana J, Santos JL, Lacadena JR. 1984a. 
Nucleolar organizer activity in wheat, rye and derivatives analyzed by a 
silver-staining procedure. Chromosoma 89, 370–376.

Cermeño MC, Orellana J, Santos JL, Lacadena JR. 1984b. 
Nucleolar activity and competition (amphiplasty) in the genus Aegilops. 
Heredity 53, 603–611. 

Chagué V, Just J, Mestiri I, et al. 2010. Genome-wide gene 
expression changes in genetically stable synthetic and natural wheat 
allohexaploids. New Phytologist 187, 1181–1194.

Chantret N, Salse J, Sabot F, et al. 2005. Molecular basis of 
evolutionary events that shaped the hardness locus in diploid and 
polyploid wheat species (Triticum and Aegilops). The Plant Cell 17, 
1033–1045.

Chao S, Sharp PJ, Worland AJ, Warham EJ, Koebner RMD, 
Gale MD. 1989. RFLP-based genetic maps of wheat homoeologous 
group 7 chromosomes. Theoretical and Applied Genetics 78, 
495–504.

Chapman V, Miller TE, Riley R. 1976. Equivalence of the A genome 
of bread wheat and that of Triticum urartu. Genetic Research 27, 
69–76.

Chen ZJ. 2007. Genetic and epigenetic mechanisms for gene 
expression and phenotypic variation in plant polyploids. Annual 
Review of Plant Biology 58, 377–406.

Chen ZJ, Pikaard CS. 1997. Epigenetic silencing of RNA polymerase 
I transcription: a role for DNA methylation and histone modification in 
nucleolar dominance. Genes and Development 11, 2124–2136.

Coate JF, Doyle JJ. 2010. Quantifying whole transcriptome size, a 
prerequisite for understanding transcriptome evolution across species: 
an example from a plant allopolyploid. Genome Biology and Evolution 
2, 534–546.

Coate JE, Schlueter JA, Whaley AM, Doyle JJ. 2011. 
Comparative evolution of photosynthetic genes in response to 
polyploid and nonpolyploid duplication. Plant Physiology 155, 
2081–2095.

 by guest on A
ugust 2, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


Genomic asymmetry in allopolyploids  |  Page 11 of 15

Comai L. 2000. Genetic and epigenetic interactions in allopolyploid 
plants. Plant Molecular Biology 43, 387–399.

Comai L. 2005. The advantages and disadvantages of being 
polyploidy. Nature Reviews Genetics 6, 836–846.

Crosby AR. 1957. Nucleolar activity of lagging chromosomes in 
wheat. American Journal of Botany 44, 813–822.

Crosby-Longwell AC, Svihla G. 1960. Specific chromosomal 
comtrol of the nucleolus and the cytoplasm in wheat. Experimental 
Cell Research 20, 294–312.

Darvey NL, Driscoll CJ. 1972. Nucleolar behaviour in Triticum. 
Chromosoma 36, 131–139.

De Bodt S, Maere S, Van de Peer Y. 2005. Genome duplication 
and the origin of angiosperms. Trends in Ecology and Evolution 20, 
591–597.

Devos KM, Atkinson MD, Chinoy CN, Liu CJ, Gale MD. 1992. 
RFLP-based genetic map of the homoeologous group 3 chromosomes 
of wheat and rye. Theoretical and Applied Genetics 83, 931–939.

Doyle JJ, Flagel LE, Paterson AH, Rapp RA, Soltis DE, Soltis PS, 
Wendel JF. 2008. Evolutionary genetics of genome merger and 
doubling in plants. Annual Review of Genetics 42, 443–461.

Dubcovsky J, Santa Maria G, Epstein E, Luo M-C, Dvorak J. 
1996. Mapping of the K+/Na+ discrimination locus Kna1 in wheat. 
Theoretical and Applied Genetics 92, 448–454.

Dvorak J. 1976. The relationship between the genome of Triticum 
urartu and the A and B genomes of Triticum aestivum. Canadian 
Journal of Genetics and Cytology 18, 371–377.

Eig A. 1929. Monographisch-kritische Übersicht der Gattung 
Aegilops. Feddes Repertorium. Zeitschrift für Botanische Taxonomie 
un Geobotanik. Beiheft. Berlin 55, 1–228.

Eilam T, Anikster Y, Millet E, Manisterski J, Feldman M. 
2010. Genome size in diploids, allopolyploids, and 
autopolyploids of mediterranean triticeae. Journal of Botany 210. 
doi:10.1155/2010/341380.

Eilam T, Anikster Y, Millet E, Manisterski J, Sagi-Assif O, 
Feldman M. 2008. Nuclear DNA amount and genome downsizing 
in natural and synthetic allopolyploids of the genera Aegilops and 
Triticum. Genome 51, 616–627.

Elias EM, Steiger KD, Cantrell RG. 1996. Evaluation of lines 
derived from wild emmer chromosome substitutions. II. Agronomic 
traits. Crop Science 36, 228–233.

Fahima T, Cheng JP, Peng JH, Nevo E, Korol A. 2006. Asymmetry 
distribution of disease resistance genes and domestication synrome 
QTLs in tetraploid wheat genome. Proceedings of the 8th International 
Congress of Plant Molecular Biology, Adelaide, Australia.

Feldman M. 1965a. Further evidence for natural hybridization 
between tetraploid tetraploid species of Aegilops Section 
Pleionathera. Evolution 19, 162–174.

Feldman M. 1965b. Fertility of interspecific F1 hybrids and 
hybrid derivatives involving tetraploid species of Aegilops Section 
Pleionathera. Evolution 19, 556–562.

Feldman M. 1965c. Chromosome pairing between differential 
genomes in hybrids of tetraploid Aegilops species. Evolution 19, 
563–568.

Feldman M, Galili G, Levy AA. 1986. Genetic and evolutionary 
aspects of allopolyploidy in wheat. In: Barigozzi C, ed. The origin and 
domestication of cultivated plants. Amsterdam . Elsevier, 83–100.

Feldman M, Levy AA. 2005. Allopolyploidy: a shaping force in the 
evolution of wheat genomes. Cytogenetics and Genome Research 
109, 250–258.

Feldman M, Levy AA. 2009. Genome evolution in allopolyploid 
wheat: a revolutionary reprogramming followed by gradual changes. 
Journal of Genetics and Genomics 36, 511–518.

Feldman M, Lupton FGH, Miller TE. 1995. Wheats. In: Smartt 
J, Simmonds NW, eds. Evolution of crop plants, 2nd edn. London: 
Longman Scientific, 184–192.

Feldman M, Liu B, Segal G, Abbo S, Levy AA, Vega JM. 
1997. Rapid elimination of low copy DNA sequences in polyploid 
wheat: a possible mechanism for differentiation of homoeologous 
chromosomes. Genetics 147, 1381–1387.

Felsenburg T, Levy AA, Galili G, Feldman M. 1991. Polymorphism 
of high molecular weight glutenins in wild tetraploid wheat: spatial 
and temporal variation in a native site. Israel Journal of Botany 40, 
501–508.

Flagel LE, Wendel JF. 2010. Evolutionary rate variation, genomic 
dominance and duplicate gene expression evolution during 
allotetraploid cotton speciation. New Phytologist 186, 184–193.

Flagel LE, Udall J, Nettleton D, Wendel J. 2008. Duplicate 
gene expression in allopolyploid Gossypium reveals two temporally 
distinct phases of expression evolution. BMC Biology 6, 16 
(doi:10.1186/1741-7007-6-16).

Flagel LE, Chen L, Chaudhary B, Wendel JF. 2009. Coordinated 
and fine-scale control of homoeologous gene expression in 
allotetraploid cotton. Journal of Heredity 100, 487–490.

Flavell RB, O’Dell M. 1976. Ribosomal RNA genes in homeologous 
chromosomes of groups 5 and 6 in hexaploid wheat. Heredity 37, 
377–385.

Flavell RB, O’Dell M. 1979. The genetic control of nucleolus 
formation in wheat. Chromosoma 71, 135–152.

Flavell RB, O’Dell M, Thompson WF, Vingentz M, Sardana R, 
Barker RF. 1986. The differential expression of ribosomal RNA 
genes. Philosophical Transactions of the Royal Societyof London B 
314, 385–397.

Forde J, Malpica JM, Halford NG, Shewry PR, Anderson OD, 
Green FC, Miflin BJ. 1985. The nucleotide sequence of an HMW 
glutenin subunit gene located on chromosome 1A of wheat (Triticum 
aestivum L.). Nucleic Acids Research 13, 6817–6832.

Frankel OH, Gerlach WL, Peacock WJ. 1987. The ribosomal 
RNA genes in synthetic tetraploids of wheat. Theoretical and Applied 
Genetics 75, 138–143.

Gaeta RT, Pires JC. 2010. Homoeologous recombination in 
allopolyploids: the polyploid ratchet. New Phytologist 186, 18–28.

Galili G, Feldman M. 1983a. Genetic control of endosperm proteins 
in wheat. 2. Variation in high molecular weight glutenin and gliadin 
subunits of Triticum aestivum. Theoretical and Applied Genetics 66, 
77–86.

Galili G, Feldman M. 1983b. Diploidization of endosperm protein 
genes in polyploidy wheats. In: Sakamoto S, ed. Proceedings of 

 by guest on A
ugust 2, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


Page 12 of 15  |  Feldman et al.

the 6th International wheat genetics symposium, Kyoto, Japan, 
1119–1123.

Galili G, Feldman M. 1984. Inter-genomic suppression of endosperm 
protein genes in common wheat. Canadian Journal of Genetics and 
Cytology 26, 651–656.

Gegas VC, Nazari A, Griffiths S, Simmonds J, Fish L, Orford S, 
Sayers L, Doonan JH, Snape JH. 2010. A genetic framework for 
grain size and shape variation in wheat. The Plant Cell 22, 1046–1056.

Gerlach WL, Miller TE, Flavell RB. 1980. The nucleolus organizers 
of diploid wheats revealed by in situ hybridization. Theoretical and 
Applied Genetics 58, 97–100.

Gill BS. 1987. Chromosome banding methods. Standard chromosome 
band nomenclature, and applications in cytogenetic analysis. In: Heyne 
EG, ed. Wheat and wheat improvement, 2nd edn. Madison, Wisconsin. 
USA: American Society of Agronomy Inc, 243–254.

Grant V. 1971. Plant speciation. Columbia University Press, New York.

Gustafson JP, Flavell RB. 1996. Control of nucleolar expression 
in triticale. In: Guedes-Pinto H, Darvey N, Carnide VP, eds. Triticale: 
today and tomorrow. The Netherlands: Kluwer Academic Publishers, 
119–125.

Ha M, Lu J, Tian L, et al. 2009. Small RNAs serve as a genetic 
buffer against genomic shock in Arabidopsis interspecific hybrids and 
allopolyploids. Proceedings of the National Academy of Sciences, 
USA 106, 17835–17840.

Hart GH. 1983a. Hexaploid wheat (Triticum aestivum L. em Thell.). In: 
Tanksley SD, Orton TJ, eds. Isozymes in plant genetics and breeding, 
Part B. Amsterdam: Elsevier Science Publishers BV, 35–56.

Hart GH. 1983b. Genetic and evolution of mulilocus isozymes in 
hexaploid wheat. In: Ratazzi MC, Scandalios JG, Whitt GS, eds. 
Isozymes: current topics in biological and medical research, Vol.10. 
Genetics and evolution. New York: Alan R. Liss Inc, 365–380.

Hart GH. 1987. Genetic and biochemical studies of enzymes. In: 
Heyne EG, ed. Wheat and wheat improvement, 2nd edn. Madison, 
Wisconsin, USA: American Society of Agronomy.

Haudry A, Cenci A, Ravel C, et al. 2007. Grinding up wheat: a 
massive loss of nucleotide diversity since domestication. Molecular 
Biology and Evolution 24, 1506–1517.

He P, Friebe BR, Gill BS, Zhou JM. 2003. Allopolyploidy alters 
gene expression in the highly stable hexaploid wheat. Plant Molecular 
Biology 52, 401–414.

Hegarty MJ, Barker GL, Wilson ID, Abbott RJ, Edwards 
KJ, Hiscock SJ. 2006. Transcriptome shock after interspecific 
hybridization in Senecio is ameliorated by genome duplication. Current 
Biology 16, 1862–1869.

Hegarty MJ, Jones JM, Wilson ID, et al. 2005. Development 
of anonymous cDNA microarrays to study changes to the Senecio 
floral transcriptome during hybrid speciation. Molecular Ecology 14, 
2493–2510.

Houchins K, O’Dell M, Flavell RB, Gustafson JP. 1997. Cytosine 
methylation and nucleolar dominance in cereal hybrids. Molecular and 
General Genetics 255, 294–301.

Hovav R, Chaudhary B, Udall JA, Flagel L, Wendel JF. 2008. 
Parallel domestication, convergent evolution and duplicated gene 
recruitment in allopolyploid cotton. Genetics 179, 1725–1733.

Hu G, Houston NL, Pathak D, Schmidt L, Thelen JJ, Wendel JF. 
2011. Genomically biased accumulation of seed storage proteins in 
allopolyploid cotton. Genetics 189, 1103–1115.

Huang L, Millet E, Rong JK, Wendel JF, Anikster Y, Feldman M. 
1999. Restriction fragment length polymorphism in wild and cultivated 
tetraploid wheat. Israel Journal of Plant Science 47, 213–224.

Huang SA, Sirikhachornkit XS, Faris J, Gill BS, Haselkorn R, 
Gornicki P. 2002. Genes encoding plastid acetyl-CoA carboxylase 
and 3-phosphglycerate kinase of the Triticum/Aegilops complex 
and the evolutionary history of polyploid wheat. Proceedings of the 
National Academy of Sciences, USA 99, 8133–8138.

Jiang J, Gill BS. 1994. New 18S-26S ribosomal RNA gene loci: 
chromosomal landmarks for the evolution of polyploid wheats. 
Chromosoma 103, 179–185.

Joppa LR, Cantrell RG. 1990. Chromosomal location of genes for grain 
protein content of wild tetraploid wheat. Crop Science 30, 1059–1064.

Kashkush K, Feldman M, Levy AA. 2002. Gene loss, silencing and 
activation in a newly synthesized wheat allotetraploid. Genetics 160, 
1651–1659.

Kashkush K, Feldman M, Levy AA. 2003. Transcriptional activation 
of retrotransposons alters the expression of adjacent genes in wheat. 
Nature Genetics 33, 102–106.

Kerber ER. 1964. Wheat: reconstitution of the tetraploid component 
(AABB) of hexaploids. Science 143, 253–255.

Kerber ER, Green GJ. 1980. Suppression of stem rust resistance 
in hexaploid wheat cv. Canthach by chromosome 7DL. Canadian 
Journal of Botany 58, 1347–1350.

Kihara H. 1954. Considerations on the evolution and distribution of 
Aegilops species based on the analyzer-method. Cytologia 19, 336–357.

Kihara H, Yamashita H, Tanaka M. 1959. Genomes of 6x species 
of Aegilops. Wheat Information Series 8, 3–5.

Kimber G, Feldman M. 1987. Wild wheats: an introduction. Special 
Report 353. Columbia, Missouri, USA: College of Agriculture, 1–142.

Kimber G, Tsunewaki K. 1988. Genome symbols and plasma types 
in the wheat group. In: Miller TE, Koebner RMD, eds. Proceedings of 
the 7th international wheat genetics symposium, Cambridge, England, 
Vol. 2, 1209–1211.

Koh J, Soltis PS, Soltis DE. 2010. Homeolog loss and expression 
changes in natural populations of the recently and repeatedly formed 
allotetraploid Tragopogon mirus (Asteraceae). BMC Genomics 11, 97 
(doi:10.1186/1471-2164-11-97).

Law CN, Young CF, Brown JWS, Snape JW, Worland AJ. 1978. 
The study of grain protein control in wheat using whole chromosome 
substitution lines. In: Seed protein improvement by nuclear 
techniques. Vienna, Austria, IAEA, 483–502.

Lawrence GJ, Shepherd KW. 1981. Inheritance of glutenin protein 
subunits in wheat. Theoretical and Applied Genetics 60, 333–337.

Leitch IJ, Bennett MD. 1997. Polyploidy in angiospems. Trends in 
Plant Science 2, 470–475.

Levy AA, Feldman M. 1988. Ecogeographical distribution of HMW 
glutenin alleles in populations of the wild tetraploid wheat Triticum 
turgidum var. dicoccoides. Theoretical and Applied Genetics 75, 
651–658.

 by guest on A
ugust 2, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


Genomic asymmetry in allopolyploids  |  Page 13 of 15

Levy AA, Feldman M. 2002. The impact of polyploidy on grass 
genome evolution. Plant Physiology 130, 1587–1593.

Levy AA, Feldman M. 2004. Genetic and epigenetic reprogramming 
of the wheat genome upon allopolyploidization. Biological Journal of 
the Linnean Society 82, 607–613.

Levy AA, Galili G, Feldman M. 1988. Polymorphism and genetic 
control of high molecular weight glutenin subunits in wild tetraploid 
wheat Triticum turgidum var. dicoccoides. Heredity 61, 63–72.

Li YC, Fahima T, Korol AB, Peng JH, Röder MS, Kirzhner V, 
Beiles A, Nevo E. 2000. Microsatellite diversity correlated with 
ecological-edaphic and genetic factors in three microsites of wild 
emmer wheat in north Israel. Molecular Biology and Evolution 17, 
851–862.

Liu AH, Wang JB. 2006. Genomic evolution of Brassica 
allopolyploids revealed by ISSR marker. Genetic Resources and Crop 
Evolution 53, 603–611.

Liu B, Vega JM, Feldman M. 1998b. Rapid genomic changes in 
newly synthesized amphiploids of Triticum and Aegilops. II. Changes in 
low-copy coding DNA sequences. Genome 41, 535–542.

Liu B, Vega JM, Segal G, Abbo S, Rodova M, Feldman M. 1998a. 
Rapid genomic changes in newly synthesized amphiploids of Triticum 
and Aegilops. I. Changes in low-copy non-coding DNA sequences. 
Genome 41, 272–277.

Liu YG, Tsunewaki K. 1991. Restriction fragment length 
polymorphism (RFLP) analysis in wheat. II. Linkage maps of the RFLP 
sites in common wheat. Japanese Journal of Genetics 66, 617–633.

Ma XF, Gustafson JP. 2005. Genome evolution of allopolyploids: a 
process of cytological and genetic diploidization. Cytogenetics and 
Genome Research 109, 236–249.

Ma XF, Gustafson JP. 2006. Timing and rate of genome variation in 
triticale following allopolyploidization. Genome 49, 950–958.

Ma XF, Gustafson JP. 2008. Allopolyploidization-accommodated 
genomic sequence changes in triticale. Annals of Botany 101, 
825–832.

Ma XF, Fang P, Gustafson JP. 2004. Polyploidization induced 
genome variation in triticale. Genome 47, 839–848.

Manton I. 1950. Problems of cytology and evolution in the 
Pteridophyta. Cambridge: Cambridge University Press.

Martini G, Flavell RB. 1985. The control of nucleolus volume in wheat, 
a genetic study at three developmental stages. Heredity 54, 111–120.

Masterson J. 1994. Stomatal size in fossil plants: evidence for 
polyploidy in majority of angiosperms. Science 264, 421–424.

Maystrenko OI. 1992. The use of cytogenetic methods in 
ontogenesis study of common wheat. In: Ontogenetics of higher 
plants. Kishinev, ‘Shtiintsa’ (In Russian), 98–114.

Miller TE, Hutchinson J, Reader SM. 1983. The identification of the 
nucleolus organizer chromosomes of diploid wheat. Theoretical and 
Applied Genetics 65, 145–147.

Mitra R, Bhatia C. 1971. Isoenzymes and polyploidy. 1. Qualitative 
and quantitative isoenzyme studies in the Triticinae. Genetics 
Research 18, 57–69.

Mohan J, Flavell RB. 1974. Ribosomal RNA cistrons multiplicity and 
nucleolar organizers in hexaploid wheat. Genetics 76, 33–44.

Morris CF, DeMacon VL, Giroux MJ. 1999. Wheat grain hardness 
among chromosome 5D homozygous recombinant substitution 
lines using different methods of measurement. Cereal Chemistry 76, 
249–254. 

Nalam VJ, Vales MI, Watson CJW, Kianian SF, Riera-Lizarazu O. 
2006. Map-based analysis of genes affecting the brittle rachis 
character in tetraploid wheat (Triticum turgidum L.). Theoretical and 
Applied Genetics 112, 373–381.

Navashin MS. 1928. Amphiplastie : eine neue karyologische 
Erscheinung. Proceedings of the international conference on genetics 
5, 1148–1152.

Navashin MS. 1934. Chromosome alterations caused by 
hybridization and their bearing upon certain general genetic problems. 
Cytologia 5, 169–203.

Neves N, Heslop-Harrison JS, Viegas W. 1995. rRNA gene activity 
and control of expression mediated by methylation and imprinting 
during embryo development in wheat×rye hybrids. Theoretical and 
Applied Genetics 91, 529–533.

Nevo E, Payne PI. 1987. Wheat storage proteins: diversity of HMW 
glutenin subunits in wild emmer from Israel. Theoretical and Applied 
Genetics 74, 827–836.

Ohno S. 1970. Evolution by gene duplication. Berlin, Heidelberg, New 
York: Springer-Verlag.

Ozkan H, Levy AA, Feldman M. 2001. Allopolyploidy-induced rapid 
genome evolution in the wheat (Aegilops-Triticum) group. The Plant 
Cell 13, 1735–1747.

Paterson AH. 2002. What has QTL mapping taught us about plant 
domestication? New Phytologist 154, 591–608.

Paull JG, Rathjen AJ, Cartwright B. 1991. Major gene control of 
tolerance of bread wheat (Triticum aestivum L.) to high concentrations 
of soil boron. Euphytica 55, 217–228.

Payne PI, Holt LM, Jackson EA. 1984a. Genetical analysis of wheat 
endosperm storage proteins. Proceedings of the 2nd international 
workshop on gluten proteins, Wageningen, The Netherlands, 111–120.

Payne PI, Holt LM, Jackson EA, Law CN. 1984b. Wheat storage 
proteins: their genetics and their potential for manipulation by plant 
breeding. Philosophical Transactions of the Royal Society of London B 
304, 359–371.

Payne PI, Holt LM, Law CN. 1981. Structural and genetical studies 
on the high-molecular-weight subunits of wheat glutenin. Theoretical 
and Applied Genetics 60, 229–236.

Payne P I, Holt LM, Worland AJ, Law CN. 1982. Structural and 
genetical studies on the high-molecular-weight subunits of wheat 
glutenin. Part 3. Telocentric mapping of the subunit genes on the long 
arms of the homoeologous group 1 chromosomes. Theoretical and 
Applied Genetics 63, 129–138.

Peleg Z, Saranga Y, Suprunova T, Ronin YI, Röder MS, 
Kilian A, Korol A, Fahima T. 2008. High-density genetic map of 
durum wheat×wild emmer wheat based on SSR and DArT markers. 
Theoretical and Applied Genetics 117, 103–115.

Peng J, Korol A, Fahima T, Röder MS, Ronin Y, Li Y, Nevo E. 
2000. Molecular genetic maps in wild emmer wheat, Triticum 
dicoccoides: genome-wide coverage, massive negative interference, 
and putative quasi-linkage. Genome Research 10, 1509–1531.

 by guest on A
ugust 2, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


Page 14 of 15  |  Feldman et al.

Peng J, Ronin Y, Fahima T, Röder MS, Li Y, Nevo E, Korol A. 
2003a. Genomic distribution of domestication QTLs in wild emmer 
wheat, Triticum dicoccoides. In: Proceedings of the 10th international 
wheat genetics symposium, Paestum, Italy, 34–37.

Peng J, Ronin Y, Fahima T, Röder MS, Nevo E, Korol A. 
2003b. Domestication quantitative trait loci in Triticum dicoccoides, 
the progenitor of wheat. Proceedings of the National Academy of 
Sciences, USA 100, 2489–2494.

Penner GA, Clarke K, Bezte LJ, Leisle D. 1995. Identification of 
RAPD markers linked to a gene governing cadmium uptake in durum 
wheat. Genome 38, 543–547.

Pikaard CS. 2000. The epigenetics of nucleolar dominance. Trends in 
Genetics 16, 495–500.

Pikaard CS. 2001. Genomic change and gene silencing in polyploids. 
Trends in Genetics 17, 675–677.

Pumphrey M, Bai J, Laudencia-Chingcuanco D, Anderson O, 
Gill BS. 2009. Nonadditive expression of homoeologous genes is 
established upon polyploidization in hexaploid wheat. Genetics 181, 
1147–1157.

Rapp RA, Udall JA, Wendel JF. 2009. Genomic 
expression dominance in allopolyploids. BMC Biology 7, 18 
(doi:10.1186/1741-7007-7-18).

Riede CR, Anderson JA. 1996. Linkage of RFLP markers to an 
aluminum tolerance gene in wheat. Crop Science 36, 905–909.

Röder MS, Korzun V, Wendehake K, Plaschke J, Tixier MH, 
Leroy P, Ganal MW. 1998. A microsatellite map of wheat. Genetics 
149, 2007–2023.

Rong JK. 1999. Mapping and tagging by DNA markers of wild 
emmer alleles that affect useful traits in bread wheat. PhD thesis, 
submitted to the Scientific Council of The Weizmann Institute of 
Science, Rehovot, Israel, April 1999.

Rong JK, Millet E, Feldman M. 1999. Unequal RFLP among 
genomes, homoeologous groups and chromosome regions in  
wheat. Proceedings of the 9th ITMI workshop, 25–27 August 1999, 
Viterbo, Italy.

Sears ER. 1954. The aneuploids of common wheat. Missouri 
Agricultural Experimental Station Research Bulletin 572, 1–58.

Sears ER. 1976. Genetic control of chromosome pairing in wheat. 
Annual Review of Genetics 10, 31–51.

Shaked H, Kashkush K, Ozkan H, Feldman M, Levy AA. 2001. 
Sequence elimination and cytosine methylation are rapid and 
reproducible responses of the genome to wide hybridization and 
allopolyploidy in wheat. The Plant Cell 13, 1749–1759.

Shcherban RB, Badaeva ED, Amosova AV, Adonina IG, 
Salina EA. 2008. Genetic and epigenetic changes of rDNA in a 
synthetic allotetraploid, Aegilops sharonensis×Ae. umbellulata. 
Genome 51, 261–271.

Siedler H, Messmer MM, Schachermayr GM, Winzeler H, 
Winzeler M, Keller B. 1994. Genetic diversity in European wheat and 
spelt breeding material based on RFLP data. Theoretical and Applied 
Genetics 88, 994–1003.

Shitsukawa N, Tahira C, Nishii K, Hirabayashi C, Shimizu T, 
Takumi S, Mochida K, Kawaura K, Ogihara Y, Murai K. 2007. 

Genetic and epigenetic alteration among three homoeologous genes 
of a class E MADS-box gene in hexaploid wheat. The Plant Cell 19, 
1723–1737.

Simons KJ, Fellers JP, Trick HN, Zhang Z, Tai YS, Gill BS, 
Faris J. 2006. Molecular characterization of the major wheat 
domestication gene Q. Genetics 172, 547–555.

Snape JW, Angus WJ, Parker B, Lechie D. 1987. The 
chromosomal locations of genes conferring differential response to the 
wild oat herbicide, difenzoquat. Journal of Agricultural Science, 108, 
543–548.

Soltis DE, Albert VA, Leebens-Mack J, Bell CD, Paterson AH, 
Zheng C, Sankoff D, De Pamphilis CW, Wall PK, Soltis PS. 2009. 
Polyploidy and angiosperm diversification. American Journal of Botany 
96, 336–348.

Soltis DE, Soltis PS. 1993. Molecular data and the dynamic nature 
of polyploidy. Critical Reviews in Plant Science 12, 243–273.

Soltis DE, Soltis PS. 1995. The dynamic nature of polyploid 
genomes. Proceedings of the National Academy of Sciences, USA 
92, 8089–8091.

Soltis PS, Soltis DE. 2000. The role of genetic and 
genomic attributes in the success of polyploids. Proceedings of the 
National Academy of Sciences, USA 97, 7051–7057.

Stebbins GL. 1950. Variation and evolution in plants. New York: 
Columbia University Press.

Stebbins GL. 1971. Chromosomal evolution in higher plants. New 
York: Addison-Wesley.

Tang H, Wang X, Bowers JE, Ming R, Alam M, Paterson AH. 
2008. Unraveling ancient hexaploidy through multiply-aligned 
angiosperms gene maps. Genome Research 18, 1944–1954.

Tate JA, Joshi P, Soltis KA, Soltis PS, Soltis DE. 2009. On the 
road to diploidization? Homoeolog loss in independently formed 
populations of the allopolyploid Tragopogon miscellus (Asteraceae). 
BMC Plant Biology 9, 80 (doi:10.1186/1471-2229-9-80).

Tate JA, Ni Z, Scheen AC, Koh J, Gilbert CA, Lefkowitz D, 
Chen ZJ, Soltis PS, Soltis DE. 2006. Evolution and expression of 
homeologous loci in Tragopogon miscellus (Asteraceae), a recent and 
reciprocally formed allopolyploid. Genetics 173, 1599–1611.

Thompson RD, Bartels D, Harberd NP, Flavell RB. 1983. 
Characterization of the multigene family coding for HMW glutenin 
subunits in wheat using cDNA clones. Theoretical and Applied 
Genetics 67, 81–96.

Tirosh I, Reikhav S, Levy AA, Barkai N. 2009. Gene expression 
divergence between related yeast species and its rewiring in their 
hybrid. Science 324, 659–662.

Tsunewaki K, Ebona K. 1999. Production of near-isogenic lines 
of common wheat for glaucousness and genetic basis of this trait 
clarified by their use. Genes and Genetic Systems 74, 33–41.

Van Slageren MW. 1994. Wild wheats: a monograph of Aegilops L. 
and Amblyopyrum (Jaub. & Spach) Eig (Poaceae). Wageningen, The 
Netherlands:Agricultural University.

Vieira R, Queiroz A, Morais L, Baräo A, Melo-Sampayo T,  
Viegas WS. 1990. 1R chromosome nucleolus organizer region 
activation by 5-azacytidine in wheat×rye hybrids. Genome 33, 
707–712.

 by guest on A
ugust 2, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


Genomic asymmetry in allopolyploids  |  Page 15 of 15

Waines JG, Payne PI. 1987. Electrophoretic analysis of the 
high-molecular-weight glutenin subunits of Triticum monococcum,  
T. urartu and the A genome of bread wheat (T. aestivum).  
Theoretical and Applied Genetics 74, 71–76. 

Wang J, Tian L, Lee HS, Chen ZJ. 2006a. Nonadditive regulation 
of FRI and FLC loci mediates flowering-time variation in Arabidopsis 
allopolyploids. Genetics 173, 965–974.

Wang J, Tian L, Lee HS, et al. 2006b. Genomewide  
nonadditive gene regulation in Arabidopsis allotetraploids. Genetics 
172, 507–517.

Wang XY, Paterson AH. 2011. Gene conversion in angiosperm 
genomes with an emphasis on genes duplicated by polyploidization. 
Genes 2, 1–20.

Wendel JF. 2000. Genome evolution in polyploids. Plant Molecular 
Biology 42, 225–249.

Wendel JF, Cronn RC. 2003. Polyploidy and the evolutionary history 
of cotton. Advances in Agronomy 78, 139–186.

Xu Z, Yu JZ, Cho J, Yu J, Kohel RJ, Percy RG. 2010. 
Polyploidization altered gene functions in cotton (Gossypium spp.). 
PLoS One 5, e14351.

Wicker T, Mayer KFX, Gundlach H, et al. 2011. Frequent gene 
movement and pseudogene evolution is common to the large and 
complex genomes of wheat, barley, and their relatives. The Plant Cell 
23, 1706–1719.

Zhang Z, Belcram H, Gornicki P, et al. 2011. Duplication and 
partitioning in evolution and function of homoeologous Q loci 
governing domestication characters in polyploid wheat. Proceedings 
of the National Academy of Sciences, USA 108, 18737–18742.

Zohary D. 1965. The colonizer species in the wheat group. In: Baker 
HG, Stebbins GL, eds. The genetics of colonizing species. New York/
London: Academic Press, 403–419.

Zohary D, Feldman M. 1962. Hybridization between amphidiploids 
and the evolution of polyploids in the wheat (Aegilops–Triticum) group. 
Evolution 16, 44–61. 

 by guest on A
ugust 2, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/



