Gene silencing: gene loss, epigenetics, and subfunctionalization Both genetic and epigenetic mechanisms may alter gene expression following gene duplication (Durbin et al., 2000; Lynch & Conery, 2000; Lee & Chen, 2001; Osborn et al., 2003). Genetic changes are based on alteration of the DNA sequence itself, resulting in permanent changes in DNA sequence or gene loss. Possible sequence or chromosomal

alterations include unequal crossing-over, homoeologous recombination, aneuploidy, gene conversion, insertions and deletions, duplications, and point mutations. Epigenetic changes, such as DNA methylation, histone modification,RNA interference, and dosage compensation, may alter gene expression without a change in DNA sequence (Wolffe & Matzke, 1999; Osborn et al., 2003) and can produce dramatic phenotypic effects. Both genetic and epigenetic changes have now been documented in polyploids and an important recent development is the widespread appreciation for the role that epigenetic changes may play in polyploid evolution (for thorough reviews of these topics see Wendel, 2000; Liu & Wendel, 2003). The first reports of loss of duplicate gene expression in polyploid plants appeared close to the time of the 1981 publication of Plant Speciation. A classic, early example from the plant literature involves the angiosperm Chenopodium (Wilson et al., 1983). Silencing of isozyme genes has been reported in a number of angiosperms, including Clarkia (Gottlieb & Ford, 1997) and the fern Pellaea (Gastony, 1991). In salmonid and cyprinid fish, which underwent polyploidy 50 million yr ago, the loss of duplicate isozyme loci can be as high as 35–65%, suggesting that loss of duplicate gene function is common after polyploidization (Ferris & Whitt, 1977a,b; Ferris, 1984). The putative ancient polyploid fern, Polystichum munitum, maintains higher numbers of nonfunctional chlorophyll a/b binding protein genes than diploid angiosperms, due to silencing of multiple copies (Pichersky & Gang (2000). Lynch & Conery (2000) estimated that most duplicate genes are lost within a few million years .Studies on synthetic lines of the allotetraploid Arabidopsis suecica (involving as parents Arabidopsis thaliana and A. arenosa = Cardaminopsis arenosa) revealed that polyploidization was accompanied by rapid gene silencing that involved approximately 1% of the transcriptome; the genes involved possessed a variety of different biological function (Lee & Chen, 2001). The rapid gene silencing in this polyploid was epigenetically based. At least some of the silencing events were associated with alterations in cystosine methylation at specific sites and may also have been related to altered chromatin structure (Comai et al., 2000; Madlung et al., 2002). Interestingly, similar patterns of gene silencing were observed in natural populations of the polyploid Arabidopsis suecica (Lee & Chen, 2001).

In Tragopogon, cDNA-AFLP display revealed differences in gene expression between the recently formed allotetraploid T. miscellus and its diploid parents, as well as between populations of T. miscellus of independent (reciprocal) origin (Tate et al. unpublished; Soltis et al., 2004). Approximately 5% of the genes examined in the allopolyploid populations have been silenced, and an additional 4% exhibit novel gene expression relative to their diploid parents. Some of the differences in gene expression represent maternal or paternal effects and relate to the reciprocal formation of the two independently formed populations of T. miscellus (Tate et al. unpublished). This is the first documentation that multiple origins involving reciprocal parentage may have profound evolutionary implications, as earlier authors had suggested (Soltis & Soltis, 1999; Levin, 2003).

Adams et al. (2003) examined gene expression in synthetic and natural allotetraploid cotton. Importantly, they found evidence for subfunctionalization of homoeologous loci with one homoeolog silenced in one organ and the other homoeolog silenced in a different organ. Their data suggest that some silencing events may be epigenetically induced immediately following polyploidization. An important future consideration is whether stochastic loss or silencing of duplicate genes might lead to genetic divergence among polyploids and, ultimately, to speciation as proposed initially by Werth & Windham (1991). Using a computer algorithm that predicts the effects of evolutionary changes on gene function, Lynch & Connery (2000) estimated that most duplicate genes are lost within a few million years. One polyploid population may lose function from one

copy of an orthologous gene, while a second population may lose function from a second copy of this ortholog. This ‘reciprocal silencing’ of duplicated genes throughout a polyploid genome could ultimately lead to hybrid lethality, promoting the reproductive isolation and the origin of new species. This process could be facilitated by recurrent origins of polyploids (see above). Hence, the stochastic silencing of duplicated genes may play a role in the ‘passive origin’ of new species (Werth & Windham, 1991; Lynch & Conery, 2000; Lynch & Force, 2000; Taylor et al., 2001).

Transposable elements Transposable elements appear to play an important role not only in plant genome evolution in general, but also in polyploid evolution (Matzke & Matzke, 1998; Bennetzen, 2000; Feschotte et al., 2002). They appear to be the causal agents for gene silencing in some instances. For example, the loss of expression of Glu-1 in hexaploid wheat was due to the insertion of a retrotransposon in the coding region (Matzke & Matzke, 1998; Wendel, 2000). There is also evidence for the activation of transposons in studies of hybrid animals. Interspecific hybrids exhibited increased transposition of particular retrotransposons (Waugh

O’Neill et al., 1998; Labrador et al., 1999). A series of recent studies indicate that polyploidy may lead to transcriptional and transpositional activation of transposons and retrotransposons (Comai et al., 2000; Kashkush et al., 2002; Madlung et al., 2002; Liu & Wendel, 2003). Transposons may facilitate rapid genome restructuring

after polyploidization. Matzke et al. (1999) suggested that polyploidy permits extensive gene modification by TEs because, by their very nature, polyploid genomes contain duplicate copies of all genes. Hence, they are well buffered from the deleterious consequences of transposition. In fact, TEs should tend to multiply and be maintained in polyploids because the additional copies of genes resulting from genomewide duplication will compensate for the loss of genes, or altered expression of genes, that might result from TE insertion. Recent research indicates that steady-state transcript levels from Wis 2–1 A retrotransposons are much higher in newly synthesized wheat compared to common wheat strains. Transcriptional activation of retrotransposons in resynthesized wheat appears to alter the expression of adjacent genes in wheat (Kashkush et al., 2003).

Concerted evolution Concerted evolution, resulting in the homogenization of gene sequences within species and heterogeneity among species, is a common aspect of multigene families, such as ribosomal RNA genes (Zimmer et al., 1980; Arnheim, 1983). In F1 hybrids and allopolyploids, the rDNA repeat types of both parents are expected to co-occur and do occur, for example, in polyploid species of Paeonia that are roughly one million yr old (Sang et al., 1995). However, in some allopolyploid plants, only one parental rDNA repeat type is found, a result typically attributed to concerted evolution (Wendel et al., 1995; Franzke & Mummenhoff, 1999; Lim et al., 2000). In several polyploid species, concerted evolution has been in the direction of one of the two diploid parents in some populations and in the direction of the second parental species in other populations (e.g. ITS in allotetraploid cotton, Wendel et al., 1995). Kovarik et al. (unpublished) demonstrated rapid concerted

evolution of rDNA in the newly formed allopolyploids Tragopogon mirus and T. miscellus. Concerted evolution is ongoing in these allopolyploids, but has not proceeded to completion in any polyploid population examined (Soltis et al., 2004).
Future directions

Undoubtedly we will continue to make great strides in our understanding of polyploid genomes, mechanisms of gene silencing, and other genetic attributes via ongoing genetic and genomic investigations of crop plants. Obtaining similar data for polyploids from natural populations should be a goal of the next decade. Similarly, our understanding of the genetic/genomic attributes of autopolyploids continues to lag behind our investigations of allopolyploids. Currently, no autopolyploid genome is under the genetic/genomic scrutiny enjoyed by allopolyploid crops, such as cotton (Gossypium), tobacco (Nicotiana), wheat (Triticum), Brassica, Arabidopsis

suecica, or corn (Zea mays), a segmental allopolyploid (Gaut & Doebley, 1997). Although our understanding of the genetic and genomic consequences of polyploidy have increased dramatically since Grant (1981), our understanding of the implications of polyploid evolution for natural populations has increased very little in that timeframe. Furthermore, for plants in natural populations, the consequences of genetic changes, elegantly

documented in crops using molecular tools, are essentially unknown. Although such questions are difficult to address, this should also be an area of focus. More ecological studies similar to those conducted by Thompson and colleagues are certainly needed in order to better understand the success of polyploids in nature. Levin (1983) provided an important review that included physiological comparisons of diploids and polyploids conducted until that time. Tal (1980) indicated over 20 yr ago that additional physiological comparisons

of diploids and polyploids were very important to an improved understanding of the success of polyploids in

nature; little has changed since that time. A few noteworthy studies have been published. Warner & Edwards (1989) examined the effects of polyploidy on photosynthetic rates and photosynthetic enzymes in Atriplex confertifolia. The realization that most polyploids have formed repeatedly has important implications for future research. In sunflower species (Helianthus) of hybrid origin, Rieseberg et al. (1996) and colleagues demonstrated that evolution essentially repeats itself in these natural hybrid experiments. That is, the same

chromosomal changes occur with the same blocks of genes conserved. Do polyploid populations of separate origin evolve in a similar fashion (i.e. do they represent a rerun of the same evolutionary ‘tape’)? An ongoing experiment in Brassica has important implications in this regard. Pires et al. (2004) have generated 20 allopolyploid lines of Brassica napus that are genetically identical. Yet, after just a few generations, these

lines show significant differences in flowering time, indicating again the dynamic nature of the polyploid process and suggesting that multiple origins are likely an important source of variation.
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