Carrying more than two complete sets

Polyploid Genome Evolution
Polyploidy is the inherited state of carrying more than two complete sets of chromosomes. The majority of polyploids possess an even number of sets of chromosomes, with tetraploidy being the most common. Polyploids are frequent among plants and also common among fish and amphibians, and are generally fit and well adapted (Comai, 2005). Definitely, the study of eukaryotic genomes is offering astounding evidence of the evolutionary prospective of polyploids: many sequenced genomes exhibit the marks of polyploidy ancestry. This show that polyploidy can confer long-term evolutionary flexibility, rather than freezing species in a stationary situation that is demanded by gene redundancy (Stebbin, 1970; Comai, 2005).

Polyploids frequently present novel phenotypes that are absent in their diploid progenitors or deviate above the variability level of the species entering the cross (Ramsey and Schemske, 2002). Some of these characters, like elevated drought tolerance, flowering time, pest resistance, apomixis (asexual reproduction), and biomass, could permit polyploids to adapt to new places and environments or increase their selection probability to be utilized in agriculture. Contribution of polyploidy in generating novel variations is not well understood yet, but it has been thought that gene duplication has eliminated limitations on their function, by helping the duplicated genes to diverge, thus producing novel phenotypes in polyploids (Osborn et al., 2003).Polyploidy does have instant phenotypic consequences, for instance, enlarged cell size and organ size, and occasionally better vigour and biomass, and novel phenotypic and molecular variability can come up soon after polyploidization (Comai, 2000; Soltis and soltis, 1995). The emergence of these new phenotypes in polyploids possibly involves modifications in gene expression (Osborn et al., 2003).

Polyploids are divided into groups according to their chromosomal composition and their mode of formation. Polyploids are produced, when an unusual mitotic or meiotic disaster leads to the development of gametes that have more than one set of chromosomes. There is a crucial distinction between autopolyploids and allopolyploids. Both possess multiple sets of chromosomes, but in the former these sets are of the same kind and have same origin, while, in the later both type and the origin are diverse. This happens, because autopolyploidy arises from a mutation in chromosome number while allopolyploidy arises simultaneously from hybridization and mutations in chromosome number (Comai, 2005).

Polyploidy has been a recurring process throughout flowering plant evolution that has played a significant role in plant species diversity. Polyploids can show innovative phenotypes and ecological diversification, and polyploidy is a well-known system of speciation (Otto and Whitton 2000). Polyploidy can influence reproductive systems, together with asexuality and selfing. It has a situation of fixed heterozygosity that offers a massive pool of new alleles for selection, and gene evolution. A number of the duplicated genes originated in plant genomes, are resulted from polyploidy. Frequent events of polyploidy have taken place during the evolution of flowering plants, including prehistoric occurrences as well as many modern events in various plant groups (Blanc and Wolfe 2004; Adams, 2007).

Being common in flowering plants, polyploid events has been assumed to occur at least once in the evolutionary history of most species (Blanc and Wolfe 2004). The integration and doubling of two genomes activates widespread modifications of the genome and transcriptome, leading to establishment of novel expression patterns and regulatory interactions to be assessed by natural selection (Adams and Wendel, 2005; Osborn et al., 2003). Recent investigations have shown that many of these modifications arise following the onset of polyploid formation, whereas others take place over a longer evolutionary time period (Adams and Wendel, 2005).

Enormous efforts have been made in understanding genome doubling and the progress of detection and investigation has been getting faster as the significance of the fact is becoming increasingly clear. Especially, studies by molecular systematic have supplied information about the patterns of polyploidy origins and genome sequences. Genome-scale data have demonstrated that polyploidy is far more common than expected and has been a major factor in figuring plant genomes (Doyel et al., 2008).

Allopolyploidy is a key force involved in plant speciation, which arises naturally by union of two or more diverse, but generally closely associated, genomes into the same nucleus by extensive hybridization involving different species. Gene redundancy not only facilitates allopolyploids to accommodate more genome variation in contrast to their progenitors, but also offer novel chances to generate functional heterogeneity between homoeologous genes and genomes (Adams and Wendel, 2005). Increased vigour and fitness is also achieved by loss of self-incompatibility and gain of asexual reproduction and extensive heterozygosity, most part of which can be fixed, in allopolyploids (Comai, 2005). So, allopolyploidization can enhance plant fitness and this may have supported the wide prevalence of allopolyploids (Wendel, 2000), explaining 30-70% of plant species. Certainly it has been approximated that up to 100% of angiosperms may be regarded as polyploids if paleopolyploids are taken into account (Wolfe, 2001; Liu and Wendel, 2002). Foundation for this latter assumption has lately been presented by Cui et al. (2006), and was clearly verified in cereals, which had came across a prehistoric polyploidization occurrence about 70 million years ago, previous to divergence of the major cereals (Paterson et al., 2004; Ma and Gustafson, 2008).

On the other hand, gene and genome duplication frequently lead to genome alternation, regulatory incompatibilities, chromosome discrepancy, and reproductive failures (Chen, 2007). So, recently produced allopolyploids must establish a consistent relationship between foreign cytoplasm and nuclei and between two different genomes to be effectively adapted in nature (Chen, 2007). It was recommended that allopolyploid genomes have practised both innovatory and evolutionary changes (Feldman and Levy, 2005), which involve a variety of genetic as well as epigenetic interactions (Comai, 2000; Chen, 2007; Ma and Gustafson, 2008).

As it is well known that all genes are duplicated as a result of allopolyploidy, so, these duplicated genes have high probability for a number of evolutionary outcomes. Three potential fates are expected for these duplicated genes: (I) both copies are preserved and stay functional, (II) one copy maintains the actual function whereas the other copy is silenced, or (III) Subfunctionalization occurs, where, the two copies deviate such that each copy contribute only a part of the original gene function or neofunctionalization may occur, in which, one copy attains a novel function (Prince and Pickett 2002; Tate et al., 2006).

The outcomes of polyploidy on genome evolution and transcriptional processes have been widely studied in plants in recent times. Polyploidy can lead to in chromosomal reshufflings, translocations and gene loss (Song et al. 1995; Levy and Feldman 2004; Pires et al. 2004), concerted evolution of rDNA repeats, irregular rates of sequences evolution of duplicated genes, and epigenetic changes like DNA methylation (Salmon et al. 2005; Lukens et al. 2006). There can be significant consequences on the expression of genes doubled by polyploidy, named as ''homeologs'' (Adams, 2007).

Allopolyploidy frequently cause unpredicted and mysterious deviations from expected genomic additivity. Which involve extensive alterations of methylation patterns (Salmon et al., 2005), and nonreciprocal chromosomal exchanges (Pires et al., 2004). According to evolutionary or ecological perspective, these events may be observed as novel producer of genomic changes, as revealed in Brassica, for a number of environmentally critical phenotypic characters, together with flowering time (Pires et al., 2004), leaf morphology, and seed set (Doyle et al., 2008).

Amphiploidy (Formation of Allotetraploid) is a key genomic pressure that results in genetic and epigenetic remodelling of the genome. This reorganization takes place early in the life of the emerging amphiploid, perhaps in the zygote of the interspecific or intergeneric F1 hybrid or immediately chromosome doubling. The sequence of events causes this remodelling, the timing and tissues where it happens and the principal mechanisms are still mysterious and remain a mesmerizing research topic (Levy and Feldman, 2004).

Polyploidy has significant effects on duplicate gene expression, with up- or down regulation of one of the homeologs. Effects of polyploidy can come up with the inception of polyploidization or during many generations after polyploid development and polyploidy can have epigenetic contributory factors (Adams and Wendel, 2005). Various genetic and epigenetic changes have been categorized according their occurrence: (I) radical or innovative changes that occur instantly after allopolyploidization and (II) evolutionary changes that occur during life time of the allopolyploids (Levy and Feldman, 2004). (I) Changes occurring straightaway after allopolyploidization include, structural level genetic modifications, removal of DNA sequences from homoeologous chromosomes and genomes, gene loss, intensification or reduction of repetitive sequences, Chromosomal re-patterning (involving translocations), removal of rRNA genes which are present in nucleolar organizer region, and chromatin remodelling owing to methylation and acetylation (Adams et al, 2003; Doyel et al., 2008).

At the gene expression level or epigenetic changes include, gene inactivation or activation due to modifications in cytosine methylation, variation of gene expression by transcriptional activation of retroelements like: gene activation via readout from adjacent LTR-promoters, gene inactivation or silencing through antisense RNA through readout from adjacent LTRs and several other intergenomic interactions e.g., suppression, activation, and dosage compensation (Shaked et al, 2001). (II) Evolutionary changes, occurring in the life of the allopolyploids take account of genetic changes at structural level, intergenomic horizontal transmission of chromosomal segments, introgression of chromosomal segments from other allopolyploids and configuration of recombinant genomes, gene inactivation through mutations, insertions and deletions, and functional divergence of homeologs by mutations. In this category, epigenetic changes include functional diversification of homoeoalleles via inherited epigenetic modifications (Levy and Feldman, 2004; Chen, 2007). Hegarty et al., (2005) observed substantial variation in the expression levels of various genes within diploid, allohexaploid and triploid Senecio species.

Transposon activation has been observed in wheat allopolyploids. Surprisingly, activation of some transposable elements can lead to silencing of the adjoining downstream genes (Kashkush et al., 2003). For instance, activation of the Wis transposon element resulted in inactivation of the downstream purB gene. This study illustrate that polyploidy can provoke transposable element activity, thus generating the prospective for insertional mutagenesis and possibly related modifications in phenotype. Currently, these facts have not been directly associated with adaptive variation, but it appear that evolutionarily considerable cases will be observed in the near future (Adams and Wendel, 2005).

Small RNAs and RNAi also have been found responsible in duplicated gene silencing. A further likelihood is that of modified gene expression resulting from regulatory mismatch in allopolyploid nuclei (Birchler et al, 2005). This mismatching may interact with transformed cellular space and altered proportion of transcription factors and regulatory proteins to produce extensive changes in gene expression. These mentioned factors are not equally important and various processes will certainly differ according to gene of interest (Adams and Wendel, 2005).

Change in genome size is an additional event that can occur during polyploidization. In Gossypium, a common example of additivity in genome size has been observed between progenitor diploids and derived polyploids (Liu and Wendel, 2002). However, patterns of non-additivity in polyploid genome size have also been found, For instance, in Vigna, polyploids have been reported to explain decreased DNA amounts as compared to diploids (Parida et al., 1990), as well as in Linum, polyploids have been described with increased quantity of DNA ( Cullis, 1979). Actually, the overall fashion in polyploid evolution in angiosperms is in support of ''genome downsizing'' (loss of DNA following polyploidization) C values (Quantity of DNA in the gametic nucleus) have been examined in some polyploids, there were examples describing that C-values in some polyploids were less than predicted. Modern technology with new data can improve our knowledge of the molecular events taking place after polyploid formation and offer some insights into processes underlying genome downsizing and fluctuations in DNA amount (Leitch and Bennett, 2004). These and other modern research has drawn interest to the likely vibrant nature of polyploids (Soltis and Soltis, 1999; Pires et al., 2004).

'Genomic shock' resulted from whole-genome duplication may cause gene silencing (McClintock, 1984), and alteration to the transcriptome have been found in synthetic allopolyploids (Hegarty and Hiscock, 2008). DNA fragments appear to have been lost via homoeologous recombination in synthetic allopolyploids (Shaked et al., 2001; Kashkush et al., 2002; Gaeta et al., 2007). Though, there is little information concerning natural genomic and transcriptomic changes occurring in the early generations after polyploidy, due to lack of availability of genetic data for young natural polyploid species (Buggs et al., 2009).

Since genome doubling has been so vital to plant evolution, it is imperative to know the set of molecular evolutionary facts related to polyploidy as well as any useful consequences of that. With regards to this, employing representative plant systems is predominantly important, particularly to separate mechanisms that might explain the earliest stages of polyploid formation from those processes that are accountable for longer-term evolutionary variation (Adams and Wendel, 2004).

Genomic data is required from polyploids that can be definitely recognized by comparing chromosome number or genome size in related species, or by direct examination of multivalents during meiosis. This is needed to improve our understanding regarding the influence of genome duplications. At present, such genomic data are principally limited to crop species: for instance, the whole genomes of wheat and potato are being sequenced, and widespread genetic information is available for cotton (e.g. Udall et al. 2007). For analysing different features of polyploid genome evolution, a number of natural plant species have been developed as helpful models, but they are not complete model organisms because there are few genomic resources available in them. The greatest resourced are: Arabidopsis suecica, that has the model organism A. thaliana as one parent (Chen et al. 2004); Glycine polyploids, the genome of which is presently being sequenced (Doyle et al. 2004); Senecio cambrensis, for which cDNA microarrays exist (Hegarty et al. 2005); and Tragopogon miscellus having about 2000 expressed sequence tags. Presently, there is not a single natural allopolyploid subject to complete genome sequencing (Buggs, 2008).

Allopolyploids that produced in the last century, like Senecio cambrensis, Spartina anglica, Tragopogon miscellus and Tragopogon mirus, offer the prospect to analyse the immediate effects of duplicate gene expression after polyploidy in natural populations. Finally, studies of synthetic neopolyploids that were repeatedly produced with parental genome combinations which are the same as or closely related to those which have been considered to have given rise to natural polyploid species, offer closer look into a variety of changes in gene expression occurring instantly upon allopolyploidy and within a next few generations (Adams, 2007).

Although evolutionary biologists can generate synthetic polyploids from any number of taxa, just four plant genera have been known to have produced natural polyploidy species in the recent 150 yr: Senecio (Ashton and Abbott, 1992), Cardamine (Urbanska et al., 1997), Spartina (Baumel et al., 2001), and Tragopogon (Ownbey, 1950; Soltis et al., 2004). Tragopogon (Asteraceae) is presenting an exclusive system for analysing allopolyploidy (Tate et al., 2006). It has about 150 species originated from Eurasia. Three diploid (2n = 2 x = 12) species (Tragopogon dubius, Tragopogon pratensis, and Tragopogon porrifolius) which were established in eastern Washington State, USA, and neighbouring Idaho in the early 1900s. Recently, these species have recurrently produced, two allopolyploid (2n = 4x = 24) species, T. mirus resulting from T. dubius  T. porrifolius and T. miscellus produced by T. dubius  T. pratensis in western North America (Ownbey, 1950; Ownbey and McCollum, 1954; Soltis and Soltis, 1999; Soltis et al., 1995). Ownbey and McCollum (1954) applied conventional cytogenetic approaches to karyotype the six pairs of chromosomes in the diploid species of Tragopogon. In addition to studying morphological features, Ownbey and McCollum (1954) also examined plenty of chromosomal variation (e.g., terminal knobs and secondary constrictions) within different populations of diploid species to understand the multiple origins of the two newly formed allopolyploids, T. mirus and T. miscellus. These recurring formations were re-analysed later on by using molecular methods (Soltis et al., 1995; reviewed in Pires et al., 2004).

The latest sequence-based approaches have offered a powerful mean for identifying and describing the past of genome duplications, and also have shown that these duplications have lead to a successive loss of a lot of the duplicated genetic material. This practice of genomic diploidization seems to be characterized by substantial sequence elimination after genome doubling, and is possibly accountable for a great deal of the variation in co linearity among reasonably related plants, like the cereals (Paterson et al., 2004). One of the more stimulating features of variable retention of duplicated genes involves the pattern of sequence elimination vs. survivorship. For instance, in Arabidopsis, some sets of genes have been retained in preference while other sets have been removed (Blanc and Wolfe, 2004a; Chapman et al., 2006). The chromosomal position of preserved vs. lost genes including the level to which retained genes are grouped together is also of interest. In recent times, the remnant clustering of retained duplicated genes was employed in Arabidopsis to describe a bias in the mechanism of gene loss with regard to homeolog (Thomas et al., 2006). Considering the functional importance of retained duplicates, it was proposed that the probability of duplicate retention was related with the number of functional interactions between the gene products (Udall and Wendel, 2006).

The history of plant genomes is full of duplications leading to fractionation of the duplicated genome, including recurrent loss of duplicated genes (Adams and Wendel, 2005). Man-made polyploids present a unique system to analyse early stages in the evolution of polyploid genomes. Since the direct ancestors for a synthetic polyploid are recognized, it can be specifically resolved, that whether widespread genome changes take place after synthesis of polyploids and if it is so, then timing and mechanisms of genome changes can be determined (Song et al., 1995). Synthetic plant polyploids imitate natural plant systems. These have demonstrated to be excellent models for examining the instant outcomes of diploidization which cannot be shown in the corresponding natural systems and they offer insights into mechanisms that take place upon polyploidy in many eukaryotes (Adams and Wendel, 2005).

In the recent times, a number of synthetic polyploids for various plants species have been developed by interspecific hybridizations between the diploid progenitors, and then chromosome doubling of the F1 hybrids (Song et al., 1993; Gaeta et al., 2007). This approach has been commonly used in many species for instance, newly synthesized wheat (Triticum spp.) inwhich molecular studies have shown sequence loss and gene expression changes after allopolyploid formation (Ma and Gustafson, 2008). Other polyploid systems, like Cotton (Adams et al., 2003), particularly synthetic polyploids of Brassica have also revealed instant genomic changes (Song et al. 1995).

Synthetic allopolyploids of Brassica present extensive changes in parental DNA fragments at the F5 generation on the basis of Restriction fragment length polymorphism (Song et al., 1995). In a similar study of 49 independently resynthesized Brassica lines, genetic changes in the S0 generation were found uncommon, and that almost all changes were described by insertion and deletions in the B. rapa (A) genome (Lukens et al., 2006). In succeeding generations, a number of sequence losses occurred along with a concurrent duplication because of homeologous recombination leading to non-reciprocal translocations. These kinds of genetic modifications in polyploids may be related phenotypically (Pires et al., 2004).

Sequnce loss following polyploidization also has resulted in phenotypic variation in wheat. Removal of parental fragments was illustrated in synthetic wheat allopolyploids and their relatives (Liu et al., 1998; Feldman et al., 1997), both instantaneously after formation of polyploid (synthetic allotetraploids; Shaked et al., 2001; Kashkush et al., 2002), and in generations afterwards (synthetic allohexaploids; Ma et al., 2004). Information about some of the potential phenotypic consequences of gene loss came forward from an investigation at the hardness locus in wheat (Chantret et al., 2005). This study is mainly interesting because authors demonstrated independent loss and rearrangements of a genomic region having multiple duplicated genes adjacent to the hardness locus, at both the tetraploid and hexaploid levels. The mechanism of sequence elimination seems to be intra-strand recombination among long terminal repeats of retro-transposable elements (Udall and Wendel, 2006).

One of the more remarkable recent revelations with regard to gene expression in polyploids is that homoeologous genes usually impart unequal share to the transcriptome, as shown in cotton and in wheat (Adams et al., 2003; Adam and Wendel, 2004; Bottley et al., 2006). Adams et al. (2003) showed that 10 out of 40 homoeologs from the A and D genomes of allotetraploid cotton demonstrate biased expression, including various examples of reciprocal silencing among neighbouring floral whorls. This illustration of unequal contributions of duplicated genes to the transcriptome has been confirmed and extended in a number of later studies, For instance in one study, homoeolog ratios for around 1400 gene pairs were examined throughout the growth of cotton "fiber,". Biases in homoeologous expression were extended to the temporal variation across developmental phases (Hovav et al., 2008; reviewed in Doyle et al., 2008).

Investigation of synthetic polyploids have exposed that genes duplicated by polyploidy (homoeologs), can be inactivated or silenced instantly or soon after polyploidy (Comai et al., 2000; Adams et al., 2003; reviewed in Adams and Wendel, 2005).

Recently produced natural allotetraploids Tragopogon mirus and T. miscellus were characterized by Ownbey (1950). Tragopogon mirus and T. miscellus have formed repeatedly in the past 80 years (reviewed in Soltis et al., 2004). Ownbey and McCollum (1953) tried to resynthesize T. mirus and T. miscellus and got diploid F 1 generation, but they were not able to produce allopolyploid plants. Moreover, while naturally T. miscellus produced reciprocally from T. pratensis and T. dubius, Ownbey and McCollum were able to effectively synthesize only one F 1 hybrid with T. pratensis being the maternal parent. Later on these allopolyploids (Tragopogon mirus and T. miscellus) were efficiently resynthesized using several individuals of the parental diploids (T. dubius and T. porrifolius ; T. dubius and T. pratensis , respectively). Most important achievement is that now Tate et al., (2009) have been able to synthesize, the missing bone of the Tragopogon skeleton. An allotetraploid between T. porrifolius and T. pratensis have been successfully produced and is named as 'Tragopogon floridana' based on its localization to the Botany green house, University of Florida (Tate et al., 2009).

Variations in the evolution and expression pattern of homeologous loci in the natural populations of T. miscellus was observed using cDNA-amlified fragment length polymorphism (AFLP), along with genomic and cDNA cleaved amplified polymorphic sequence (CAPS) analyses (Tate et al., 2006). The results of this study for T. miscellus allopolyploids, suggested rapid elimination of genes or gene fragments, which appears to be similar to comparable results of rapid sequence elimination in synthetic wheat polyploids (Feldman et al. 1997; Liu et al. 1998). The allotetraploid T. miscellus individuals demonstrated recurrent and random loss of homeologous loci, through recombination of the parental homeologs, which is considered possibly responsible mechanism for this sequence loss. This loss of genetic fragments is consistent with earlier allozyme studies (Roose and Gottlieb 1976). Moreover, Additivity between parental fragments for the same loci studied for the T. miscellus polypoids, was found in synthetic F1 hybrids between T. pratensis and T. dubius (Tate et al., 2006).

Considerable genomic rearrangements, like exchanges between genomes and gene loss, have been described in various systems (Pires et al., 2004; Levy and Feldman, 2004) but not others,

For instance in Cotton, nine sets of newly sythesized allotetraploid and allohexaploid individuals were evaluated using AFLP, where fragment additivity was found in all the individuals (Liu et al., 2001; reviewed in Adams and Wendel, 2005).

Buggs et al. (2009) analysed patterns of sequence loss in 10 sets of homoeologues within five natural populations of the allotetraploid Tragopogon miscellus, and also studied 44 synthetic allopolyploids from S1 generation of the same species. They found that not any the genes examined by them, showed immediate loss or silencing in the re-synthesized first allopolyploid generation of T. miscellus. So, Buggs et al. (2009) suggested that loss and silencing of some homoeologues commence in natural populations within 40 generations or less, after whole-genome duplication event in the natural allopolyploid T. miscellus. This current study which found no changes in gene expression in the S1 generation appears to be in contrast to various previous studies showing gene loss and silencing in resynthesized allopolyploids (e.g. Hegarty et al., 2005; Adams et al., 2003; Lukens et al., 2006).

Tate et al. (2009) studied the hybridizing ability of the diploid Tragopogon species, along with inflorescence morphology, pollen size, meiotic behaviour, and fertility of the synthetic allopolyploids. This study has illustrated usual bivalent formation, along with a range of meiotic aberrations, such as multivalent construction, lagging chromosomes, and the development of bridges at anaphase I in synthetic lines of Tragopogon miscellus and Tragopogon mirus, while incidence of multivalent formation was variable in different lines. Enlarged pollens and stomata size were observed which is usual with increased ploidy level (Tate et al., 2009).

Some multivalent formations were also noticed by Ownbey (1950) in natural populations of T. mirus and T. miscellus. Recently, it has been revealed by Lim et al. (2008) that multivalents formation takes place at the S0 and S1 generation in synthetic T. mirus individuals, Moreover, they found loss of rDNA loci along with homeologous translocations in genomic in situ hybridization analyses. So, the differential chromosomal behaviour observed by Tate, et al. (2009) and Lim et al., (2008), will must be associated with some underlying cost like, it may lead to some genetic and epigenetic consequences, well, further studies in future will reveal similar truth at genomic and epigenetic level.
