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Summary

Enormous strides have been made in the study of polyploidy over the last 20 yr.

Here, we highlight some of these discoveries and note where our understanding of

polyploid evolution has changed. Genetic and genomic studies have dramatically

altered the polyploidy paradigm. The estimated frequency of polyploidy has

increased, and it is now recognized that multiple origins are the rule for most polyploids.

Likewise, autopolyploidy is much more common than traditionally maintained.

Rapid genomic rearrangements, genomic downsizing, movement of genetic

elements across genomes, and the movement of foreign genetic materials into the

polyploid genome illustrate the complex dynamics of polyploid genomes. Following

polyploidization, both genetic and epigenetic mechanisms may play an important

role in altering gene expression. Ecological studies reveal that plant polyploidy can

have profound effects on interactions with animal herbivores and pollinators and

that polyploidy may trigger changes in the reproductive biology of a species. Despite

the recent advances in our understanding of polyploid evolution, many exciting

aspects remain under-investigated. Some of these include the consequences of

genetic and genomic changes in natural polyploid populations, the physiological and

ecological effects of polyploidy, and whether recurrent polyploidy prompts evolution

to repeat itself.
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Introduction

In Plant Speciation, Grant (1981) devoted five chapters (15% of the total text) to polyploidy, reflecting the importance of the topic both to the author and to plant biologists. We update Grant’s (1981) coverage by highlighting some of the more important discoveries in polyploid evolution during the past 20 yr. Although enormous strides have been made in many areas of research, most new data fit neatly into topics covered by Grant over two decades ago. In particular, our understanding of the genetic and genomic consequences of polyploidy has increased dramatically. Genomic studies have dramatically altered the polyploidy paradigm. Flowering plants and perhaps all eukaryotes possess genomes with considerable gene redundancy, much of which is likely the result of whole genome duplication. Molecular studies in plants, as well as animals, have shown that recurrent polyploidy is the rule, not the exception; for much of the plant world we should think in terms of origins of species. Genetic studies indicate that autopolyploidy is much more common than traditionally maintained and concomitantly reveal underlying genetic reasons for the success of these organisms. Genetic and genomic studies illustrate that polyploidy is a highly dynamic process with different polyploids responding to the evolutionary challenges of polyploid formation using different mechanisms. Rapid genomic rearrangements may

occur in some polyploids, but not in others. There is evidence for genomic downsizing in some polyploids and the movement of genetic elements across genomes (intergenomic invasion), as well as the movement of foreign genetic materials into some polyploid genomes. Both genetic and epigenetic mechanisms may alter gene expression following gene duplication. Subfunctionalization of homoeologous loci may occur, with one homoeolog silenced in one organ and the other homoeolog silenced in a different organ. Another consequence of polyploidy is genomic shock or genome interactions that may give rise to novel patterns of gene expression. Polyploidy may lead to transcriptional and transpositional activation of transposons and retrotransposons.

Ecological studies have revealed that plant polyploidy can have profound effects on interactions with animal herbivores and pollinators. Polyploidy can also lead to more intense partitioning of the habitat, with polyploid populations occupying habitats intermediate to those of the diploid progenitors. Other investigators have demonstrated that polyploidy is a trigger for the evolution of gender dimorphism in plants. In addition, the triploid bridge may play a more important role in natural populations than previously thought. For polyploid plants in natural populations, the consequences of genetic/genomic changes, elegantly documented in crops using molecular tools, are essentially unknown. Future research should attempt to improve our understanding

of the implications of polyploid evolution for natural populations. Recurrent polyploidy affords the opportunity to ask whether evolution essentially repeats itself in these natural experiments. More ecological studies of polyploids and diploid progenitors are needed; the physiological consequences of polyploidy remain under-investigated. Our goal is to update portions of Grant’s (1981) coverage of polyploidy by highlighting some of the more important discoveries in polyploid evolution during the past 20 yr, using the same chapter titles and subheadings used by Grant (1981) and adding new sections as needed. Rather than a comprehensive

review of polyploidy (Leitch & Bennett, 1997; Soltis & Soltis, 1999; Otto & Whitton, 2000; Soltis & Soltis, 2000; Wendel, 2000; Liu & Wendel, 2003; Osborn et al., 2003), this contribution highlights those areas of Grant’s treatment of polyploidy that have changed the most in the past 20 yr. Although some of Grant’s original text remains as appropriate today as when the book was originally published (e.g. Types of Polyploids), there have been rapid and dramatic changes in our understanding of polyploidy since 1981, many in just the past decade. Through genetic studies, new disciplines have emerged since Grant’s (1981) book. In particular, our understanding of the genetic and genomic attributes of polyploids has increased enormously. Important contributions have also been made to our understanding of the processes involved in the formation and establishment of polyploids (Ramsey & Schemske, 1998, 2002) and the ecological impact of plant polyploidy (Thompson et al ., 2004). In Plant Speciation, Grant (1981) devoted five chapters to the topic of polyploidy: Range and Frequency (Chapter 22); Types of Polyploids (Chapter 23); Factors Promoting Polyploidy (Chapter 24); The Polyploid Complex (Chapter 25); and Natural Autopolyploids (Chapter 26). These chapters represent 73 of the 487 pages of text (15%) in Plant Speciation, reflecting the importance of the topic both to the author

and to plant biologists. It had long been recognized that polyploidy is a major evolutionary force in plants (Müntzing, 1936; Darlington, 1937; Clausen et al., 1945; Stebbins, 1947, 1950, 1971; Love & Love, 1949; Lewis, 1980a,b).

Polyploidy: Range and Frequency

Historical background

Grant (1981; pp. 283) described polyploidy as ‘the formation of a higher chromosome number … by the addition of extra whole chromosome sets present in one or more ancestral organisms. In short, polyploidy is the presence of three or more chromosome sets in an organism’. This definition traces to research conducted in the early 1900s. Winkler (1916) introduced the term and Winge (1917) provided initial hypotheses on the role of polyploidy in plant speciation. This classical definition is still applied today, although as reviewed below, the use of the term polyploid is made more complicated by recent research indicating that most organisms have polyploidy somewhere in their evolutionary history. 

Frequency and systematic distribution

During the past 70 yr, plant biologists have provided a series of estimates of the frequency of polyploidy in plant lineages. The angiosperms in particular have been the subject of considerable speculation regarding the frequency of polyploidy. Müntzing (1936) and Darlington (1937) speculated that about one half of all angiosperms were polyploid, while Stebbins (1950) estimated that between 30 and 35% of angiosperms were polyploid. Grant (1963) postulated that 47% of all flowering plants were of polyploid origin; he proposed that 58% of monocots and 43% of dicots were polyploid. Grant (1963; reviewed in 1981) based his estimate of the frequency of polyploidy in angiosperms on chromosome numbers for 17,138 species that were available in 1955. Grant hypothesized that flowering plants with numbers of n= 14 or above were of polyploid origin. Using this as a cut-off point, he then estimated the approximate number of chromosome counts in the literature that would be

polyploid. Goldblatt (1980) suggested that Grant’s (1963) estimate was too conservative; he thought that numbers above n= 9 and 10 probably had polyploidy in their evolutionary history. Using these lower numbers, he calculated that at least 70% and perhaps 80% of monocots are of polyploid origin. Lewis (1980a) took an approach similar to that of Goldblatt with dicots and estimated that 70–80% were polyploid. Masterson (1994) used a novel approach, comparing stomatal size in fossil and extant taxa. Because stomatal size is often considerably larger in polyploids than in diploids, this provided a reliable method for estimating the incidence of

polyploidy; she estimated that 70% of all angiosperms had experienced one or more episodes of polyploidy.

Grant (1981) also discussed the prevalence of polyploidy in other groups of plants. Using the approach discussed above and a similar chromosome number cut-off of n= 14, Grant (1981) estimated that 95% of all ferns and fern allies (pteridophytes) were polyploid. Grant concluded that polyploidy is rare in conifers and absent in cycads (Khoshoo, 1959; Delevoryas, 1980). Otto & Whitton (2000) developed an innovative approach to estimate the incidence of polyploidy based on the distribution of haploid chromosome numbers. In examining the distribution of haploid chromosome numbers in various lineages (e.g. ferns, monocots, mammals), they observed a large excess of even over odd haploid numbers; this ‘saw-toothed’ pattern is difficult to explain by any mechanism other than frequent polyploidy. This ‘signature’ arises because the haploid number is even following autotetraploidy, or allopolyploidy with the same number of chromosomes (monobasic allotetraploidy). Using this signature, Otto & Whitton (2000) developed a new method to estimate the frequency of polyploidy. They

estimated that roughly 2–4% of all speciation events in angiosperms and approximately 7% in ferns involve polyploidy. They further stated that ‘polyploidization may be the single most common mechanism of sympatric speciation in plants’.

Recent genomic studies have dramatically altered the polyploidy paradigm. It now appears that flowering plants and perhaps all eukaryotes possess genomes with considerable gene redundancy, much of which is likely the result of polyploidy or whole genome duplication. Complete sequencing of the genome of Arabidopsis thaliana, which has a very small genome size (157 Mb; Bennett et al., 2003) revealed numerous duplicate genes and suggested two or three rounds of genome duplication (Vision et al., 2000; Blanc et al., 2003; Bowers et al

., 2003). Genomic data suggest a recent round of duplication, perhaps during the early evolution of the family

Brassicaceae, with a much earlier round of duplication during the early diversification of angiosperms (Blanc et al., 2003; Bowers et al., 2003). Similarly, diploid members of Brassica may be ancient tetraploids or hexaploids based on analyses of linkage maps (Lagercrantz & Lydiate, 1996; Lukens et al., 2004). Hence, the question, what percentage of angiosperms is of polyploid origin is almost certainly moot? Perhaps a more appropriate question for angiosperms (and many other groups of organisms too) is, how many rounds of genome duplication have occurred in various lineages? Genome doubling is now known to be widespread, perhaps characterizing most groups of organisms (Leipoldt & Schmidtke, 1982). Ancient genome-wide duplication events are now evident for nonplant lineages, as well. Two episodes of polyploidy were hypothesized for vertebrates (Ohno, 1970; Sidow, 1996; Spring, 1997), with increasing evidence for at least one such event (Makalowski, 2001; Abi-Rached et al., 2002; Gu et al., 2002; McLysaght et al., 2002; Spring, 2002; Hughes, 1999). Polyploidy has been important in the evolution of amphibians (Becak & Becak, 1998). Salmonids are ancient polyploids (Allendorf

et al., 1984) and the entire genome of yeast was anciently duplicated (Wolfe & Schields, 1997). Thus, genomic studies pose the question, are there any true diploids? Obviously, recent genetic and genomic studies have muddied the terminological waters due to the fact that most (if not all) plants have undergone one or more episodes of polyploidization. The evidence seems to suggest that lineages may undergo repeated cycles of polyploidization followed by extensive diploidization (discussed below). As a number of authors have noted, it may be useful to discuss or categorize polyploids in very general terms as either neopolyploids and paleopolyploids (Wagner, 1980; Ramsey & Schemske, 2002). Also, it is difficult to abandon completely the term diploid. While it is true that Arabidopsis and Zea are both paleopolyploids, they also fit the definition of a functional diploid. Genomic rearrangements, gene silencing, and other genomic processes have apparently ‘diploidized’ (see discussion below) the Arabidopsis and maize genomes over time to such an extent that they now appear to be functionally diploid (Vision et al., 2000; Gaut et al., 2000).

Recurrent formation

During the past 20 yr, a fundamental change in our understanding of the frequency and importance of multiple

or recurrent origins of a polyploid species has occurred. Grant (1981) did not mention recurrent polyploidization, although he certainly was aware that it occurred (Grant, 2002). Ownbey (1950) and Ownbey & McCollum (1953) reported that the recently formed allotetraploids Tragopogon mirus and T. micellus had likely formed at least twice. Grant’s own work (Grant, 1952) suggested recurrent polyploidization in Gilia. Other examples of recurrent polyploidy from the premolecular literature include Madia (Clausen et al., 1945), Guttierrezia (Solbrig, 1971), Mimulus (Mia et al., 1964), and Rubus (Rozanova, 1938, see Mavrodiev & Soltis, 2001). In a letter to D. Soltis (dated 7/23/2001), Grant noted ‘Experimental hybridization and cytogenetics were essential in earlier times to determine exactly what was going on in polyploid formation, and are still useful, but the method is slow. Molecular markers get to the point much faster, and show their usefulness in the long list of polyploid species with probable multiple origins …’. A series of molecular studies in plants, as well as animals, has shown that recurrent polyploidy is the rule, not the exception. Soltis & Soltis (1993) reviewed over 30 examples of

polyploid species of recurrent origin, most of which are angiosperms and ferns, with a few bryophytes. Molecular investigations have continued to reveal that multiple origins typify polyploid plant species, with over 15 additional examples noted in Soltis & Soltis (1999). Several studies also suggest that polyploid animal species have arisen recurrently, including ostracodes (Little & Hebert, 1994; Turgeon & Hebert, 1995) and the treefrog

Hyla versicolor (Ptacek et al., 1994). The simulation studies of Ramsey & Schemske (1998) suggested an important role for recurrent formation in the success of a new autopolyploid in nature; recurrent formation

is critical to counterbalance local extinction of small populations at the initial stages of autopolyploid establishment. In complete contrast to traditional views, there are few examples of well-studied polyploid taxa for which only a single origin appears likely. Possible examples of polyploids of single origin include wheat (Levy & Feldman, 2002), peanut, Arachis hypogaea (Kochert et al., 1996) and the salt marsh grass

Spartina anglica (Raybould et al., 1991; Ainouche et al., 2004), and Arabidopsis suecica (Sall, unpublished). As noted, Otto & Whitton (2000) estimated that polyploidization may represent 2–4% and 7% of all speciation events in angiosperms and ferns, respectively. If these estimates are close to correct, for much of the plant world we should think in terms of origins of species , rather than simply Origin of Species (Darwin, 1859; Levin, 2001). Recurrent polyploidy has profound genetic implications, which have been stressed in several reviews (Soltis & Soltis, 1993, 1999). Polyploids of separate origin may also differ morphologically. For example, in

Tragopogon, the reciprocalparentage of T. miscellus results in very different floral morphologies.

In the allopolyploid T. mirus, populations of independent origin may have distinct floral morphologies due to

differences in floral coloration among populations of the diploid maternal progenitor T. porrifolius

(Ownbey, 1950; Ownbey & McCollum, 1953). Populations of T. miscellus of separate origin have also been shown to differ in gene expression and patterns of gene silencing (Tate et al., unpublished). The octoploid Scandinavian endemic Draba cacuminum (Brassicaceae) originated at least three times from different populations of hexaploid D. norvegica and a diploid species, possibly D. fladnizensis (Brochmann et al., 1992). The independently formed populations of D. cacuminum significantly differed in a number of floral characteristics, including silicula length and width and pedicel length. Electrophoretic data indicate that populations of D. cacuminum with narrow silicula were derived from D. norvegica populations with narrow

silicula and that D. cacuminum populations with broad silicula originated from broad silicula D. norvegica

populations (Brochmann et al., 1992). More complex examples are found in Arctic polyploids of

Saxifraga (Saxifragaceae), where the same progenitors have hybridized to form distinct polyploid

species (Steen et al., 2000). For example, Saxifraga cernua and S. rivularis are the parents of two rare endemics,

S. opdalensis and S. svalbardensis, which are morphologically and genetically distinct (Brochmann et al., 1998; Steen et al., 2000).

Types of polyploids

Grant (1981) devoted Chapter 23 to Types of Polyploids. His excellent review of this topic remains relevant today. Placing natural polyploids in categories has long been controversial and that controversy has continued to the present. Most early workers distinguished two types of polyploids, allopolyploids and autopolyploids (Müntzing, 1936; Darlington, 1937; Clausen et al., 1945), a distinction that Grant (1981) referred to as ‘fundamental’. Stebbins (1947, 1950) recognized four types of polyploids based on genetic and cytogenetic criteria: autopolyploids, segmental allopolyploids, true or genomic polyploids, and autoallopolyploids; the first three of these were considered major types. Following Stebbins (1947, 1950), autopolyploids usually are characterized by multivalents at meiosis, or tetrasomic ratios, and, in the examples artificially produced, of slower development and reduced fertility. Segmental allopolyploids resemble autopolyploids to a greater or lesser degree in possessing multivalents and tetrasomic ratios, but these will be less common than in autoploids. Stebbins also noted that true allopolyploids rarely have multivalent associations and tetrasomic ratios, but they usually do not, and they therefore resemble diploids to a large extent in their cytogenetic behavior.

Grant (1981; p. 300) stated that the ‘principal criteria for distinguishing between autopolyploids and amphiploids

(allopolyploids) are chromosome behavior, fertility, segregation ratios, and morphology’, also noting that ‘these criteria will all break down in individual cases.’ He noted (pg. 298) that autopolyploidy and allopolyploidy are ‘the extreme members of a graded series.’ Grant (1981) included segmental allopolyploid as a type of amphiploid (alloploid). His summary of the principal types of polyploids is useful and is provided below:

I. Autopolyploids

1 Strict autopolyploid AAAA
2 Interracial autopolyploid AAAA

II. Amphiploids

3 Segmental allopolyploid AsAsAtAt

4 Genomic allopolyploid AABB

5 Autoallopolyploid AAAABB

Other investigators have classified polyploids using taxonomic rank as a criterion. This method was partially

employed by Clausen et al. (1945), who attempted to employ taxonomy, ecology, genetics, and cytology. Lewis (1980b) used a strictly taxonomic approach, with autopolyploidy and allopolyploidy paralleling intraspecific and interspecific polyploidy, respectively. Debate has continued as to the best definitions of autopolyploids and allopolyploids (Soltis & Rieseberg, 1986). Perhaps the most widespread current view is to employ a taxonomic approach, reflecting the early views noted above. We will adhere to this approach here: alloploids form between different species, whereas autoploids form within species, typically involving crossing between individuals (rather than somatic doubling of a single diploid plant; Soltis & Rieseberg (1986)).

Natural Autopolyploids

Grant’s Chapter 26 considered Natural Autopolyploids. Views on the importance of autopolyploidy have changed considerably since 1981. Grant (1981), echoing the earlier views of Stebbins (1950) and Clausen et al. (1945), maintained that autopolyploids were extremely rare in natural populations. Stebbins (1950) and Clausen et al. (1945) argued that only Galax urceolata (then named incorrectly G.aphylla) represented a true natural autoploid. Stebbins (1950; p. 316) also offered Sedum ternatum and S. pulchellum (Crassulaceae) as examples, with Fritillaria camschatcensis (Liliaceae) representing ‘a probable autotriploid.’ Stebbins (1950; p. 318) went on to discuss several examples of what he termed ‘intervarietal autopolyploids’ stating that ‘this sort may be found to be not uncommon when more polyploids are analyzed with this possibility in mind.’ Intervarietal autopolyploids sensu Stebbins (1950) included Biscutella laevigatum (Brassicaceae), Dactylis glomerata (Poaceae), Allium schoenoprasum (Alliaceae), Polygonatum commutatum (Convallariaceae), Cuthbertia graminea (Commelinaceae), Eriogonum fasciculatum (Polygonaceae) and ‘some of the various polyploids of Vaccinium’ (Ericaceae). Grant’s list of ‘clear-cut’ autopolyploids was also short. He included Galax aphylla, Biscutella laevigatum, Dactylis glomerata, and Solanum tuberosum (Solanaceae). He also noted several ‘probable’ autopolyploids: Vaccinium uliginosum (Ericaceae), Eragrostis pallescens (Poaceae), and Galium mollugo and G. verum (Rubiaceae). Genetic studies conducted during the 1980s and early 1990s indicated unambiguously that autopolyploidy was much more common than traditionally maintained. Importantly, autopolyploids should exhibit tetrasomic or higher level inheritance, rather than disomic inheritance. Allozyme markers provided a mechanism for rapidly conducting genetic analyses and assessing mode of inheritance. Genetic studies of several morphologically similar diploid and tetraploid cytotypes revealed a number of previously unrecognized autotetraploids, including Tolmiea menziesii (Saxifragaceae) (Soltis & Soltis, 1989), Heuchera grossulariifolia (Saxifragaceae) (Wolf et al., 1990; Segraves et al., 1999); Heuchera micrantha (Soltis et al., 1989), Turnera ulmifolia (Turneraceae) (Shore & Barrett, 1987), Allium nevii (Alliaceae) (Rieseberg & Doyle, 1989), and Dactylis glomerata (Poaceae) (Lumaret & Borrill, 1988; but see above). In addition, genetic data also suggested that most autoploids were formed through some type of hybridization. Although it is now clear that autopolyploids are much more common than traditionally maintained, they are probably not as common as allopolyploids. We stress the word ‘probably’, however, because we still have no firm estimate of

the relative abundance of autopolyploids. There are numerous examples of single taxonomic species with multiple cytotypes, but most of these have not been critically investigated. Many of these polyploid series likely represent autopolyploids or perhaps segmental autopolyploids. A disappointing facet of the current era of systematics is that there has been so much interest in reconstructing phylogenies that investigations of this type in natural populations have largely ceased. Despite considerable progress in the past 15–20 yr, autopolyploids often are overlooked as a major facet of evolution in natural populations. In many ecological studies, for example, there seems to be little concern for the possibility of ploidal level differences (putative autopolyploidy) within a single taxonomic species. One possible mechanism for garnering attention to the prevalence of autopolyploids is to name diploids and autopolyploids as distinct species (Schemske, pers. comm.), an option considered in the past, but never implemented. A related issue is how best to name autopolyploids. Informing a reader that Tolmiea menziesii has diploid and tetraploid cytotypes would immediately suggest to many systematists/evolutionary biologists (with no other knowledge of this group) that these might represent a diploid – autotetraploid pair. However, if each cytotype is named (e.g. T. menziesii for the tetraploid and T. californica for the diploid), it is no longer obvious that the tetraploid is an autoploid. It should be possible to append 2x and 4x directly to specific epithets as practical species names (e.g. Tolmiea menziesii 2x and Tolmiea menziesii 4x).

Factors Promoting Polyploidy

In this chapter Grant (1981) tackled the very broad question ‘as to why polyploidy has played such an important role in plant evolution.’ Grant noted that ‘there is apparently no one single reason for the evolutionary success of polyploidy.’ Research of the past decade provides additional support for this summary statement, as well as providing exciting insights into the success of polyploid evolution.

Intrinsic advantages of the amphiploid condition

Grant (1981; pp. 308) stated ‘it is well known that hybrids between well-differentiated races or species frequently exhibit superior vigor or viability or have enhanced physiological homeostasis.’ He went on to state that the ‘high frequency of polyploid species in higher plants … bespeaks the successfulness of this genetic system in perpetuating adaptive hybrid genotypes within the framework of sexual reproduction’. He also suggested (pp. 308) that a second characteristic of polyploids which may be advantageous is ‘the greater buffering in their genotypes, as compared with diploids, owing to the presence of numerous duplications.’ These factors underlie what he termed the ‘intrinsic advantages’ of permanent hybridity, that is, allopolyploidy.

Levin (1983) further developed the theme of ‘intrinsic advantages’ to polyploidy, providing an influential review of some of the numerous types of changes associated with polyploidy (both autopolyploidy and allopolyploidy). These include changes in plant size, flowering time, and reproductive output. Molecular data, largely available soon after the publication of Plant Speciation, provided obvious evidence of the intrinsic genetic advantages of allopolyploidy. Allopolyploids exhibit fixed heterozygosity, representing permanent hybrids and possessing the genes (and gene products) of both parental diploids. For dimeric or other multimeric proteins, allopolyploids also have the capacity to produce novel heterodimeric proteins not formed by either diploid parent. The classic analysis of fixed heterozygosity in allopolyploids involved the natural allotetraploids Tragopogon mirus and T.

miscellus (Roose & Gottlieb, 1976); numerous other examples followed (Gottlieb, 1977, 1981, 1982; Crawford, 1989; Soltis & Soltis, 1993). Fixed heterozygosity could increase the biochemical flexibility of the allopolyploid via biochemical pathways and perhaps provide an advantage compared to diploid progenitors (Levin, 1983).

Genetic studies have also demonstrated that there are ‘intrinsic advantages’ to autopolyploidy. Enzyme electrophoretic studies revealed that autopolyploids do not have fixed heterozygosity. However, as a result of tetrasomic inheritance, they have higher heterozygosity than their diploid parents and can maintain three or four alleles at a single locus. Thus, there are strong genetic reasons for the success of autopolyploids in natural populations as well. Over a decade of molecular investigations involving DNA data have further revealed the ‘intrinsic advantage’ associated with the additivity of diploid genomes in allopolyploids.

Modes of formation

Several mechanisms may lead to polyploidy in plants. Somatic doubling, at the zygotic, embryonic, or meristematic stage of a plant’s life cycle, will ultimately lead to the production of polyploid tissues and possibly the generation of polyploid offspring. Although many examples of polyploidy via somatic doubling have been reported (Ramsey & Schemske, 1998), this mechanism now seems less common than gametic nonreduction, or the production of unreduced gametes, as a means of polyploid formation in natural populations (Harlan & deWet, 1975; Thompson & Lumaret, 1992; Bretagnolle & Thompson, 1995; Ramsey & Schemske, 1998). Unreduced gametes have been reported in a number of species, most notably those that also produce polyploids (Ramsey & Schemske, 1998). Both auto- and allopolyploids can arise in one step after unreduced gamete formation by the union of two unreduced gametes from the same plant or different plants, as proposed, for example, for autotetraploid Dactylis glomerata (Bretagnolle & Lumaret, 1995) and allotetraploid Tragopogon species (Ownbey, 1950). Alternatively, the production of either an auto- or allotetraploid may involve a ‘triploid bridge’, in which triploids are formed within a diploid population, and backcrossing to diploids (3x gamete X haploid gamete) or selfing of the triploid (3x gamete X haploid gamete produced by a single individual) produces a tetraploid. This two-step method has been considered a significant pathway to polyploid formation (Harlan & deWet, 1975; deWet, 1980), but some (Bretagnolle & Thompson, 1995; Sato et al., 1993) have suggested that the one-step process involving the union of two unreduced gametes may be more common than often considered. Ramsey & Schemske (1998) concluded that the triploid bridge may indeed offer a significant pathway to polyploidy because triploids may not be completely sterile. The studies of Husband (2000, 2004) and Husband et al. (2002) on natural populations of fireweed (Chamerion angustifolium) indicate varying levels of fertility in triploids and provide additional evidence for the importance of triploidy in autopolyploid formation.

Latitude and altitude

Following the earlier work of Tischler (1935) and Löve & Löve (1949), Grant (1981) suggested that polyploids may be more common at higher latitudes and altitudes than diploids. This idea has been largely discredited based on the analyses of Ehrendorfer (1980) and Stebbins (1984, 1985, Stebbins & Dawe, 1987). The high incidence of polyploidy in these regions has been accredited to the dominant life form in these floras, namely a perennial habit (in which polyploidy is more frequent than annuals or trees) (Stebbins, 1950; Ehrendorfer, 1980), or to the greater colonizing ability of polyploids (Stebbins, 1985). Grant (1981) noted that some of the traditional views of polyploid distribution should be discarded, while others required more detailed evaluation. Nonetheless, the arctic has emerged as a model system for the study of polyploids (Abbott & Brochmann, 2004; Brochmann et al., 2004). Brochmann et al. (2004) demonstrated that whereas diploids and tetraploids appeared to be in

comparable frequency in boreal and arctic areas, the number of cases of higher ploidal levels increased dramatically in the arctic region over the former. The importance of multiple origins on a massive scale may be best seen in the arctic where recurrent polyploidy of numerous taxa is played out on a circumboreal stage (Soltis & Soltis, 1999; Abbott & Brochmann, 2003). In fact, this scenario, played out for numerous taxa explains the well known taxonomic complexity of much of the arctic flora (Soltis & Soltis, 1999; Abbott & Brochmann, 2003).

Ecological factors

Grant’s coverage of ecological factors contributing to the success of polyploids was brief (one page). He mentioned two general approaches to the problem: study the frequency of polyploids in different ecological facies of a given flora; make detailed studies of the geographical and ecological distribution of related diploid and polyploid plant species in a particular group. In recent years there have been exciting discoveries in ecological research and via the second of these approaches. We summarize these results in several new

sections (below) not present in Grant (1981).

Fitness of polyploids in natural populations The conditions that favor the establishment and persistence of recently formed polyploids are still not well understood (Thompson & Lumaret, 1992; Ramsey & Schemske, 2002). Anecdotal data and broad floristic correlations have suggested numerous relationships between polyploidy and various measures of ecological ‘success’ (Stebbins, 1947, 1950; Ehrendorfer, 1980; Lewis, 1980b), but these hypotheses have rarely been tested with specific case studies, and the factors that contribute to

the success of polyploids have rarely been identified. Although new polyploids may have reduced fertility, the fertility of early generation polyploids increases rapidly (Ramsey & Schemske, 2002), and the new polyploids must contend with the challenge of establishment among typically larger numbers of their diploid progenitors.

A few theoretical studies have focused on the establishment and persistence of polyploids among their diploid progenitors (Fowler & Levin, 1984; Felber, 1991; Thompson & Lumaret, 1992; Rodriguez, 1996). Two hypotheses describe the conditions under which a new polyploid, in competition with one or both of its parental species, is likely to become established and persist (Fowler & Levin, 1984; Felber, 1991; Rodriguez, 1996). The first suggests that a new polyploid may persist by replacing its diploid parent(s), either as a result of an unstable

equilibrium between the cytotypes and the stochastic loss of a small diploid population or by outcompeting it (Fowler & Levin, 1984; Rodriguez, 1996). The second hypothesis suggests that a new polyploid may coexist with its diploid parent(s) as the result of habitat differentiation immediately following the origin of the polyploid. Replacement and habitat differentiation should not be mutually exclusive. For example, habitat differentiation could contribute to the initial establishment of a new polyploid, but because of higher fitness, this neopolyploid may be able to replace one or both of its diploid progenitors, at least in some areas. Views on the fitness of diploid hybrids have also focused on the availability of novel habitats for hybrid derivatives (Anderson, 1949; Stebbins, 1959). While some models hold that hybrids are consistently less fit than their parents (Howard,

1982, 1986; Harrison, 1986), the ‘bounded hybrid superiority model’ (Moore, 1977) views hybrids as less fit than their parents in the parental habitats but more fit than either parent in other habitats. Biologists have long recognized the role of disturbance in providing new habitats for hybrids (the ‘hybridized habitat’ of Anderson (1949)), but undisturbed areas may also have open habitats for hybrids (Arnold, 1997). Arnold’s ‘evolutionary novelty’ model of hybrid zone dynamics (Arnold, 1997) seems applicable to allopolyploids, which through the combination of the genomes of their parents represent new entities with their own evolutionary tendencies. Just as different genotypic classes of hybrids may be less fit, equally fit, intermediate, or more fit than their parents ( Cruzan & Arnold, 1993; Arnold, 1997; Emms & Arnold, 1997), populations of an allopolyploid of independent origin may have variable fitnesses relative to their diploid parents. Several studies suggest evidence of habitat differentiation among cytotypes (e.g. Claytonia virginica, Lewis, 1976; Lewis & Suda, 1976, Festuca apennina, Tyler et al., 1978, Fragaria species, Hancock & Bringhurst, 1981, Dactylis glomerata, Lumaret, 1984; Lumaret et al., 1987, Clarkia species, Smith- Huerta, 1984, Anthoxanthum odoratum, Felber, 1988, the Antennaria rosea complex, Bayer et al., 1991). In general, greater variability in polyploids for morphological, demographic,

and phenotypic traits relative to their diploid progenitors is believed to contribute to habitat differentiation.

Octoploid Fragaria chiloensis and F. virginiana display more heterozygosity and morphological variation, have greater physiological homeostasis, and/or occur across a wider range of environments than one of their putative diploid parents, F. vesca (Hancock & Bringhurst, 1981). Polyploidy can also lead to more intense partitioning of the habitat, as in the Antennaria rosea species complex (Bayer et al., 1991), in which most polyploid populations occupy habitats intermediate to those of the diploid progenitors. Thus, polyploids may not occupy harsher habitats than their diploid parents, but can be considered ‘fill-in’ taxa that occupy habitats intermediate to those of their progenitors (Ehrendorfer, 1980). Habitat differentiation may be so great that polyploids and diploids have different geographic ranges, with little or no overlap (e.g. diploid and tetraploid cytotypes of Tolmiea menziesii; Soltis, 1984; Soltis & Soltis, 1989). In some cases, the range of the diploid may represent a subset of the range of the polyploid (e.g. Deschampsia cespitosa, Rothera & Davy, 1986, Anthoxanthum odoratum, Felber, 1988, Solidago nemoralis, Brammal & Semple, 1990, Plantago media, Van Dijk et al., 1992). Although the ecological factors at work in these cases have not been examined, differences in the geographic distribution of diploid and tetraploid cytotypes of A. alpinum appear to be related to differences in flowering phenology (Felber,

1988). The presence of only polyploid cytotypes in large geographic areas reflects habitat differentiation (Thompson & Lumaret, 1992) and/or superior colonizing abilities of polyploids that allow them to exploit habitats previously unavailable to their diploid progenitors (Clausen et al., 1945; Levin, 1983; Barrett & Richardson, 1986; Lumaret et al., 1987; Barrett & Shore, 1989).

Effects of plant polyploidy on plant/animal interactions Recent studies indicate that plant polyploidy can have profound effects on interactions with animal herbivores and pollinators (Thompson et al., 1997; Segraves & Thompson, 1999; Husband, 2000; Nuismer & Thompson, 2001; reviewed in Thompson et al., 2004). Despite the small number of studies on the evolutionary ecology of plant/animal interactions in diploids and polyploids, current data clearly show marked differences in patterns of attack by herbivores on diploids vs. polyploids (Thompson et al., 1997; Nuismer & Thompson, 2001) and strong differentiation in the use of diploids and polyploids by pollinators (Segraves & Thompson, 1999; Husband, 2000). Studies of Heuchera grossulariifolia (Saxifragaceae) from the northern Rocky Mountains of the USA have demonstrated that autotetraploid lineages of independent origin (Wolf et al., 1989, 1990; Segraves et al., 1999) all experience higher levels of attack by the moth Greya politella than do sympatric or parapatric diploid plants (Nuismer & Thompson, 2001).In addition, the geometrid moth Eupithecia misturata oviposits significantly more eggs onto tetraploid plants than onto diploid plants (Nuismer & Thompson, 2001). However, a stem borer (Greyia piperella) attacks diploid plants more frequently than tetraploid plants (Nuismer & Thompson, 2001). Thus, even within a single complex of diploidtetraploid populations, polyploidy has differential effects on herbivores. Heuchera grossulariifolia is visited by at least 25 insect species across its range (Thompson et al., 2004), and at least 15 of these species visit the flowers of these plants along the Salmon River of Idaho, USA (Segraves & Thompson, 1999). The proportions of insect visitors to plants of different ploidy differ significantly. Lasioglossum bees and workers of Bombus centralis visit diploids more frequently than tetraploids, but Greya politella, the bee-fly Bombyllius major, and queens of B. centralis all visited tetraploids more frequently than diploids (Segraves & Thompson, 1999). However, no major visitor is restricted to plants of either ploidy, allowing for possible gene flow between cytotypes of H. grossulariifolia. These coordinated studies of the effects of polyploidy on interactions with insect herbivores and pollinators indicate that polyploidy certainly affects patterns of attack and visitation, respectively, and suggest that these effects may differ even among closely related species of herbivores (e.g. Greya politella and G. piperella). However, many questions remain unanswered (Thompson et al., 2004). Most notable are: are herbivores and pathogens more or less likely to colonize polyploid plants than diploid plants? and does polyploidy in plants have predictable effects on the evolution of plant/animal interactions? Answers to these and related questions may clarify the role that plant polyploidy plays in shaping the evolution of interspecific interactions and the organization of terrestrial biodiversity.

Polyploidy as an evolutionary trigger Miller & Venable (2000) proposed that polyploidy is a trigger for the evolution of gender dimorphism in plants. They showed that gender dimorphism in Lycium (Solanaceae) has evolved in polyploid, self-compatible taxa whose closest relatives are cosexual, selfincompatible diploids. This pathway to gender dimorphism has occurred in 12 genera involving at least 20 independent evolutionary events. The Hawaiian silversword alliance (Argyroxiphium, Dubautia, and Wilkesia) represents perhaps the best known example of adaptive radiation on islands. These species are morphologically diverse in habit (rosettes, cushion plants, shrubs, trees, and lianas) and floral morphology, and also occupy a wide variety of habitats on six of the

eight main islands (Baldwin, 1997). Cytogenetic (Carr & Kyhos, 1986), allozyme (Witter & Carr, 1988), and molecular data (Barrier et al., 1999) have shown that species belonging to the Hawaiian silversword alliance are allopolyploids derived from hybridization between North American diploids of the tarweed alliance. The spectacular morphological diversity exhibited by the Hawaiian polyploid species is attributed to higher rates of regulatory gene evolution (Barrier et al., 2001).

The Polyploid Complex

Grant’s Chapter 25, ‘The Polyploid Complex’, covers a broad range of material. The chapter provides overviews of specific well-studied polyploid complexes, including Triticum, Aegilops, a brief discussion of Gossypium, and a review of his own work on the Gilia inconspicua group. Grant also provided sections entitled ‘Old polyploid complexes’ (e.g. Bromus carinatus, B. marginatus) and ‘Vestiges of ancient polyploid complexes.’ The latter included mention of entire families of woody angiosperms having high basic chromosome numbers that were hypothesized to represent ancient polyploids (e.g. Magnoliaceae, Cerciphyllaceae, Salicaceae, Hippocastanaceae,

and Platanaceae). The same chapter also provided overviews of genetic mechanisms in sections entitled ‘Suppression of variability’ and ‘Diploidization’. We update Grant’s discussion of examples of well-studied

polyploid complexes (‘model-systems’) in a section entitled ‘Examples.’ In addition, a number of recently formed natural polyploids have also emerged as putative new models, and we discuss these in ‘New model systems: recently formed polyploids.’ We also comment on Grant’s section, ‘Vestiges of ancient polyploid complexes.’ We have added a new section entitled ‘Phylogenetics: reticulate evolution.’ Phylogenetic investigations have provided new insights into polyploid complexes; hence this new section seems appropriately placed here. Also provided is a section entitled ‘Molecular evolution.’ We then focus much of our update on ‘Diploidization’.

Examples

Several groups of plants have served as models of the study of polyploidy. Rather than review all of these examples in detail here, we will point readers to a series of recent reviews from the Polyploidy symposium held in London in May 2003, published in Biological Journal of the Linnean Society. Grant (1981) devoted an entire section of the chapter ‘Polyploid complexes’ to Triticum and Aegilops. Triticum and relatives continue to serve as models for investigation of polyploidy (Ozkan et al., 2001; Kashkush et al., 2002; Levy & Feldman, 2002; David et al., 2004). Grant (1981) briefly discussed Gossypium (cotton); as noted below under ‘Diploidization’,

recent molecular investigations have provided important insights into gene and genome evolution in allopolyploid Gossypium (Adams et al., 2003; Adams & Wendel, 2004). Grant (1981) discussed multivalent frequency in an autotetraploid line of Zea mays (x = 10). However, recent molecular investigations have demonstrated that ‘diploid’ corn is itself a segmental allopolyploid (Gaut & Doebley, 1997). Other investigations of synthetic lines of polyploid corn have served as exemplar investigations of dosage compensation (Birchler et al., 2001). Other systems not under intensive study 25 yr ago have recently emerged as models for the investigation of polyploidy. These include Nicotiana (tobacco) (Murad et al., 2002; Skalická et al., 2002;

Kovarik et al. 2004; Matzke et al., 2004; Melayah et al., 2004), which has been well-investigated using modern

cytogenetic approaches such as GISH and FISH (Lim et al., 2000, 2004; see ‘Diploidization, below). Similarly, molecular genetic work has focused on polyploidy in the legume genus Glycine. Some investigations have considered ancient polyploidy and gene organization in Glycine max (soybean) (Shoemaker et al., 1996; Graham et al., 2002), with a series of investigations focused on the Glycine tabacina complex (Doyle et al., 2003, 2004).

Grant (1981) could not have anticipated that Arabidopsis would become a model for the study of floral organ identity and genome evolution (including polyploidy). The complete sequencing of the genome of Arabidopsis thaliana afforded unique opportunities for the investigation of synthetic autopolyploids of this species (Madlung et al., 2002; Osborn et al., 2003; Chen et al., 2004), as well as for a naturally occurring allotetraploid, A. suecica, of which A. thaliana is one diploid parent (Lee & Chen, 2001). Brassica (Brassicaceae) has also become an important model for the investigation of allopolyploid evolution (Song et al., 1995; Lukens et al., 2004; Pires et al., 2004; see, ‘Diploidization’, below). Other polyploid systems have also emerged as focal points for research, including Paeonia (Paeoniaceae) (Sang et al., 2004) and Mercurialis (Euphorbiaceae) (Pannell et al., 2003), Chamerion (Onagraceae) (Husband et al., 2002; Husband, 2004), and several newly formed allopolyploid species (see below).

New model systems: Recently formed polyploids

As was true when Grant (1981) reviewed the topic of polyploidy over 20 yr ago, much of our current understanding of the genetic and genomic consequences of polyploidy comes from the study of crops and their relatives. Crops will continue to be the model systems of choice for the investigation of genetic and genomic aspects of polyploidization. However, several natural systems provide unique model systems in their own right. The time of origin of only a few polyploids is known with certainty. Tragopogon mirus, T. miscellus (Soltis et al., 2004), Spartina anglica (Ainouche et al., 2004) and Senecio cambrensis (Abbott & Lowe, 2004) are allopolyploids that formed within the last 150 yr. Furthermore, their diploid parents have been well-documented. As such, these species represent model systems for the study of recent allopolyploidy. All three systems have been the subject of recent investigation and review (Abbott & Lowe, 2004; Ainouche et al., 2004; Soltis et al., 2004). Recent studies of these three systems illustrate that different polyploids respond to the evolutionary challenges of recent polyploid formation using different mechanisms. In Tragopogon and Senecio, recurrent polyploidy has been important in the spread and success of these plants. Recurrent polyploidy is also a source

of new populations, which is important not only for the success of these new species, but also because local extinction plays a role for these polyploid populations. In contrast to Tragopogon and Senecio, Spartina anglica is the result of a single origin. In fact, a single genotype may be largely involved in the spread of this plant on a worldwide basis (much of this mediated by deliberate human introduction). Tragopogon also illustrates the importance of reciprocal formation of polyploids. Tragopogon miscellus has formed in some cases with T. dubius as the maternal parent and in other cases with T. pratensis as the maternal parent. This difference has resulted in different floral morphologies and differences in gene expression that appear to be maternally related (Tate et al. unpublished). These findings support the suggestion that cytoplasmic factors may be important in allopolyploid speciation (Levin, 2003).

Vestiges of ancient polyploid complexes

Stebbins (1971) and Grant (1981) called attention to a number of woody families of angiosperms, mostly basal or early diverging eudicots, that have uniformly high basic chromosome numbers. Some entire families of angiosperms have only high basic chromosome numbers; no living taxa have lower numbers. These families include Magnoliaceae (x = 19), Cercidiphyllaceae (x = 19), Salicaceae (x = 19), Hippocastanaceae (x = 20), Trochodendraceae (x = 19), and Platanaceae (x = 21). Both Stebbins (1971) and Grant (1981) hypothesized that these families represented ancient polyploid lineages and that the original diploids were now extinct.

The hypothesis of repeated cycles of polyploidy has received particular attention in flowering plants and is supported by isozyme evidence. A number of the families noted by Grant (1981, see also Stebbins, 1971) as putative ancient polyploids has numerous duplicate loci, in agreement with ancient polyploidy (Soltis & Soltis, 1990). This includes basal lineages (e.g. Magnoliaceae, Lauraceae, Calycanthaceae), as well as several eudicot families with uniformly high chromosome numbers (e.g. Hippocastanaceae [now part of Sapindaceae], Trochodendraceae, and Salicaceae) (Soltis & Soltis, 1990). Genetic data also support the suggestion (Stebbins,

1971; Grant, 1981) that in these families the diploid progenitor species are now extinct. Multiple genome duplication events in angiosperm diversification are also supported by recent analyses of genomic evidence (Bowers et al., 2003). By comparing gene number and gene order for a gymnosperm (Pinaceae), a monocot, Oryza (Poaceae), and several eudicot lineages, Bowers et al. were able to estimate the number and timing of genome-wide duplication events (see also Kellogg, 2003). Within the rosids there appears to have been a genome-wide duplication event that occurred after the split between Malvaceae and Arabidopsis (Brassicaceae). This genome duplication event is estimated at 83–86 mya, an event that may characterize all Brassicaceae

and perhaps their close relatives. An earlier genome duplication event is suggested after the split between rice (monocots) and other angiosperms. This earlier duplication event was estimated at 112–156 mya by Bowers et al. (2003); the lower end of this time range seems reasonable based on the probable time of origin of the monocots based on fossils (Gandolfo et al., 1998, 2002) and other estimates of molecular divergence time (Bremer, 2000).

Phylogenetics: reticulate evolution

Reconstruction of phylogenies for polyploid groups is often complicated by their reticulate nature (allopolyploids in particular). Nonetheless, the parental origins and evolutionary history of polyploids may be determined with the combined use of nuclear and organellar, typically chloroplast (cpDNA), phylogenies. For example, Popp & Oxelman (2001) inferred the origin of Silene aegaea (Caryophyllaceae) using molecular

phylogenies reconstructed from nuclear ribosomal spacer sequences (ITS) and chloroplast rps16 intron sequence data. Similarly, Brochmann et al. (1996) combined RAPD data with ITS and matK phylogenies to determine the putative parents of Saxifraga osloensis (Saxifragaceae). Due to concerted evolution, however, caution should be exercised when using nuclear ribosomal DNA to infer parental origins of a polyploid, because the results may be misleading (see below). Wendel et al. (1995) found that the allotetraploid cotton ITS copies had been homogenized toward one parental copy or the other. In this case, the resulting ITS phylogeny, taken alone, was misleading as to the evolutionary history of the polyploids. Therefore, other nuclear regions not subjected to

concerted evolution should probably be employed to avoid such issues (Sang, 2002; Álvarez & Wendel, 2003).

Using sequences from single copy nuclear markers, both Doyle et al. (2003) and Cronn & Wendel (2003) presented gene trees for Glycine and Gossypium, respectively, which revealed that evolution has been much more complex than suggested based on the analysis of cpDNA genes and ITS. That is, much more reticulation seems evident in these polyploid complexes. Some of this reticulation appears very difficult to explain (in cotton, for example) based on the current distribution of the species involved. Hybridization and introgression in Glycine has led to incongruent topologies based on several chloroplast and nuclear regions (Doyle et al., 2003).

The results of these studies suggest that polyploid genomes and genome evolution may be far more complex than we may have imagined previously.

Molecular evolution

The evolutionary fate of duplicate genes in diploid organisms has been a topic of interest for some time (Ohno, 1970; Lynch & Conery, 2000). In polyploids, because every gene is duplicated, the fate of these genes is even more intriguing. Recent studies have focused on the evolutionary dynamics of duplicated genes within polyploid species and the rates of molecular evolution in polyploids compared to their diploid relatives. In a series of studies on the alcohol dehydrogenase (Adh) gene family, Small et al. (1998, 1999) and Small & Wendel (2000a,b, 2002) examined the rates of evolution between members of the gene family within allotetraploid and diploid species of cotton (Gossypium). Variable rates of evolution between the loci (AdhA – AdhE) were found in the diploid and allotetraploid species (Small & Wendel, 2000a,b). Further, at two loci (AdhA and AhdC), the allotetraploids showed higher levels of sequence diversity in the D-genome homoeolog compared to the A-genome homoeolog (Small et al., 1998, 1999; Small & Wendel, 2000a, 2002). Cronn et al. (1999) examined 16

duplicated genes in allotetraploid cotton (Gossypium hirsutum) and found that they evolved independently of each other and that the homoeologous genes in the polyploids did not evolve more rapidly than the diploid genes. Similarly, MYB genes appear to evolve independently and at relatively equal rates in allotetraploid G. hirsutum and the diploid relatives, G. raimondii and G. arboreum (Cedroni et al., 2003).By contrast, Barrier et al. (2001) found higher rates of nonsynonymous to synonymous substitutions in the polyploid species of the Hawaiian silversword alliance relative to their North American (continental) diploid tarweed relatives. Specifically, the floral regulatory genes APETALA1 (ASAP1) and APETALA3 (APETALA3/TM6) are evolving much faster in the polyploid species than in the diploids. Although a structural gene, chlorophyll a/b binding protein9 (ASCAB9),

is evolving more rapidly in the silversword alliance, the rate is not as high as in the regulatory genes examined (Barrier et al., 2001). Recently, Lawton-Rauh et al. (2003) conducted a detailed analysis of ASAP1 and ASAP3/TM6 in two polyploid species from the Hawaiian silversword alliance (Argyroxiphium sandwicense ssp. macrocephalum and Dubautia ciliolate ssp. glutinosa). They found that homoeologous copies of both regulatory genes show different levels and patterns of nucleotide polymorphisms in each polyploid species. Examination of duplicated genes in maize and the determination of two distinct coalescent times for these genes led Gaut & Doebley (1997) to conclude that extant maize is a segmental allopolyploid. Genomic rearrangements are presumed to have diploidized maize over time so that it now appears to be functionally diploid (Gaut et al., 2000). Analyses of the chromosomal duplications are still needed to evaluate the kinds of rearrangements (translocations, inversions, etc.) that have occurred. Further contributing to the complexity of the maize genome, is the presence of a high proportion of repetitive DNA, which is thought to be primarily retrotransposons

(Gaut et al., 2000). Thus, for different polyploid groups, various patterns of molecular evolution are encountered.

Diploidization

Grant (1981) noted that ‘Old polyploids tend to be more diploid-like than newly formed polyploids. This process is known as diploidization. Diploidization affects both the cytological behavior and genic constitution of polyploids.’ Diploidization may represent the area of study in which the most dramatic increases in knowledge and understanding has occurred since the publication of Plant Speciation in 1981. Despite recent advances, Wolfe (2001) indicated that ‘the greatest mystery [of polyploid evolution] is the molecular basis of diploidization …’. We divide ‘Diploidization’ into several general categories: size, structure, and organization of polyploid genomes; gene expression; and transposable elements. Under the first heading we include discussions of

Genomic rearrangements following polyploidy, Genomic downsizing and Intergenomic cross-talk. Under gene expression we discuss Gene silencing: gene loss, epigenetics, and subfunctionalization, and novel gene expression. Transposons constitute a separate subsection.

Genomic rearrangements following polyploidy A major discovery of the past decade is the extent and rapidity of genome reorganization in polyploids. Modification of parental diploid genomes, once in a common polyploid nucleus, was traditionally considered minimal. However, a diversity of molecular approaches, including chromosome painting methods (GISH, FISH), genetic mapping, and comparative genetics provide evidence for both intra- and intergenomic reorganization of polyploid genomes (Soltis & Soltis, 1993; Leitch & Bennett,

1997; Soltis & Soltis, 1999; Wendel, 2000; Chen et al., 2004). Furthermore, this reorganization can be extensive and may occur rapidly. Using chromosome painting techniques, for example, nine intergenomic chromosomal rearrangements have been detected in allotetraploid tobacco (Nicotiana tabacum), five intergenomic translocations in allotetraploid oats (Avena maroccana), and approximately 18 such rearrangements in allohexaploid Avena sativa (Leitch & Bennett, 1997; Soltis & Soltis, 1999; Wendel, 2000). However, chromosomal changes do not always accompany polyploidization. Although Nicotiana sylvestris has undergone considerable rearrangement, other allotetraploid species of Nicotiana, N. rustica and N. arentsii, have not experienced any detectable chromosomal change based on analyses using GISH (Lim et al., 2004). Extensive and rapid genomic changes have occurred in Brassica. Chromosome mapping suggests that the naturally occurring allopolyploid genomes exhibit extensive reorganization compared to their diploid progenitors (Lagercrantz & Lydiate, 1996; Gale & Devos, 1998; Wendel, 2000). Extensive genomic change was detected in only a few generations in synthetic allopolyploid Brassica lines that were initially completely homozygous (Song et al., 1995). Evidence also indicates extensive chromosomal change in Arabidopsis. Arabidopsis has n = 5, but chromosome painting using BAC contigs indicates that the Arabidopsis karyotype arose via perhaps

six translocations and three inversions from an ancestor with n = 8 (Lysak et al., 2004). Results for some cereals also suggest that rapid genomic change can occur in newly synthesized allopolyploids (Liu et al., 1998; Ozkan et al., 2001). However, rapid genomic changes have apparently not occurred in cotton (Liu et al., 2001).

Another important development is that data for Brassica and cereals also suggest that the extent of genomic change can be influenced by cytoplasmic–nuclear interactions (Wendel, 2000), which is not unexpected. Plant development involves coordination between the expression of nuclear, as well as mitochondrial and plastid genes. Following polyploidization, selective pressures operate to stabilize and fine–tune these interactions (Wendel, 2000). However, little is known about the fine-tuning process itself. Elimination of chromosome- or genome-specific sequences may occur during polyploid formation. Rapid sequence elimination in newly formed polyploid wheat results in a high amount (14%) of genome- or chromosome-specific DNA sequences (Liu et al., 1998; Shaked et al., 2001), suggesting that differential elimination of genome-specific sequences facilitates homologous chromosome pairing.

Genomic downsizing A logical expectation would be that polyploids should have larger C-values (amount of DNA in the unreplicated gametic nucleus) than diploids, with the Cvalues of polyploids increasing in direct proportion to ploidal level. This expectation holds true in synthetic polyploids and newly formed polyploids. For example, the newly formed allotetraploids Tragopogon miscellus and T. mirus, which are less than 80 yr old, have C-values that are additive of their diploid progenitors. However, Leitch & Bennett (2004) used the large dataset of C-values in the Angiosperm DNA C-values database (http://www.rbgkew.org.uk/cval/homepage.html)

to make comparisons of diploids and polyploids and obtained important results that deviated from preconceived expectations. Leitch and Bennett found that the mean 1C DNA amount tended to decrease with increasing ploidal level. They conclude that loss of DNA following polyploid formation, which had been reported for a few species, may be a widespread phenomenon. Mechanisms of genome contraction continue to be poorly

understood. Nonetheless, there is an improved understanding as to how decreases in genome size can take place (Vicient et al., 1999; Kirik et al., 2000; Petrov, 2001; Bennetzen, 2002; Frank et al., 2002; Hancock, 2002; Petrov, 2002). Current data indicate that unequal recombination can slow the increase in genome size and that illegitimate recombination and other deletion processes may be the major mechanisms for decreases in genome size (Bennetzen, 2002; Devos et al., 2002). Studies of microbial genomes suggest that downsizing of some genomes may be the result of homologous recombination at repeated genes, leading to the loss of large blocks of

DNA as well as repeated sequences (Frank et al., 2002). Differences in double-stranded break repair may be responsible for some genome size variation (Kirik et al., 2000). Exonucleolytic degradation of DNA ends might be a driving force in the evolution of genome size (Orel & Puchta, 2003). In some animals, insertion/deletion biases may lead to significant changes in genome size. A high rate of deletion and a corresponding high rate of DNA loss apparently have occurred in Drosophila (Petrov, 2002). Not only are mechanisms poorly understood, but the driving forces behind changes in genome size also remain unclear. It is tempting to invoke selection, and several hypotheses have been proposed for reductions in genome size (Leitch & Bennett, 2003): to reduce the nucleotypic effects of increased DNA amounts; to reduce the biochemical costs associated with additional DNA amounts; and to enhance polyploid stability.

