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ABSTRACT 
 

Genome duplication is a major force influencing plant genome evolution. Many plant 

species have shown multiple rounds of whole genome duplications in the past. 

Duplicated genes show variable rate of retention, silencing, subfunctionalization and 

neofunctionalization which are pronounced outcomes of genome duplication. This thesis 

addresses polyploid genome evolution focusing on the genetic and epigenetic 

consequences of genome duplication. Tragopogon dubius, T. pratensis and T. porrifolius 

(diploid progenitors) and their polyploids T. miscellus and T. mirus were employed as an 

ideal system to examine the outcomes of polyploidy. An investigation of cytonuclear 

coordination in T. miscellus polyploids showed a maternal influence which was evident 

from the biased retention and expression of the maternally inherited homeolog of rbcS 

possibly to facilitate its interaction with the maternally derived rbcL in independently 

formed T. miscellus natural polyploids. The second study involved the genetic 

characterization of synthetic T. miscellus and T. mirus polyploids in the context of their 

relationship with each other. Results showed the presence of the same multilocus 

genotypes reported previously in natural T. miscellus and T. mirus and also suggested that 

there are certain genetic rules to the formation of polyploids; that is, only some 

progenitor genotypes are successful in producing polyploids. In the third study, a 

comparative transcriptome analysis of the reciprocally formed synthetic and natural T. 

miscellus polyploids was conducted. This study demonstrated additivity in the expression 

of progenitor orthologs of floral identity genes in reciprocally formed T. miscellus 

polyploids, suggesting other genetic factors are responsible for the differing inflorescence 

and flora morphologies in T. miscellus. The fourth study explored the epigenetic 

consequences of polyploidy. The DNA methylation status of homeologous loci previously 

reported to be silenced in T. miscellus natural polyploids was investigated. This study 

revealed silencing of two out of five homeologous loci by DNA methylation, suggesting 
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other mechanisms may be responsible for silencing of the remaining three homeologous 

loci. In short, collectively these studies significantly contribute to our knowledge of 

polyploid genome evolution in Tragopogon in particular and in plants in general.   
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1. Introduction 

 

1.1 Polyploidy  

Polyploidy is the heritable state of having 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 (Jiao et al., 2011; Chester et al., 2012; Wendel et 

al., 2012; Madlung, 2013). Polyploids are frequent among plants and also common among 

fish and amphibians (Mable et al., 2011). Polyploidy in plants was first reported by Hugo 

de Vries on Oenothera lamarkiana mut. Gigas (Onagraceae), which was determined to be a 

tetraploid (Vaughan, 1906; Lutz, 1907). Polyploidization has been inferred to occur at least 

once in the evolutionary history of most species (Blanc & Wolfe, 2004a). The study of 

eukaryotic genomes is offering astounding evidence of the evolutionary potential of 

polyploids: many sequenced genomes exhibit evidence of polyploid ancestry (Soltis & 

Soltis, 1995; Chen et al., 2007; Soltis et al., 2009). In this chapter, I present a review of 

polyploidy, focusing on the genetic and epigenetic consequences of polyploidy observed in 

various plant polyploids. 

1.2 Types of polyploids   

Polyploids are characterized by their chromosomal composition and their mode of 

formation. Several different types of polyploids have been described including 

autopolyploids, segmental allopolyploids, true or genomic polyploids and 

autoallopolyploids (Stebbins, 1950; reviewed in Tate et al., 2005). Primarily, two types of 

polyploids occur: autopolyploids and allopolyploids. Typically, autopolyploids are formed 

within populations of the same species (same origin), and allopolyploids result from 

interspecific hybridization (diverse origin) (Ramsey & Schemske, 1998; Comai, 2005a). 

Segmental polyploids fall between auto- and allopolyploids because they are formed within 



 

3 

 

a species, but have partial homology of their chromosomes, which exhibit both multivalent 

and bivalent formation; for instance B1B1 × B2B2 → B1B1B2B2. Autoallopolyploids possess 

both auto- and allopolyploid-derived chromosome sets, such as AAAA × BB → AAAABB 

(Stebbins, 1947; Swaminathan, 1954; Sybenga, 1996; Ramsey & Schemske, 1998). 

Aneuploids possess either an extra chromosome or are missing a chromosome resulting in 

a different haploid number (Myers & Hill, 1940). The term paleopolyploid refers to ancient 

polyploids that have been diploidized over time and the term neopolyploid refers to newly 

formed allo- and autopolyploids (Wolfe, 2001; Ramsey & Schemske, 2002). 

1.3 Chromosomal pairing behavior of polyploids 
 

Pairing of chromosomes during meiosis varies according to the type of polyploid. In 

some allopolyploids, homologous chromosomes from one genome type preferentially pair 

with each other at metaphase I, resulting in the formation of bivalents. While 

autopolyploids have more than one pair of homologous chromosomes, so pairing can take 

place either between two randomly (non-preferentially) selected homologous 

chromosomes (forming bivalents) or between more than two homologous chromosomes 

resulting in multivalent formation (Sybenga, 1996; Hauber et al., 1999; Wu et al., 2001). In 

polyploids, pairing affinity also depends on the degree of chromosomal homology; 

identical homologous chromosomes tend to pair preferentially compared to less similar 

chromosomes (Doyle, 1963; Benavente & Orellana, 1991). During meiosis, homologous 

chromosomes physically link by synapsis and recombination to ensure accurate 

segregation. This meiotic recombination results in either cross-overs (reciprocal exchange 

of DNA fragments between pairing partners) or gene conversions (unidirectional transfer 

of DNA fragments from one non-sister chromatid to another) (Bhalla & Dernburg, 2008). 

Homologous recombination (recombination between homologous chromosomes) occurs 

more commonly compared to homeologous recombination (recombination between 

distinct but related chromosomes). In allopolyploids, homeologous recombination can 
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lead to chromosomal rearrangements and hence genetic variability needed for adaptation 

(Pinto et al., 2005; Nicolas et al., 2007; Modliszewski & Willis, 2014). 

1.4 Formation of polyploids 

In general, polyploids result from mitotic or meiotic mishaps, such as failure of 

chromosomes to segregate, resulting in the production of either polyploid somatic tissues 

on a normally diploid plant or meiotic nuclear restitution during gamete formation results 

in unreduced gametes (2n) giving rise to polyploid plants. The latter is considered the 

more common mechanism of polyploid formation (Harlan & Dewet, 1975; Thompson & 

Lumaret, 1992; Brownfield & Kohler, 2011).  

Somatic doubling is a rarely reported mechanism of polyploid formation, which is 

known to form mixoploid chimeras in meristemic tissue of sporophytes. For example, the 

development of a tetraploid shoot was observed on a diploid F1 hybrid produced between 

Mimulus nelsoni and M. lewissii (Hiesey et al., 1971). Somatic doubling is known to occur in 

non-meristematic plant tissues as well, where cells can initiate new growth in tumors or 

wounds and are an important source of new shoots (D’amato, 1952). Somatic doubling also 

occurs in zygotes or young embryos producing polyploid sporophytes. There is very little 

information available on the frequency of somatic doubling in plants and none of the 

effects of interspecific hybridization are known on its occurrence (reviewed in Ramsey & 

Schemske, 1998). 

The more common mechanism of polyploid formation is by gametic non-reduction 

during micro- and mega-gametogenesis. The process results in the formation of 2n 

gametes, containing the complete somatic chromosome number. These 2n gametes are 

produced by meiotic events, such as cytological alterations associated with first division 

restitution (FDR) and second division restitution (SDR) (Ramanna, 1979; Carputo et al., 

2000). Formation of 2n pollen results from the disorientation of spindle fibres at 

metaphase II or abnormal cytokinesis, while 2n egg production is caused by the absence of 
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cytokinesis after telophase II, but the absence of the first and second meiotic divisions has 

also been reported (Werner & Peloquin, 1991; Barcaccia et al., 2003). Most reports on 

unreduced gametes are based on pollen because it is easy to identify compared to 

unreduced eggs that are much harder to study (Ramsey & Schemske, 1998). The formation 

of polyploid embryos may occur by the union of unreduced (2n) gametes (Bretagnolle & 

Thompson, 1995; Comai, 2005a; De Storme & Geelen, 2013).  

In addition to genetic factors, there are also environmental factors that can 

stimulate unreduced gamete formation; these include rapid changes in temperature (heat 

or cold treatment), x-rays, UV light, dehydration and infections. For example, Rosa plants 

were exposed to different temperature regimes. Extreme temperatures were associated 

with abnormal meiosis, resulting in disorientation of spindles at telophase II and an 

increase in the ploidy level of pollen grains (Pecrix et al., 2011). Similarly, Brassica 

allopolyploids showed an increase in the frequency of unreduced gamete formation at cold 

temperatures (Mason et al., 2011). Hence, adverse conditions could facilitate polyploid 

formation in the wild (Sax, 1936). 

1.5 Phenotypic consequences of polyploidy  

Allopolyploidy is one of the major forces involved in plant speciation, resulting 

from the union of two or more diverse, but generally closely associated, genomes into the 

same nucleus by hybridization. The accumulation of increased genetic variation in 

allopolyploids is possible by gene redundancy, which provides the likelihood of generating 

novel functional diversity between homeologous genes and genomes (Adams & Wendel, 

2005b; Soltis et al., 2009; Madlung, 2013).  

Polyploidy can have instant phenotypic consequences, for instance, enlarged cell 

size and organ size, and occasionally better vigour and increased biomass (Soltis & Soltis, 

1995; Comai et al., 2000; Balao et al., 2011). The emergence of these new phenotypes in 

polyploids possibly involves modifications in gene expression (Osborn et al., 2003; Paun et 
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al., 2011). Polyploids often show novel phenotypes or show increased variation compared 

to their parents (Ramsey & Schemske, 2002). According to an evolutionary or ecological 

perspective, polyploid events may be observed as a stimulus for novel phenotypic changes. 

For example, studies revealed changes in Brassica for a number of environmentally critical 

phenotypic characters, including flowering time (Pires et al., 2004b), leaf morphology, and 

seed set (Doyle et al., 2008). Some of these characters, like drought tolerance, flowering 

time, pest resistance, apomixis, and increased biomass, could permit polyploids to adapt to 

new places and environments or increase their probability to be utilized in agriculture 

(Fawcett et al., 2009; Van Laere et al., 2011; Martin & Husband, 2012; Hannweg et al., 

2012).  

1.6 Genetic and epigenetic consequences of polyploidy  

The duplication and merger of distinct genomes in one nucleus can lead to 

considerable genetic and epigenetic restructuring of the duplicated genomes. The genes 

duplicated as a result of allopolyploidy (homeologs) have 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 lost, or (III) subfunctionalization occurs when the two copies 

deviate such that each copy contributes only a part of the original gene function, or 

neofunctionalization may occur in which one copy attains a novel function (Ramsey & 

Schemske, 1998; Lynch & Conery, 2000; Edger & Pires, 2009; Roulin et al., 2013).  

Genetic changes post-polyploidization comprise chromosomal reshuffling, 

translocations, gene loss, concerted evolution of rDNA repeats, and/or transcriptomic 

changes (Kovarik et al., 2004; Anssour et al., 2009; Buggs et al., 2010b; Jackson & Chen, 

2010; Malinska et al., 2010; Buggs et al., 2012a; Chester et al., 2012; Tang et al., 2012; Ma et 

al., 2013). Epigenetic changes involve DNA methylation, histone modifications, 

deacetylation, microRNAs and prions (Halfmann & Lindquist, 2010; Vanyushin & Ashapkin, 
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2011; Lee & Shin, 2012). These genetic and epigenetic modifications can occur instantly in 

the first generation after polyploidization or during many generations after polyploid 

formation (Madlung et al., 2002; Adams & Wendel, 2005a; Chantret et al., 2005; Skalicka et 

al., 2005; Otto, 2007; Doyle et al., 2008; Hegarty & Hiscock, 2008; Chague et al., 2010; 

Flagel & Wendel, 2010; Dong & Adams, 2011b; Hu et al., 2013; Madlung, 2013). Genetic and 

epigenetic outcomes of polyploidy studied in various plant genera are as follows:  

1.6.1 Change in genome size  

Presumably, polyploids are expected to be additive of their progenitor genomes but 

deviation from additivity in genome size is one of the significant consequences of a 

polyploidization event. Although additivity in genome size has been observed in newly 

formed natural and synthetic polyploids (Liu & Wendel, 2002; Pires et al., 2004a; Russell et 

al., 2013), patterns of non-additivity in polyploid genome size have been found in older and 

long-established polyploids (Gossypium, Kadir, 1976; Vigna, Parida et al., 1990; Nicotiana, 

Leitch et al., 2008). Some polyploids have been described with an increased quantity of 

DNA relative to their progenitors (Jakob et al., 2004; Leitch et al., 2008), but the overall 

trend in polyploid genome evolution in angiosperms is towards genome downsizing (loss 

of DNA following polyploidization), most probably to reduce genetic instability caused by 

genetic redundancy and any phenotypic effects of having larger nucleus and cell size. C 

values (Quantity of DNA in the gametic nucleus) in some polyploids were less than 

predicted (Parida et al., 1990; Leitch & Bennett, 2004; Castro et al., 2012; Wong & Murray, 

2012; Duchoslav et al., 2013; Li et al., 2013). Predominantly, loss of repetitive DNA clusters 

like Ty3-gypsy and Ty1-copia retroelements have caused reduction in the predicted 

genome size in Nicotiana polyploids (Renny-Byfield et al., 2011; Renny-Byfield et al., 

2013). In addition to changes in the DNA sequence, epigenetic mechanisms are also 

associated with transposon elements and are involved in genome restructuring and 

downsizing in Spartina and Dactylorhiza (Parisod et al., 2009; Paun et al., 2010). 
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1.6.2 Gene loss   

Loss of one set of duplicated genes (homeologs) has been widely reported in 

polyploid species (Kashkush et al., 2002b; Mun et al., 2009; Tate et al., 2009a; Buggs et al., 

2012a; Buggs et al., 2012b; Mlinarec et al., 2012; Akhunov et al., 2013). Synthetic 

allopolyploids of Brassica showed extensive loss of parental DNA fragments at the F5 

generation (Song et al., 1995). In a similar study of 49 independently resynthesized 

Brassica lines, homeolog losses were observed in the S0 generation (Lukens et al., 2006). 

Moreover, in successive generations, a number of sequence losses occurred because of 

homeologous recombination leading to non-reciprocal translocations (Pires et al., 2004b). 

Recently, Xu et al. (2012) revealed genetic changes involving deletions and insertions of 

novel fragments in two independently generated sets of Brassica napus synthetic 

allopolyploids. Sequence loss (loss of anonymous DNA fragments) following 

polyploidization has also resulted in phenotypic variation in wheat. Elimination of parental 

fragments was illustrated in synthetic wheat allopolyploids and their relatives (Feldman et 

al., 1997; Liu et al., 1998), both instantaneously after formation of the polyploid (synthetic 

allotetraploids, Shaked et al., 2001; Kashkush et al., 2002b), and in generations afterwards 

(synthetic allohexaploids, Ma et al., 2004; Ma & Gustafson, 2008). In many cases, DNA 

fragments appear to have been lost via homeologous recombination in the synthetic 

allopolyploids (Shaked et al., 2001; Kashkush et al., 2002a; Gaeta & Pires, 2010). 

Extensive loss of the duplicated genes may be responsible for significant variation 

among related plant species (Paterson et al., 2004; Pellicer et al., 2010). One of the 

stimulating features of variable retention of duplicated genes involves the pattern of 

sequence elimination versus survivorship (Liu & Davis, 2011). Considering the functional 

importance of retained duplicates, it is proposed that the probability of duplicate retention 

was related to the number of functional interactions between the gene products. Dosage 

sensitive genes which are involved in various regulatory networks (like transcription 

factors) are retained significantly compared to other non-functional DNA sequences (Udall 
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& Wendel, 2006; Edger & Pires, 2009; Severin et al., 2011; Wang et al., 2011; De Smet & 

Van De Peer, 2012). For instance, in Arabidopsis, genes that were involved in regulatory 

networks such as signal transduction and transcription remain duplicated, while others 

involved in DNA repair were reduced to single copy (Blanc & Wolfe, 2004b; Chapman et al., 

2006). In contrast to the above pattern, in Asteraceae, genes associated with structural 

components and cellular organization were reported to be preferentially retained while 

genes associated with transcription and regulatory pathways were considerably 

underrepresented (Barker et al., 2008). The chromosomal position of conserved versus 

lost genes, including the level to which retained genes are grouped together, is also of 

interest. For instance, in Brassica napus, the rate of sequence loss has been shown to 

increase with increasing genetic distance from the centromere (Nicolas et al., 2012). 

1.6.3 Changes in the transcriptome and proteome  

Generally, it is assumed that polyploids will additively express their paternal genes 

but polyploidy events have significant effects on duplicate gene expression, with up- or 

down-regulation of one of the parental homeologs commonly resulting. Advances in high-

throughput technologies have made it possible to analyze evolutionary outcomes of 

genome duplication events at the level of the transcriptome and proteome (De Smet & Van 

De Peer, 2012). Absolute comparisons between transcriptome and proteome profiles are 

not possible because they are not equivalent to each other due to the involvement of 

various post-transcriptional and post-translational modifications (Gygi et al., 1999). 

Because the prediction of proteome expression from mRNA expression is not possible, the 

analysis of both transcriptome and proteome would improve our understanding of 

polyploid genome evolution and adaptation.  

One of the most significant findings with regard to gene expression in polyploids is 

the unequal contribution of homeologous genes to the transcriptome, as shown in cotton 

(Adams et al., 2003b). Adams et al. (2003) showed that 10 out of 40 homeologs from the A 

and D genomes of allotetraploid cotton demonstrate biased expression, including various 
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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, Hovav et al. (2008) examined 

homeolog ratios for around 1400 gene pairs throughout the growth of the cotton “fiber.” 

Biases in homeologous expression were extended to the temporal variation across 

developmental phases (Doyle et al., 2008; Hovav et al., 2008; Chaudhary et al., 2009; 

Grover et al., 2012). Hegarty et al. (2005) observed substantial variation in the expression 

levels of various genes within diploid, allohexaploid and triploid Senecio species. Analysis 

of the transcriptome of synthetic polyploids of Arabidopsis have shown alterations in gene 

expression that were associated with modified DNA methylation patterns (Yu et al., 2010). 

Recently, analysis of leaf transcriptomes of F1 hybrids, synthetic and natural Gossypium 

polyploids demonstrated considerable up- and down-regulation of gene expression and 

biases in expression towards one of the parental genomes, suggesting various regulatory 

and epigenetic interactions arising through transcriptome networks post-polyploidization 

(Dong & Adams, 2011a; Yoo et al., 2013). In wheat, Nicotiana and Brassica, RNA sequencing 

revealed structural and functional modifications in the duplicated genes owing to 

neo/subfunctionalization mechanisms (Pont et al., 2011; Bombarely et al., 2012; Higgins et 

al., 2012)  

Koh et al. (2012) examined the proteome of F1 hybrids, synthetic and natural 

Tragopogon mirus polyploids and its diploid progenitors (T. dubius and T. porrifolius) and 

reported expression changes after hybridization and polyploidization events and also 

found proteins with novel expression. Moreover, proteome analysis of early generations 

(F1-F4) of Brassica napus synthetic polyploids showed non-additive repatterning of their 

protein expression profile. However, this non-additivity did not involve expression profiles 

of housekeeping genes involved in regulatory networks. Hence, after polyploid formation 

gene silencing is a continued phenomenon and can be activated at any generation (Kong et 

al., 2011).   
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1.6.4 DNA methylation 

Allopolyploidy frequently causes unpredicted deviations from expected 

transcriptomic additivity, which may be the result of extensive epigenetic alterations. DNA 

methylation is one of those epigenetic modifications causing silencing of duplicated genes 

by methylation of the promoter or coding sequences of the genes, thereby repressing 

transcription by inhibiting binding of the transcription factors to the promoter (Finnegan 

et al., 1998; Salmon et al., 2005; Salmon & Ainouche, 2010). DNA methylation is the 

addition of a methyl group at position 5 of pyrimidine ring of a cytosine residue (Finnegan 

et al., 1998; Chan et al., 2005; Vanyushin, 2006). Cytosine methylation is important for 

genomic stability and is involved in genomic imprinting, transposon silencing and 

epigenetic regulation of gene transcription (Martienssen & Colot, 2001; He et al., 2011; 

Vanyushin & Ashapkin, 2011; Ji & Chen, 2012). In wheat, cytosine methylation has been 

observed as an instant response to genome duplication (Shaked et al., 2001). Similarly, 

Lukens et al. (2006) reported cytosine methylation in resynthesized Brassica napus 

allopolyploids. A high level of DNA methylation in Brassica oleracea has been proposed to 

be associated with genome plasticity and a high level of phenotypic variability (Salmon et 

al., 2008). Madlung et al. (2002) observed that the phenotypic instability of synthetic 

Arabidopsis polyploids was due to an irregular methylation status causing an altered rate 

of transcription resulting in both gene silencing and gene activation, with the latter caused 

by de-methylation. Verhoeven et al. (2010) reported de novo methylation in triploid 

dandelion lineages post-polyploidization. DNA methylation is proposed to generate 

phenotypic variation and thereby could facilitate the adaptation of naturally occurring 

polyploids (Richards et al., 2008). Genome wide mapping of DNA methylation in 

Arabidopsis thaliana revealed the widespread prevalence of DNA methylation in intergenic 

regions and repetitive sequences, while limited occurrence in the regulatory regions such 

as promoter, thus serving to maintain genomic integrity (Zhang et al., 2006; Weber & 

Schuebeler, 2007; Zilberman et al., 2007). Melamed-Bessudo and Levy (2012) studied the 
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role of DNA methylation in chromosomal recombination by employing decreased DNA 

methylation (ddm1) mutant lines in Arabidopsis. They reported that a decrease in DNA 

methylation increases the rate of meiotic crossing over in the euchromatic regions, but not 

in heterochromatin, suggesting a repressive role of DNA methylation in meiotic 

recombination. In Oryza sativa, the methylation level (the proportion of methylated CpG 

sites) of the coding regions of genes was estimated in five plant tissues for different gene 

categories including transposable element-like genes, duplicated genes and singleton 

genes (Wang et al., 2013b). They reported a low level of methylation associated with high 

levels of expression, in contrast to a high level of methylation associated with low levels of 

expression suggesting genome-wide methylation is related to duplicate gene expression 

and determines the survivorship of duplicated genes (Wang et al., 2013b).  

1.6.5 Transposon activation, small RNAs and RNAi  

Transposable elements (TEs) are discrete fragments of DNA that can transpose or 

‘jump’ around the genome from one site to another unrelated site. Their random insertions 

in genomic sequences can mutate host DNA thereby affecting gene expression. TEs play a 

key role in restructuring genomes following allopolyploidization (Kidwell, 2005; Parisod et 

al., 2010). Analysis of various allopolyploid systems has shown structural, functional and 

epigenetic modification by transposons during allopolyploidization (Kraitshtein et al., 

2010; Parisod et al., 2010; Yaakov & Kashkush, 2011; Zhang et al., 2013). For example, 

transposon activation has been observed in wheat allopolyploids. The activation of some 

transposable elements can lead to silencing of neighbouring downstream genes (Kashkush 

et al., 2003; Domingues et al., 2012). For instance, activation of the Wis transposon resulted 

in inactivation of the downstream purB gene, which is involved in softening of endosperm 

of the wheat kernal (Kashkush et al., 2003; Chen et al., 2010). After polyploid formation, 

epigenetic remodelling of the genome also occurs through various regulatory pathways 

such as RNA interfence (RNAi). RNAi helps in overcoming the gene redundancy and 

maintaining genomic integrity post-polyploidization (Lawrence & Pikaard, 2003). During 



 

13 

 

the process of RNAi, small interferring RNA (siRNA) molecules of 21-24 nucleotides are 

produced from double stranded endogenous RNAs which are formed by back-folding to 

form hair-pin structures. These siRNA unwind to form single-stranded siRNA molecules 

which integrate into RNA induced silencing complex (RISC). Then they bind to a 

complementary site of the target mRNA sequence and induce its cleavage by argonaute 

proteins, resulting in the repression of gene expression of the target mRNA (Mocellin & 

Provenzano, 2004). Ha et al. (2009) proposed that the loss of siRNA in F1 hybrids of 

Arabidopsis was related to genomic instability, while non-additive expression of miRNA 

and siRNA in the Arabidopsis allopolyploids was associated with chromatin maintenance, 

vigor and adaptation. Small RNAs play significant roles in many biological processes, 

including the regulation of gene expression, developmental timing, the maintenance of 

genomic integrity and defence against invasive nucleic acids (e.g., viruses and transposons) 

(Cam, 2010; Ketting, 2011; Ng et al., 2012; Feng & Guang, 2013). 

1.7 Synthetic allopolyploid lines as a useful resource  

Many polyploid species originated several million years ago such as wheat (13 

mya),  (Brandon, 2002), cotton (5-15 mya) (Wendel & Cronn, 2003) and Brassica (~20 

mya) (Lagercrantz, 1998). Employing plant systems of different ages is important 

particularly to separate mechanisms that might describe the earliest stages of polyploid 

formation from those processes that are accountable for longer-term evolutionary 

variation (Adams & Wendel, 2004; Levy & Feldman, 2004; Otto, 2007). Moreover, crop 

polyploids, which are most often studied, have been subjected to artificial selection at 

some point during their history, which could be an argument for studying natural 

polyploids  (Buggs, 2008). 

Natural allopolyploids that were formed in the last century, like Senecio cambrensis 

(Ashton & Abbott, 1992), Spartina anglica (Baumel et al., 2001), Tragopogon miscellus and 

Tragopogon mirus (Ownbey, 1950), offer a closer look into a variety of genome changes 
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and gene expression differences occurring upon allopolyploidization (Adams, 2007). 

However, synthetically made polyploids are excellent models for examining the instant 

outcomes of polyploidization, which cannot be shown in the corresponding natural 

systems and they offer insights into mechanisms that take place immediately upon 

formation (Adams & Wendel, 2005a). Because the progenitors of a synthetic polyploid are 

known with certainty, it can be specifically resolved whether widespread genome changes 

take place immediately after synthesis of the polyploid and if so, then the timing and 

mechanisms of genome changes can be determined (Song et al., 1995).  

Recently, a number of synthetic polyploids of various plant species have been 

developed by interspecific hybridizations between the diploid progenitors and then 

chromosome doubling of the F1 hybrids (Brassica, Song et al., 1995; Arabidopsis, Comai et 

al., 2000; Cotton, Adams et al., 2003a; Wheat, Ma & Gustafson, 2008; Tragopogon, Tate et 

al., 2009b; Miscanthus, Chae et al., 2012; Rice, Wang et al., 2013a).  Recent molecular 

studies of newly synthesized wheat (Triticum spp.) have shown sequence loss, gene 

expression changes, methylation, rearrangement of transposable elements and 

chromosomal instability after F1 hybrid and allopolyploid formation (Ma & Gustafson, 

2008; Yaakov & Kashkush, 2011; Yang et al., 2011b). Investigation of synthetic polyploids 

of Arabidopsis have determined that genes duplicated by polyploidy (homeologs) can be 

silenced instantly or soon after polyploidy (Comai et al., 2000). Madlung et al. (2005) found 

meiotic instability, transposon activation and chromosomal rearrangements in newly 

formed synthetic polyploids of Arabidopsis. Similarly, chromosomal rearrangements were 

reported by Pontes et al. (2004). Arabidopsis synthetic polyploids exhibited considerable 

structural genomic modifications including deletion of a major portion of the upper arm of 

chromosome II (Beaulieu et al., 2009). Synthetic allopolyploids of Senecio have shown gene 

silencing and alterations in the transcriptome (Hegarty et al., 2006a). A synthetic 

autotetraploid of Aegilops tauschii demonstrated alterations in the phenotype associated 

with modified DNA methylation pattern (Zeng et al., 2012). Similarly, phenotypic variation 
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was observed in the synthetic polyploid of Miscanthus (Chae et al., 2012). Synthetic 

polyploids of Nicotiana have also demonstrated considerable morphological, genetic and 

genomic changes post-polyploidization (Anssour et al., 2009). Rice synthetic polyploids 

showed superiority in growth and seed set compared to parents and genomic in situ 

hybridization (GISH) showed some chromosomal translocations between parental 

genomes (Wang et al., 2013a). On the other hand, synthetic polyploids of Tragopogon 

miscellus have not showed any evidence of gene silencing in the seven homeologs studied 

at the S1 generation (Buggs et al., 2009). 

1.8 Tragopogon as a study system 

Tragopogon is an ideal system for studying allopolyploidy. The genus has about 

150 species found in Eurasia (Ownbey, 1950). Three diploid (2n = 2x = 12) species 

(Tragopogon dubius, T. pratensis, and T. porrifolius) were established in eastern 

Washington State, USA, and neighbouring Idaho in the early 1900s. Since their 

introduction, 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. Natural T. mirus is produced only with T. porrifolius as the maternal 

parent, while T. miscellus is produced reciprocally in nature (Ownbey, 1950; Ownbey & 

Mccollum, 1954; Soltis et al., 1995a; Soltis & Soltis, 1999).  

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, they also identified considerable 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. 

Considerable work has ben done to identify independent origins of these polyploid species 

(Soltis & Soltis, 1989; Soltis & Soltis, 1991; Soltis et al., 1995a; Soltis & Soltis, 1999). Most 

recently Symonds et al. (2010) evaluated the recurrent formations and independent 
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origins of T. mirus and T. miscellus polyploids using progenitor-specific microsatellite 

markers, specifically to determine the genetic contribution of the parental species into 

each independently formed polyploid species. Considering only the T. dubius loci (common 

parent of both polyploids), three multilocus genotypes (containing five loci) were found in 

natural population, which likely represents the historical population structure of T. dubius 

at the time of polyploid formation. A lack of gene flow between populations was also 

reported, representing potential reproductive barriers between polyploid lineages.  

Kovarik et al. (2005) examined rDNA loci of Tragopogon including internal and 

external transcribed spacer (ITS and ETS) in independently formed allopolyploids from 

various natural populations and diploid progenitor species. This study reported concerted 

evolution of rDNA repeats with T. dubius rDNA loci lost more frequently in both polyploids 

(Kovarik et al., 2005). Pires et al. (2004a) compared genome sizes of independently formed 

T. mirus and T. miscellus from various populations and found additivity in genome size in T. 

mirus polyploids between parental genome sizes, while two populations of T. miscellus 

showed genome downsizing. Moreover, no evidence of major genomic rearrangement was 

observed when these T. mirus and T. miscellus polyploids were analyzed using four 

chromosomal markers by fluorescent in situ hybridization (FISH). 

Ownbey and McCollum (1953) tried to resynthesize T. mirus and T. miscellus and 

generated a diploid F1 generation, but they were not able to produce allopolyploid plants. 

Moreover, as natural T. miscellus is produced reciprocally from T. pratensis and T. dubius, 

Ownbey and McCollum were only able to effectively synthesize one F1 hybrid with T. 

pratensis as the maternal parent. More recently, these allopolyploids (Tragopogon mirus 

and T. miscellus) were resynthesized by Tate et al. (Tate et al., 2009b) using several 

individuals of the parental diploid species.   

Several studies have shown loss of homeologs in Tragopogon allopolyploids.  Early 

studies by Roose and Gottlieb (1976) and Soltis et al. (1995b) identified loss of genetic 

fragments using allozyme markers. Tate et al. (2006) identified loss of homeologous 
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fragments in two natural populations (Pullman and Moscow) of T. miscellus using cDNA–

amplified fragment length polymorphism (AFLP), along with genomic and cDNA cleaved 

amplified polymorphic sequence (CAPS) analyses. The suggested mechanism for loss of 

homeologous loci was by recombination of the parental homeologs. Additivity of parental 

fragments for the same loci studied for the T. miscellus polyploids was found in synthetic F1 

hybrids between T. pratensis and T. dubius, demonstrating that these genomic changes are 

associated with polyploidization rather than hybridization (Tate et al., 2006a). Another 

study of homeologous loci in ten natural populations of T. miscellus revealed homeolog 

losses in independently formed populations suggesting homeolog losses are potentially 

responsible for genome downsizing, but some homeologs were retained consistently (Tate 

et al., 2009a). Similarly, frequent loss of homeologous loci in natural T. mirus polyploids 

has been observed by Koh et al. (2010). Buggs et al. (2009) analysed patterns of sequence 

loss in 10 sets of homeologs in five natural populations of Tragopogon miscellus and 44 

synthetic allopolyploids from the S1 generation of the same species. They found that none 

of the genes examined showed immediate loss or silencing in the re-synthesized first 

allopolyploid generation of T. miscellus. Buggs et al. (2009) suggested that loss and 

silencing of some homeologs begin in natural populations within 40 generations or less 

after the whole-genome duplication event. In this study, only a few loci were examined in 

T. miscellus and no changes were observed in gene expression in the S1 generation, which 

appears to be in contrast to studies showing gene loss and silencing in other resynthesized 

allopolyploids (e.g. Adams et al., 2003b; Hegarty et al., 2005; Lukens et al., 2006). Recently, 

using Sequenom MassARRAY iPLEX genotyping, loss of clustered duplicated genes post-

polyploidization was reported in natural T. miscellus populations by Buggs et al. (2012a) 

suggesting that repeated reduction in the duplicated genomes occur after whole genome 

duplication events. Moreover, those missing genes were corresponding to the genes lost 

after ancient whole genome duplications in the family Asteraceae and lost clusters were 

mostly associated with dosage sensitive genes. Hence, the loss of homeologous loci is a 
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frequent phenomenon in Tragopogon as has been shown in other polyploid genera 

(Feldman et al., 1997; Kashkush et al., 2002a; Lukens et al., 2006).  

Chromosomal rearrangements were also commonly observed in Tragopogon 

polyploids post-polyploidization. Some multivalent formations were noticed by Ownbey 

(1950) in natural populations of T. mirus and T. miscellus. Lim et al. (2008) also observed 

multivalent formation 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. Later, extensive and recurrent chromosomal variation, 

including intergenomic translocations and aneuploidy were also observed in individuals 

from six populations of T. miscellus (Chester et al., 2012) and recently karyotype 

restructuring was also reported in T. miscellus allopolyploids (Chester et al., 2013). 

Evolution of rDNA loci has also been studied for both Tragopogon mirus and Tragopogon 

miscellus natural and synthetic polyploids. Uniparental losses of rDNA loci were reported 

with losses more frequent in natural polyploids than in synthetic polyploids. T. dubius 

rDNA loci are lost more frequently than either of the other parents, T. pratensis or T. 

porrifolius. Moreover, T. dubius rDNA loci were expressed at a higher level in spite of their 

reduced copy number (Matyasek et al., 2007; Malinska et al., 2010; Malinska et al., 2011). 

Polyploid formation involves considerable modification at the level of 

transcriptome and proteome, but as mentioned earlier, these are not directly correlated. 

Koh et al. (2012) analyzed the proteome of F1 hybrids of Tragopogon mirus, as well as 

natural and synthetic polyploids with the progenitors, T. dubius and T. porrifolius. Out of 

476 proteins identified, 68 proteins showed quantitatively differential expression in T. 

mirus. Differential expression of 32 proteins was associated with hybridization (as 

observed in F1 hybrids), 22 protein changes were associated with polyploidization 

(observed in S1 synthetic polyploids) and 14 changes occurred since the natural formation 

of T. mirus suggesting hybrization may have a greater influence on genome evolution than 

gene duplication.  
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1.9 Thesis chapters 

The research presented in this thesis examined the genetic and epigenetic 

consequences of polyploidization in Tragopogon allopolyploids, with an emphasis on 

Tragopogon miscellus. A brief overview and hypothesis for each project follows: 

1.9.1 Cytonuclear coordination in T. miscellus polyploids (Chapter 2)  

The nuclear genome is biparentally inherited in hybrids and allopolyploids while 

cytoplasmic genomes (chloroplast and mitochondria) are typically maternally inherited. 

Cytonuclear coordination between the nuclear and cytoplasmic genomes is required for 

genomic stability and could be best studied in reciprocal hybrids and polyploids (Levin, 

2003; Chen, 2007a). Naturally occurring and reciprocally formed T. miscellus 

allopolyploids present an ideal system to study this cytonuclear coordination. In this study, 

using the Riboluse-1, 5-Bisphosphate Carboxylase oxygenase (Rubisco) system, 

cytonuclear coordination between the maternally inherited rbcL (encoded by chloroplast 

genome) subunit and the biparentally inherited rbcS (encoded by nuclear genomes) 

subunit was examined in natural and synthetic Tragopogon miscellus allopolyploids. We 

hypothesized that the maternal homeolog of rbcS would be expressed in the T. miscellus 

polyploids to coordinate with the maternally inherited cytoplasmic subunit rbcL. For this 

purpose, the nuclear subunit rbcS was characterized in the diploid progenitors, T. dubius 

and T. pratensis, to determine, relative retention and expression of rbcS homeologs in T. 

miscellus polyploids. 

1.9.2 Exploring genetic structure of T. mirus and T. miscellus synthetic 

polyploids (Chapter 3) 

The genetic structure of natural polyploids was studied by Symonds et al. (2010) 

using progenitor-specific microsatellite loci. Symonds et al. (2010) reported a repeated 

pattern of three multilocus genotypes in both T. mirus and T. miscellus polyploids. Based on 

that study, here we hypothesized that patterns of polyploid formation follow genetic 
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‘rules’. To address this hypothesis, the genetic structure of synthetic T. mirus and T. 

miscellus polyploids was examined and compared to natural polyploids. Here, we looked 

for that same pattern of multilocus genotypes and also discovered novel genotypes in the 

synthetic polyploids.  

1.9.3 Comparative analysis of floral transcriptomes (Chapter 4) 

 Tragopogon miscellus has formed reciprocally exhibiting short-liguled (T. dubius♂ 

× T. pratensis♀) and long-liguled (T. dubius♀ × T. pratensis♂) forms (Soltis & Soltis, 1989). 

As these morphologies were repeated in synthetic polyploids, here we hypothesize a 

maternal influence to the formation and variation in inflorescence/floral morphology. To 

determine genetic factors that might be controlling these floral morphologies, floral 

transcriptomes were studied from diploid parents and reciprocally formed natural and 

synthetic T. miscellus polyploids. RNA sequencing data (transcriptome) were analyzed to 

compare variation in the transcriptome between natural and synthetic T. miscellus 

polyploids to evaluate transcript abundance and up- or down-regulation of progenitor-

specific floral development genes post-polyploidy. 

1.9.4 DNA methylation: A gene silencing mechanism post-polyploidization 

(Chapter 5) 

Gene silencing of parental homeologs have been previously reported in Tragopogon 

miscellus polyploids (Tate et al., 2006a; Buggs et al., 2009). DNA methylation is one of the 

epigenetic mechanisms that results in gene silencing. We hypothesized that DNA 

methylation would be responsible for the silencing of previously reported homeologous 

loci in Tragopogon miscellus polyploids. To investigate this, the pattern of CpG methylation 

was analyzed for those previously studied five homeologous loci [S2, S3, S8, S18 and TDF-

44 (Tate et al., 2006a; Buggs et al., 2009)] in several individuals of natural T. miscellus 

polyploids using comparative bisulfite sequencing.  
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2. Biased paternal genomic loss and maternal expression of 
rbcS-1 homeologs in Tragopogon miscellus (Asteraceae) 

allopolyploids: insight into cytonuclear compatibility 

 

2.1 Abstract  

 Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), which consists of a 

chloroplast-encoded large subunit (rbcL) and a nuclear-encoded small subunit 

(rbcS), was used to examine cytonuclear interactions in naturally occurring and 

synthetic Tragopogon miscellus (Asteraceae) allotetraploids (including reciprocally 

formed individuals). Tragopogon miscellus formed recently (~80 years ago) and 

repeatedly via hybridization and whole-genome doubling.  

 Genome-specific single nucleotide polymorphisms (SNPs) in the diploid 

progenitors (T. dubius and T. pratensis) were used to identify patterns of 

inheritance, retention, and expression of rbcL and the duplicated rbcS-1 gene 

copies (homeologs) in 25 synthetic and 78 natural T. miscellus individuals. 

 All allopolyploids inherited the maternal rbcL copy. Both parental homeologs of 

rbcS-1 were retained and expressed in all synthetic and most natural individuals of 

T. miscellus. Genomic loss of one homeolog was apparent in ten natural polyploids, 

with retention of the maternal rbcS-1 copy more frequent. Eight natural 

individuals retained both homeologs, but showed biased expression, always in 

favor of the maternal rbcS-1 copy. 

 Cytonuclear coordination occurs relatively early following polyploidization, but it 

does not appear immediately upon formation in Tragopogon miscellus. Moreover, 

the pattern of biased maternal retention and expression of rbcS-1 homeologs is 

repeated across independently formed populations and in reciprocally formed 

individuals, indicating repeatability of enhanced cytonuclear interactions.  
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2.2 Introduction 

Allopolyploidy is a major force in plant speciation and results from the union of 

two or more diverse, but generally closely related, genomes by hybridization (Soltis & 

Soltis, 2009; Te Beest et al., 2012). Genomic data indicate that all angiosperms may be 

regarded as polyploid, if paleopolyploid events are taken into account (Soltis et al., 2009; 

Yang et al., 2011a). Allopolyploid genomes experience both instant (immediately after the 

duplication event) and long-term evolutionary changes, which may involve a variety of 

genetic and epigenetic interactions leading to genome alteration, regulatory 

incompatibilities, chromosomal abnormalities, and reproductive failures (Comai et al., 

2000; Hegarty et al., 2006b; Chen, 2007b; Gaeta et al., 2007; Ma & Gustafson, 2008; Xiong 

et al., 2011; Chester et al., 2012; Feldman et al., 2012; Yoo et al., 2013). Polyploidy has 

been considered a driver of modifications in gene function, potentially resulting in any of 

three fates of the duplicated genes (homeologs): (I) both copies are preserved and stay 

functional, (II) one copy maintains the original function whereas the other copy is 

silenced, or (III) the two copies diverge such that each copy contributes only a part of the 

original gene function (subfunctionalization), or one copy attains a novel function 

(neofunctionalization) (Lynch & Conery, 2000; Prince & Pickett, 2002; Blanc & Wolfe, 

2004b; Conant & Wolfe, 2008; Doyle et al., 2008; Edger & Pires, 2009; Roulin et al., 2013). 

In newly formed hybrids and allopolyploids, coordination between the maternally 

inherited cytoplasmic (chloroplast and mitochondrial) and the biparentally inherited 

nuclear genomes is required to facilitate genomic stability (Chen, 2007b). Most protein 

complexes consisting of multiple subunits have proteins encoded by both nuclear and 

organellar genomes (Rodermel et al., 1988). For example, the enzyme Riboluse-1, 5-

bisphosphate carboxylase/oxygenase (Rubisco) is involved in carbon fixation in the Calvin 

cycle (Staswick, 1994): structurally, it is multi-meric, commonly composed of eight large 

subunits encoded by the chloroplast gene rbcL and eight small subunits encoded by the 

nuclear rbcS (Miziorko & Lorimer, 1983; Clegg, 1993). Depending on the species, rbcS is 
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part of a multigene family typically ranging from 4-22 members (Krebbers et al., 1988; 

Dean et al., 1989; Spreitzer, 2003). As a result of the interaction between co-inherited 

organellar genomes and the nuclear genome, co-adaptation is likely to occur. For the co-

adaptation of nuclear and cytoplasmic genomes in a hybrid or allopolyploid, the evolution 

of the nuclear gene (rbcS) in the hybrid/polyploid may be essentially dependent on 

coordination with its counterpart in the chloroplast genome (rbcL). 

The effects of cytonuclear interactions between the nuclear genome of one species 

and cytoplasmic genome of the other species have been assessed by the synthesis of 

reciprocal hybrids (Edmands & Burton, 1999; Levin, 2003). Cytonuclear interactions are 

considered responsible for post-zygotic hybrid incompatibilities and speciation (Levin, 

2003; Fishman & Willis, 2006) and have also caused striking differences in the floral traits 

in reciprocal diploid hybrids (Grant, 1956; Oehlkers, 1964). Similarly, differences in floral 

morphology have also been observed in reciprocally formed Tragopogon polyploids, 

which differ in ligule length (Ownbey, 1950; Ownbey & Mccollum, 1953). Cytonuclear 

coordination may also be a possible contributor to the directional genomic changes and 

preferential expression of some genes in reciprocally formed allopolyploids of Brassica 

and Tragopogon (Song et al., 1995; Tate et al., 2006c; Wolf, 2009). To date, only one study 

has investigated cytonuclear interactions in allopolyploids using Rubisco. In Gossypium, 

the rbcS gene family consisted of four copies (two long and two short) (Gong et al., 2012). 

All of the progenitor rbcS genes were retained and expressed in all five Gossypium 

allopolyploid species, but leaf transcriptome analysis revealed preferential expression of 

maternal rbcS homeologs (A-homeolog) (Gong et al., 2012). Furthermore, non-reciprocal 

homeologous recombination was detected among parental ‘A’ and ‘D’ genome copies in the 

polyploids, suggesting gene conversion following genome doubling. As the Gossypium 

polyploids are 1-2 Mya (Wendel & Cronn, 2003), additional studies on young polyploids 

are needed to understand how early cytonuclear coordination might occur.  
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An excellent model system for studying the early stages of allopolyploid 

cytonuclear coordination is offered by Tragopogon (Asteraceae). Following the 

introduction of three diploid species from Europe (Tragopogon dubius, T. pratensis, and T. 

porrifolius) to eastern Washington State/western Idaho, USA, in the early 1900s, two 

allopolyploid species were formed. Tragopogon mirus (T. dubius × T. porrifolius) and T. 

miscellus (T. dubius × T. pratensis) both formed repeatedly in the past 80 years in western 

North America with T. miscellus also forming reciprocally, with short-liguled (T. dubius ♂ × 

T. pratensis ♀) and long-liguled (T. dubius ♀ × T. pratensis ♂) forms resulting (Ownbey, 

1950; Ownbey & Mccollum, 1953; Soltis & Soltis, 1999). Recurrent formation of both 

allopolyploids, represented by populations from different towns in the Palouse (Soltis & 

Soltis, 1991; Soltis & Soltis, 1995; Soltis et al., 2004; Symonds et al., 2010), offers an 

opportunity to determine if independently formed polyploids respond similarly to 

cytonuclear coordination. Previous studies have identified a myriad of genomic and 

transcriptomic modifications in the Tragopogon allopolyploids in the short time since 

their formation (less than 80 years), including differential expression of homeologous loci, 

homeolog loss and silencing, differential proteome expression (Tate et al., 2006c; Buggs et 

al., 2009; Tate et al., 2009a; Koh et al., 2010; Buggs et al., 2011; Koh et al., 2012), and 

extensive chromosomal variation, such as aneuploidy and intergenomic translocations 

(Lim et al., 2008; Chester et al., 2012). Moreover, the formation of synthetic polyploids of 

Tragopogon has allowed the analysis of genomic modifications at early stages of polyploid 

formation (Tate et al., 2009b). 

Here, we use the Rubisco system (rbcS and rbcL) to examine cytonuclear 

coordination in natural and synthetic Tragopogon miscellus allopolyploids, representing 

independent and reciprocal formations. We characterize rbcS-1 in the Tragopogon diploid 

parental species to answer the following questions: (1) How divergent are the rbcS-1 and 

rbcL homeologs of the T. miscellus progenitors? (2) Is there differential retention of rbcS-1 
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homeologs in T. miscellus? (3) Do the natural and synthetic polyploids of T. miscellus show 

equal or biased expression of the rbcS-1 homeologs? 

2.3 Materials and Methods 

2.3.1 Plant material 
The natural populations sampled for Tragopogon dubius Scopoli, T. pratensis L. and 

T. miscellus Ownbey are listed in Table S2.1, as are the synthetic lineages of the 

allotetraploid T. miscellus examined. To capture potential variability in the diploid 

progenitors genomic DNA and cDNA were included in the study for 20 T. dubius and T. 

pratensis individuals from six natural populations (Table S2.1). For T. miscellus, four 

synthetic lineages (25 individuals) and ten natural populations (78 individuals total: 8-12 

individuals per population) were sampled. Plant material for most of the natural 

polyploids and diploids was the same as that used in Tate et al. (2006c; 2009a) and Buggs 

et al. (2009). For synthetics, mature seeds were grown under standard glasshouse 

conditions at Massey University (Palmerston North, New Zealand). For some T. miscellus 

populations, genomic DNA and cDNA were not available for the same individuals (Table 

S2.1). Plant material for the synthetic T. miscellus was the same as that produced by Tate et 

al. (2009b). 

2.3.2 DNA and RNA extraction 

Both DNA and RNA were extracted from leaf tissue 28 days after seed germination. 

For DNA, a modified CTAB extraction protocol was used (Doyle & Doyle, 1987). For RNA 

extraction, leaf tissue was flash-frozen in liquid nitrogen and ground in a 1.5-ml tube using 

a sterile pestle. Total RNA was extracted using the RNeasy Plant Mini kit (Qiagen, UK). 

First-strand cDNA was synthesized from 200 ng of total RNA using SuperScript III First-

Strand Synthesis System for RT-PCR (Invitrogen, CA, USA). 

  



 

27 

 

Table 2. 1 rbcS-1 primers designed in this study.  

 

2.3.3 Primer design, PCR and sequencing of rbcL and rbcS-1 

Full length rbcL was amplified from the diploid progenitors and T. miscellus using 

Asteraceae-specific primers rbcL1 and rbcL2 (Olmstead et al., 1992; Hillis et al., 1996). PCR 

reactions were conducted in a 25-µl total volume containing 10X Thermopol buffer (New 

England Biolabs, USA), 10 mM dNTPs, 5 µM each primer, 0.5 Unit NEB Taq polymerase and 

~50 ng of either DNA or cDNA template. The following PCR profile was used: 95°C for 5 

Primer Name Experiments Primer and/ oligo Sequence (5’to 3’) 
GS1 5’ Genome 

walking 
ATCATACCTTCATGCACTGCACTCTTCCAC 

GS2 5’ Genome 
walking 

AGGAAAAGTCATTGGCCTTCTTGGTGACTG 

AP1 5’ Genome 
walking 

GTAATTCGCATCACTATAGCTC 

AP2 5’ Genome 
walking 

ACTATAGCTCACCGCTGGT 

NA44 5’ Genome 
walking 

GTAATTCGCATCACTATAGCTCACCGCTGGTCGACGGCC
CGGGCTGGT 

NA45 5’ Genome 
walking 

PO4-ACCAGCCC-NH2 

Inv.Fwd 1 3’ RACE TGGACCTCAATCGGGTTTAT 
Inv.Fwd 2 3’ RACE CAAGAAGGAGTACCCCAACG 
3'RACE Adapter 3’ RACE GACTCGAGTCGACATCG 
3'RACE oligodT 
Adapter 

3’ RACE GACTCGAGTCGACATCGATTTTTTTTTTTTTTTTTV 

rbcS-2F Sequencing and 
CAPS 

AATGGCTTCCATCTCCTCCT 

rbcS-3F Sequencing and 
CAPS 

TTTCCCAGTCACCAAGAAGG 

rbcS-2R Sequencing and 
CAPS 

AGGCAACTTCCACATTGTCC 

rbcS-8R Sequencing and 
CAPS 

CTTTGGATGGACCTCAATCG 

rbcS-F1 Sequencing CAAAACATACCCATAACGTATCAGCC 
rbcS-R3 Sequencing AGCAGAAACATAAATTTTTATTATTATCATC 
AS-Pra-Snp3 Homeolog 

specific RT-PCR 
AAGGCCAATGACTTTTCCTCCCGC 

AS-Dub-Snp3A Homeolog 
specific RT-PCR 

AAGGCCAATGACTTTTCCTCCCAT 

AS-F-Pra Homeolog 
specific RT-PCR 

CATATATACAGGTGTGGCCACCAAGC 

AS-F-dub2 Homeolog 
specific RT-PCR 

CATATATACAGGTGTGGCCACCAAGT 
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min, 48°C for 45 sec, 72°C for 1 min followed by 35 cycles at 95°C for 1 min, 48°C for 45 

sec (2 sec added in each successive cycle) and 72°C for 1 min, with a final extension at 

72°C for 10 min (Panero & Crozier, 2003).  

Initial amplification of rbcS was accomplished by designing PCR primers from T. 

dubius ESTs with a reference to Lactuca sativa rbcS sequence (AF162210) using Primer3 

(Rozen & Skaletsky, 2002). Primers for one copy, hereafter rbcS-1, (rbcS-2F and rbcS-2R) 

were used for the amplification of both genomic and cDNA of the diploids (Table 2.1). A 

second rbcS-like sequence was identified, but this copy is apparently a pseudo-gene as it is 

truncated (missing 5’ UTR through exon 1) with several premature stop codons and indels 

as compared to full-length rbcS-1 (Figure S2.2). For this second copy, rbcS-2, 5’ genome 

walking (using methods described later for rbcS-1) revealed the presence of a long ~700 

bp long intron-like sequence (data not shown), not found in any angiosperm group to date 

(Dean et al., 1989). Because rbcS-2 did not have the conserved regions typical of other rbcS 

subunits in angiosperms (Dean et al., 1989) and as found in rbcS-1, we did not consider 

this to be a functional copy and so did not examine it further. Amplification of rbcS-1 was 

conducted using the following PCR profile: 95°C for 5 min, 95°C for 1 min, 53°C for 1 min, 

72°C for 1 min for 5 cycles, followed by 44 cycles of 95°C for 1 min, 48°C for 1 min, 72°C 

for 1 min and a final extension at 72°C for 7 min. PCR products of rbcS-1 from genomic 

DNA of T. dubius and T. pratensis were cloned using the TOPO TA Cloning Kit (Invitrogen, 

CA, USA). Ten positive clones per sample were sequenced. Prior to sequencing, PCR 

products were treated with Exonuclease I (5 Units) and shrimp alkaline phosphatase (0.5 

Unit). Cycle sequencing was performed using Big Dye v.3.1 (Applied Biosystems, Inc.), and 

purified products were sequenced on an ABI DNA Analyzer 3770 at the Massey Genome 

Service (Palmerston North, New Zealand) using both T3 and T7 plasmid primers. 

Sequencing results were analyzed in Sequencher v.4.10.1. Based on the alignment of these 

cloned sequences with available T. dubius ESTs, a new reverse primer (rbcS-8R) was 

designed further downstream to amplify a longer portion of rbcS-1 from synthetic and 
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natural T. miscellus polyploids; these longer pieces of rbcS-1 were then sequenced using 

the aforementioned sequencing protocol with both forward (rbcS-2F) and reverse (rbcS-

8R) primers (Table 2.1). Chromatograms were inspected to determine retention and 

relative expression in polyploids (Adams et al., 2004). Additivity of peaks was interpreted 

as retention of both homeologs and/or additive expression of both homeologs. Peaks 

deviating <50% from additivity were interpreted as showing biased relative expression. 

2.3.4 Genomic and cDNA CAPS analysis 

Sequences of rbcS-1 and rbcL for the diploid parents were separately aligned to 

determine sequence variation that could differentiate parental homeologs in T. miscellus. 

The programs dCAPS Finder 2.0 (Neff et al., 2002) and NEB Cutter v.1.0 (Vincze et al., 

2003) were used to identify diagnostic restriction sites between parental rbcS-1 

sequences. Genomic and cDNA cleaved amplified polymorphic sequence (CAPS) analysis 

was performed for rbcS-1 using forward primer rbcS-3F and reverse primer rbcS-8R 

designed from cloned sequences of the diploid parents (Table 2.1). The amplified region 

included exon 1 (from aligned position 433 bp), intron 1, and exon 2 (to position 1054 bp) 

(Fig. 2.1). The resulting PCR products from T. dubius and T. pratensis were 462 bp for 

cDNA and 622 bp (T. dubius) and 628 bp (T. pratensis) from genomic DNA. PCR products 

were digested with MseI, which cuts the cDNA of T. dubius at one position (resulting in 

fragment sizes 375 bp and 87 bp) and does not cut T. pratensis. For genomic DNA, T. 

dubius is cut at three positions (resulting fragment sizes 272 bp, 167 bp, 154 bp and 29 

bp), while T. pratensis is cut at two positions (resulting fragment sizes 327 bp, 272 bp and 

29 bp). For both genomic and cDNA, a digestion reaction was set up in a total volume of 10 

µl containing 1 µl of the PCR product, 1X buffer 4 (New England Biolabs, USA), 100 µg/ml 

Bovine Serum Albumin and 20 Units of MseI enzyme (New England Biolabs, USA). 

Reactions were incubated at 37°C for 3 hours as specified by the manufacturer. The 

digested products were run on a 2% agarose gel, stained with ethidium bromide and 

analyzed using a Gel Doc 2000 system (Bio-Rad, UK). After establishing the protocols for 
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the diploid parents, rbcS-1 was PCR-amplified from the natural and synthetic polyploids of 

T. miscellus and digested following the same protocols. For cDNA CAPS, TDF85 was 

amplified and digested (Tate et al., 2006) to verify equal expression of parental 

homeologs.  

2.3.5 5ʹ Genome walking and 3’ RACE of rbcS-1 

To obtain full length rbcS-1 sequence, we employed a 5’genome walking technique 

to amplify upstream unknown gene sequence (using a homemade kit following the 

GenomeWalker  manual, Clontech Laboratories) (Siebert et al., 1995). Two outward gene-

specific primers were designed near the 5’ end of the T. dubius rbcS-1 sequence to act as 

reverse primers (GS1 and GS2, Table 2.1). Long and short oligos to form an adapter and 

adapter-specific primers (to act as forward primer) were designed as described by the 

GenomeWalker user manual (NA44 and NA45, Table 2.1). Tragopogon dubius genomic 

DNA was digested with three different blunt-cutting enzymes: EcoRV, ScaI and DraI (New 

England Biolabs) independently in separate reaction tubes containing 2.5 µg of genomic 

DNA, 80 Units of restriction enzyme and 10X buffer (New England Biolabs) in a total 

volume of 100 µl. Reactions were incubated at 37°C for 16-18 hours. These digestion 

reactions were cleaned by ethanol precipitation in the presence of 20 µg glycogen and 3M 

sodium acetate. Adapter ligation to the cleaned, digested genomic DNA was performed in a 

total volume of 8 µl containing 25 µM adapter, 10X ligation buffer, 3 Units of T4 DNA ligase 

(New England Biolabs) and 0.5 µg of purified DNA. Primary PCR was conducted in 50-µl 

total volume using 10 mM dNTPs, 10X PCR buffer (Takara Biotechnology, Japan), 10 µM of 

adapter primer AP1 (Forward) and gene-specific primer GS1 (Reverse) (Table 2.1) and 1 

unit of Takara Ex Taq polymerase (Takara Biotechnology, Japan). Cycling conditions for 

the primary PCR were as follows: first 7 cycles at 94°C for 25 sec, 72°C for 3 min, then 

remaining 32 cycles at 94°C for 25 sec, 67°C for 3 min, then final extension at 67°C for 7 

min. Primary PCR products for the nested round were diluted 1:50 in ddH2O. In the 

secondary PCR, 10 µM nested or internal adapter primer AP2 (forward) and gene-specific 
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primers GS2 (reverse) were used (Table 2.1), and 2 µl of diluted primary PCR product 

were used as template. The secondary PCR profile was as follows: 94°C for 25 sec, 72°C for 

3 min for 5 cycles and 94°C for 25 sec, 67°C for 3 min for next 20 cycles, then final 

extension at 67°C for 7 min. Secondary PCR products were separated on a 1% agarose gel, 

and products from each library were cloned and sequenced using the protocols described 

above. The resulting sequences were aligned to the previously obtained partial rbcS-1 

sequence of T. dubius.  

To obtain the 3’ end of the rbcS-1 gene, 3’RACE was used. Two gene-specific nested 

inverse primers were designed near the 3’ end of the known rbcS-1 gene sequence (Inv. 

Fwd 1 and Inv. Fwd 2, Table 2.1). First-strand cDNA from T. dubius was made using an 

oligo(dt) sequence that incorporates a 3’ RACE specific primer sequence at the 5’ end 

(3'RACE oligodT Adapter, Table 2.1). After synthesizing T. dubius cDNA, primary PCR for 3’ 

RACE was conducted in a 25-µl total volume containing 5 µM gene-specific inverse primer 

(Inv. Fwd 2) as a forward primer and 5 µM 3’ RACE adapter primer as a reverse primer, 

10X PCR buffer, 10 mM dNTPs and 1 Unit Takara Ex Taq polymerase. The PCR profile was 

as follows: 95°C for 1 min, 53°C for 1 min, 72°°C for 1 min for 5 cycles, followed by 44 

cycles at 95°C for 1 min, 48°C for 1 min, 72°C for 1 min, with a final extension at 72°C for 7 

min. This primary PCR product was diluted 100X and used as template for nested PCR. The 

nested PCR mix contained all of the above reagents, except 5 µM of the nested primers 

(Inv. Fwd 1 and 3’ RACE adapter primer, Table 2.1) was used. Cycling conditions were the 

same as the 3’ RACE primary PCR. Products from the nested PCR were cloned, sequenced 

and aligned with the previous rbcS-1 gene sequence for T. dubius. Once we obtained the 

complete rbcS-1 gene sequence for T. dubius, new primers were designed (rbcS-F1 and 

rbcS-R3, Table 2.1) for the amplification and sequencing of the complete rbcS-1 gene from 

genomic DNA and cDNA of T. pratensis.  
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2.3.6 Prediction of rbcS-1 gene structure 

Gene structure of rbcS-1 was predicted using Augustus (Version 2.6) (Stanke et al., 

2008) and GENSCAN (Burge & Karlin, 1997). These programs were used to confirm the 

transcription start site (TSS), exons, introns and other regulatory sequences that were 

already determined by cDNA sequencing of the complete rbcS-1 gene. Plant Promoter 

Analysis Navigator (PlantPAN) (Chang et al., 2008) was used to identify promoter 

sequences of rbcS-1, putative transcription factor binding sites in the promoter region, as 

well as conserved motifs in the promoter. 

 2.3.7 Homeolog-specific RT-PCR 

Homeolog-specific RT-PCR was conducted to amplify each of the diploid parental 

homeologs of rbcS-1 from cDNA of the Tragopogon miscellus polyploids. Homeolog-specific 

(HS) primers were based on SNPs identified between parental rbcS-1 homeologs (Li et al., 

2004). Homeolog specificity was assured by adding a mismatch one bp away from the 3’ 

end of each of the two forward HS primers (T. dubius: AS-dub-Snp3A, T. pratensis: AS-Pra-

Snp3, Table 2.1). A common reverse primer was designed downstream of the polymorphic 

site (AS-R3, Table 2.1). For the present experiment, primers were designed at the third 

SNP in exon 1 (corresponding to position 471 bp, Fig. 2.1). PCR conditions were as follows: 

95°C for 1 min, 60°C for 45 sec, 72°C for 1 min for 35 cycles with a final extension at 72°C 

for 10 min. PCR was conducted in a 25 µl total volume containing 10X PCR buffer, 10 mM 

dNTPs, 5 µM each primer and 0.5 U Taq polymerase (New England Biolabs, USA) and 

15ng/µl template (cDNA). The amount of template cDNA included in the PCR was 

quantified using a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA). 

PCR products were run on a 1.5% agarose gel. 
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Fig. 2.1 rbcS-1 gene structure and locations of SNPs. The structure of the rbcS-1 gene is shown at the top with both coding 
regions and non-coding regulatory elements indicated. Locations for SNPs between T. dubius and T. pratensis homeologs have been scaled 
along the length of the rbcS-1 gene.  
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2.4 Results 

2.4.1 rbcS gene family 

 Two rbcS gene copies, rbcS-1 and rbcS-2 were discovered from the T. dubius EST 

database. These two rbcS genes are fairly divergent from each other with several SNPs, 

insertions and deletions in the genic regions and were even more variable at 3’ UTRs. Of 

these two rbcS genes, rbcS-1 was expressed and determined to be a completely functional 

copy, while the second rbcS gene, rbcS-2 was considered a pseudogene and a truncated 

copy as it had pre-mature stop codons compared to rbcS-1 protein sequence and 5’genome 

walking experiments also yielded non-rbcS genomic sequences at its flanking ends (Fig. 

S2.2). Hence, we focused on the rbcS-1 gene to follow cytonuclear coordination in the 

Tragopgon diploids and polyploids.   

2.4.2 Characterization of rbcS-1 in Tragopogon  

The total length of rbcS-1 sequence with coding and non-coding regions, including 

upstream promoter elements and downstream terminator signals, was 1212 bp in 

Tragopogon dubius and 1219 bp Tragopogon pratensis (the length of rbcS-1 sequence 

varied due to insertion/deletion events). For convenience, we hereafter refer to the 

aligned length of rbcS-1 sequences from both species (1219bp). The 5’ upstream promoter 

elements and 3’ downstream polyadenylation signals were predicted with reference to 

Arabidopsis, tomato and tobacco using the programs PlantPAN (Chang et al., 2008) and 

PLACE (Higo et al. 1999). Figure 2.1 shows the locations of the transcription start site 

(TSS), exons, introns and other non-coding regulatory elements. From the TSS at 331 bp, 

there were 3 exons of 174 bp, 133 bp and 232 bp, respectively, which were separated by 

two introns. The length of the first intron differed in T. dubius (80 bp) and T. pratensis (86 

bp) while the second intron was 80 bp long in both progenitors. Common promoter 

features, such as TATA-BOX, G-Box rbcS, GATA-BOX, I-BOX and rbcS-Consensus are 

highlighted in Figure 2.1. The TATA-BOX was found in the Tragopogon rbcS-1 promoter 

region with reference to the TATA-Box sequence of pea (Pisum sativum), which was 
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responsible for tissue-specific promoter activity in pea (Shirsat et al., 1989). G-Box rbcS 

“GCCACGTGT” and I-Box are conserved sequences found in the promoter region of light-

regulated genes and were located at 69 bp and 100 bp, respectively, in Tragopogon. These 

motifs are also found in the promoter of the rbcS gene sequence of tomato and Arabidopsis 

(Giuliano et al., 1988). GATA is a conserved motif that is present in the promoter of 

Petunia chlorophyll a/b binding proteins (Lam & Chua, 1989). Four GATA repeats were 

found in the Tragopogon rbcS-1 gene. The general rbcS-CONSENSUS “AATCCAA” was 

located at 272 bp in the promoter; this conserved region is present in the promoter of the 

rbcS gene in Petunia, tomato, tobacco and Arabidopsis (Manzara & Gruissem, 1988). Many 

other transcription factor binding sites in the Tragopogon rbcS-1 promoter regions were 

also identified by PlantPAN with reference to rbcS gene sequence of other closely related 

species (Table S2.2). Downstream polyadenylation signals were also predicted. Generally, 

there are three conserved Poly(A) signals near mRNA ends, such as the Far-upstream 

Elements (FUEs), Near-upstream Elements and Cleavage site (Hunt, 1994). Poly(A) signals 

for the Tragopogon rbcS-1 gene were “TTGTAA” (FUEs), “AATAAA” (NUEs) and cleavage 

site “TA” located at 1083 bp, 1188 bp and 1209 bp, respectively (Fig. 2.1). Poly(A) signals 

for the Tragopogon rbcS-1 gene were predicted with reference to previous reports on 

Poly(A) signals for the rbcS-1 gene (Hunt & Macdonald, 1989; Li & Hunt, 1997). 

Genomic DNA and cDNA sequences of rbcS-1 analyzed from all Tragopogon dubius 

individuals and T. pratensis individuals from various populations have not shown any 

intraspecific variation in their rbcS-1 sequences. 

2.4.3 Divergence between rbcS-1 and rbcL homeologs in the diploids and 
their pattern of retention in T. miscellus  
 

Sequence analysis of rbcS-1 exons revealed seven single nucleotide 

polymorphisms (SNPs) and a 1-bp indel that distinguishes T. dubius and T. pratensis 

homeologs (Fig. 2.1). The indel was located between polyadenylation signals at 1114 bp. 

Three SNPs occurred in exon 1 (at 357 bp, 424 bp, 471 bp) and two each in exon 2 (605 
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bp, 632 bp) and exon 3 (898 bp, 949 bp). Six of these SNPs were synonymous 

substitutions, with the second SNP at 424 bp a non-synonymous change between the rbcS-

1 homeologs. The non-synonymous substitution resulted in a threonine in T. pratensis and 

a serine in T. dubius. Non-coding regions (upstream promoter regions and introns) were 

also found to contain multiple SNPs and indels: three SNPs in the promoter region at 31 

bp, 32 bp and 322 bp, respectively, 10 SNPs and four indels (ranging in size from 1-3 bp) 

in the first intron and seven SNPs in the second intron. Analysis of predicted protein 

structure of the rbcS-1 homeologs using the protein homology/analogy recognition engine 

Phyre2 V 2.0 (Kelley & Sternberg, 2009) revealed that the non-synonymous SNP resides in 

an alpha-helix and does not cause any difference in protein structure between rbcS-1 

parental homeologs. Genomic rbcL (1415 bp) sequences from both diploid parents were 

compared, and only one SNP was discovered at 703 bp, resulting in a synonymous 

substitution.  

To determine the pattern of retention of these subunits, genomic sequences of 

both rbcS-1 and rbcL were analyzed from 25 synthetic polyploid individuals (representing 

five independently generated lineages) and 78 natural polyploids from 10 populations of 

T. miscellus. In the case of rbcL, all the synthetic and natural polyploids had the maternally-

derived sequence (i.e., T. pratensis for the short-liguled form and T. dubius for the long-

liguled form). In contrast, for rbcS-1, all the synthetic polyploids and most of the natural 

polyploids had both T. dubius and T. pratensis rbcS-1 homeologs, as determined by 

additivity in the sequence chromatograms and genomic CAPS analysis (Fig. 2.2a). Based on 

genomic CAPS analysis and sequencing results, Figure 2.3a graphically shows pattern of 

retention of parental homeologs of rbcS-1 in long and short-liguled natural T. miscellus 

populations. Ten natural polyploid individuals from 5 populations (Spangle, Garfield, 

Albion, Moscow, and Pullman) had only one homeolog present in genomic DNA. Of nine 

short-liguled individuals, six had the maternally derived rbcS-1 homeolog (T. pratensis) 

and three had the paternally derived copy (T. dubius, Table 2.2, Table S2.1 and Fig. 2.3a).  
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 Fig. 2.2 CAPS analysis showing additivity and expression of rbcS-1 homeologs. (a) Genomic DNA CAPS results for six representative samples 

and (b) cDNA CAPS results for four representative samples of naturally occurring T. miscellus polyploids along with representative diploid parents, 
T. dubius and T. pratensis. Chromatograms belong to the same polyploid samples (from top to bottom) as in the gel photo below (from left to right). 
Chromatograms show sequence polymorphisms at the third SNP in exon 1 for both genomic DNA and cDNA sequences of the natural polyploids. “L” 
following the polyploid name denotes the long-liguled form, and “S” denotes the short-liguled form. 



 

38 

 

 
 

 

One long-liguled individual from Pullman had only the T. dubius (maternal) genomic 

homeolog (Table 2.2, Fig. 2.3a).   

2.4.4 Expression of rbcS-1 homeologs in T. miscellus polyploids 

Relative expression of parental rbcS-1 homeologs was determined by examining 

sequence chromatograms for additivity at SNPs (Adams et al., 2004) and cDNA CAPS 

analysis (Fig. 2.2b). For the six synthetic polyploid individuals, all showed equal 

expression of the parental homeologs (Table S2.1). Based on cDNA CAPS analysis and 

cDNA sequencing results, Figure 3b graphically shows pattern of expression of parental 

homeologs of rbcS-1 in long and short-liguled natural T. miscellus populations. Of the 43 

natural polyploid individuals examined, 14 showed deviation from additive expression 

Fig. 2.3 Graphical illustration of retention and expression of parental rbcS-1 homeologs in T. 
miscellus (short and long liguled) natural polyploids. Bar charts show (a) retention and (b) 
expression of parental rbcS-1 homeologs in T. miscellus polyploids. Black, grey and white colours of the 
bars correspond to retention/expression of T. pratensis rbcS-1 homeolog, both progenitor rbcS-1 
homeologs and T. dubius rbcS-1 homeolog respectively. Short liguled and long liguled individuals are 
represented with separate bars. 
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(Table 2.2, Figure 2.3b). In all cases, the maternally derived rbcS-1 homeolog was either 

expressed at a greater level or was the only copy expressed (Fig. 2.2b). 

 

Table 2.2 Naturally occurring individuals of Tragopogon miscellus that showed bias in the 
retention and expression of parental rbcS-1 homeologs. A dash (-) indicates that we were not able 
to study a particular individual for both retention (genomic DNA) and expression (cDNA). 
 
Population Short or 

long 
liguled 

Lineage Retention of rbcS homeologs Expression of rbcS 
homeologs 

Spangle Short 2693-7 Both homeologs T. pratensis > T. dubius 
Spangle Short 2693-9 Only T. pratensis copy Only T. pratensis copy  
Spangle Short 2693-11 Only T. pratensis copy Only T. pratensis copy  
Oakesdale Short 2671-2 Both homeologs T. pratensis > T. dubius 
Oakesdale Short 2671-11 Both homeologs T. pratensis > T. dubius 
Garfield Short 2688-8 Only T. pratensis copy Only T. pratensis copy  
Garfield Short 2688-12 Both homeologs T. pratensis > T. dubius 
Moscow Short 2604-17 Only T. pratensis copy Only T. pratensis copy  
Moscow Short 2604-22 Only T. pratensis copy Only T. pratensis copy 
Moscow Short 2604-43 Both homeologs T. pratensis > T. dubius 
Albion Short 2625-3 Only T. dubius copy present - 
Albion Short 2625-6 Only T. dubius copy present - 
Albion Short 2625-8 Only T. dubius copy present - 
Troy Short 2682-5 Only T. pratensis copy 

present 
- 

Pullman Long 2605-9 - T. dubius > T. pratensis 
Pullman Long 2605-13 Both homeologs T. dubius > T. pratensis 
Pullman Long 2605-28 Only T. dubius copy Only T. dubius copy  
Pullman Long 2605-46 Both homeologs T. dubius > T. pratensis 

 
 

Ten short-liguled individuals of T. miscellus (i.e., with T. pratensis as the maternal 

parent) from four populations (Spangle=3, Oakesdale=2, Garfield=2, and Moscow=3) 

showed biased (greater) expression of the T. pratensis copy when both genomic 

homeologs were present or only expressed the T. pratensis copy (because the genomic 

copy of T. dubius was missing). Four long-liguled individuals (T. dubius as the maternal 

parent) showed biased (greater) expression of the maternal T. dubius copy (Table 2.2, 

Table S2.1 and Fig. 2.3b). 
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To verify the biased expression of the maternally derived rbcS-1 homeolog in the 

natural polyploids, homeolog-specific RT-PCR was conducted. For ten polyploids, unequal 

expression of rbcS-1 homeologs was estimated from the band intensity of each copy in the 

natural polyploid samples (Fig. 2.4). For example, three T. miscellus polyploids from 

Spangle showed expression bias in favor of the T. pratensis homeolog.  

 
 

 

In two of these individuals (2693-9 and 2693-11) the T. dubius genomic copy was lost, 

while the third individual (2693-7) retained both genomic copies, the T. dubius homeolog 

showed reduced expression compared to the T. pratensis homeolog (Fig. 2.4). 

Two individuals from Oakesdale (2671-2 and 2671-11) retained both genomic 

homeologs, but showed reduced T. dubius relative expression compared to the T. pratensis 

homeolog (Fig. 2.4). In the case of the long-liguled Pullman population, one polyploid 

individual (2605-9) showed reduced expression of the T. pratensis homeolog compared to 

Fig. 2. 4 Homeolog-specific RT-PCR of rbcS-1. (a) T. dubius and (b) T. pratensis homeolog-specific RT-
PCR results are shown for 11 T. miscellus natural polyploids with representative diploid parents, T. 
dubius and T. pratensis. Six individuals of the allotetraploid T. miscellus (indicated by an asterisk (*) 
showed genomic loss of one parental fragment (T. dubius homeolog was lost in five short-liguled 
polyploids, and the T. pratensis homeolog was lost in one long-liguled Pullman individual 2605-28). 
The remaining five natural polyploids show expression biased towards one of the parents. “L” 
following the polyploid name denotes the long-liguled form, and “S” denotes the short-liguled form. 
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T. dubius, while another individual (2605-28) showed genomic loss of the T. pratensis 

homeolog and therefore only expressed the T. dubius copy (Fig. 2.4). TDF-85 was used as a 

control for additive expression in the polyploids because it has been shown to be retained 

as duplicate in all T. miscellus individuals examined to date (Tate et al., 2006c; Tate et al., 

2009a; Malinska et al., 2011). RT-PCR and CAPS analysis for TDF-85 showed equal 

expression of both parents in the polyploid T. miscellus that showed biased expression for 

rbcS-1 homeologs here (Figure S2.1).  

2.5 Discussion 

2.5.1 Characterization of rbcS-1 in Tragopogon diploid species 

In higher plants, small subunit rbcS is fairly divergent and present as a multigene 

nuclear family compared to plastid rbcL which is highly conserved and present in single 

copy (Spreitzer & Salvucci, 2002). To explore cytonuclear coordination in young 

allopolyploids, here we characterize rbcS-1 in the diploid progenitors of the allotetraploid 

(T. miscellus) by retrieving complete rbcS-1 sequence and predicting gene and protein 

structure. As is the case in most other eudicots (Dean et al., 1989), the rbcS-1 gene in 

Tragopogon consists of three exons separated by two short introns. Two copies of the rbcS 

gene (rbcS-1 and rbcS-2) were found in Tragopogon, but the second copy was not 

functional (see results), while in other angiosperms, the rbcS gene family ranges in size 

from four rbcS genes (Arabidopsis) to more than 22 (wheat) (Krebbers et al., 1988; 

Sasanuma, 2001; Spreitzer, 2003). Generally, only one or two members of the rbcS gene 

family are strongly expressed in the angiosperms surveyed to date, and these genes 

contribute more than half of the total rbcS transcripts (Outchkourov et al., 2003; Izumi et 

al., 2012). In the Asteraceae, Lactuca sativa (tribe Cichorieae) have six rbcS genes 

(Goumenaki et al., 2010) and Flaveria (Heliantheae) contain 5-16 rbcS genes in any 

Flaveria species (Kapralov et al., 2011), while Helianthus (Heliantheae)(Waksman et al., 

1987) and Chrysanthemum (Anthemideae)(Outchkourov et al., 2003) each have only one 

rbcS gene. Thus, rbcS may be diverse in copy number even within the same plant family or 
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tribe (Tragopogon is a member of the Cichorieae), perhaps due to general processes of 

gene loss, genome downsizing, concerted evolution, or a mere lack of expansion of the 

gene family (Wolfe, 2001; Wang et al., 2005).  

Interspecific rbcS-1 sequence variation was low between the parental diploids 

Tragopogon dubius and T. pratensis with few polymorphisms found (only 7 SNPs and one 

indel in the coding region), compared to many fold greater divergence between rbcS 

homeologs in other genera (e.g., Arabidopsis, Krebbers et al., 1988; Triticum, Sasanuma, 

2001; Gossypium, Gong et al., 2012). Only one non-synonymous substitution was detected 

between T. dubius and T. pratensis rbcS-1 homeologs; this SNP resided in the α-helix of the 

predicted protein structure and did not result in a change in protein structure or folding. 

Thus, even with little sequence divergence between the progenitor copies, we detected a 

maternal influence for the retention and expression of rbcS-1 copies in the allopolyploids, 

which suggests that factors other than transcript differences may be acting to facilitate 

cytonuclear coordination.  

2.5.2 Genomic loss and expression of rbcS-1 homeologs biased towards the 

maternal parent in T. miscellus polyploids 

From an evolutionary perspective, the dynamic nature of polyploid genomes is 

well known (Soltis & Soltis, 2000; Wendel, 2000; Chen, 2007b). Homeolog loss is one 

genetic modification commonly observed post-polyploidization in different species 

(Tragopogon, Koh et al., 2010; Brassica, Xiong et al., 2011; Wheat, Feldman et al., 2012; 

Arabidopsis, Matsushita et al., 2012; Cotton, Wendel et al., 2012). However, the homeolog 

losses observed previously in Tragopogon polyploids were species-specific, in that T. 

dubius homeologs were lost more frequently than T. pratensis copies in both short- and 

long-liguled T. miscellus and more often than T. porrifolius homeologs in T. mirus (Tate et 

al., 2006c; Buggs et al., 2009; Tate et al., 2009a; Koh et al., 2010; Malinska et al., 2010). 

None of these loci showed maternal bias in their patterns of loss, as we have found here 
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with rbcS-1. This maternally biased loss suggests that not all homeolog losses in 

Tragopogon are random, but may be more conserved and ‘directed’ for some genes. In 

polyploids, homeolog losses may be associated with dosage compensation to efficiently 

maintain gene regulatory mechanisms (Birchler & Veitia, 2010). In the case of cytonuclear 

coordination involving multi-subunit complexes like Rubisco, loss of the paternal rbcS 

homeolog and retention of the maternal copy may facilitate the regulatory coordination 

between the rbcS/rbcL subunits. Examination of other cytonuclear complexes would lend 

insight to this trend of maintaining genomic balance between nuclear homeologs and their 

cytoplasmic counterparts. 

Changes in duplicate gene expression are another consequence of 

allopolyploidization (Bottley et al., 2006; Chen, 2007b; Buggs et al., 2010b; Flagel & 

Wendel, 2010), which may involve biased expression of the parental homeologs in the 

polyploids. This bias may be balanced, with an equal number of genes showing bias 

towards each parent, or unbalanced, with more genes displaying bias towards one parent 

(Chen & Pikaard, 1997; Adams et al., 2003b; Wang et al., 2006; Chaudhary et al., 2009; 

Grover et al., 2012). Previous studies on Tragopogon identified alterations in expression of 

homeologous loci, but as with the genomic losses discussed above, those expression 

differences were species-specific (i.e., T. dubius loci silenced more often than T. pratensis) 

(Tate et al., 2006c; Buggs et al., 2010b; Koh et al., 2010). In this study, expression of 

parental rbcS-1 homeologs was biased toward the maternal parent, presumably to 

facilitate cytonuclear accommodation with the maternally inherited rbcL product. 

Individuals from short-liguled T. miscellus populations (Spokane, Spangle, Oakesdale, 

Garfield, Rosalia, Moscow and Troy) preferentially expressed the T. pratensis rbcS-1 

homeolog (maternal), while all individuals from the long-liguled population (Pullman) 

showed preferential expression of the T. dubius rbcS-1 homeolog (maternal). This finding 

again indicates repeatability of cytonuclear coordination in reciprocally formed 

polyploids.  
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The successful establishment of hybrids and allopolyploids requires coordination 

between the maternally inherited cytoplasmic (chloroplast and mitochondrial) and the 

biparentally inherited nuclear genomes to facilitate genomic stability (Fishman & Willis, 

2006; Barr & Fishman, 2011). Cytoplasmic factors, including a variety of nucleo-

cytoplasmic co-evolutionary pathways, have been considered responsible for post-zygotic 

hybrid incompatibilities and therefore a driver of plant speciation (Levin, 2003). Our study 

provides the first glimpse as to how long it takes for this coordination to be established. All 

the synthetic polyploids retained and expressed both parental homeologs, while 19% of 

the naturally occurring plants of allotetraploid T. miscellus analyzed showed an unequal 

expression pattern that was biased towards the maternal parent. Further, another 13% of 

the naturally occurring polyploids showed loss of the paternal homeolog as another 

mechanism to facilitate interaction between the merged genomes. Given that the naturally 

occurring Tragopogon miscellus populations are less than 100 years old (~50 generations 

as they are biennials), resolution of cytonuclear incompatibilities may only take a few 

generations to be established. Examination of the synthetic lineages over successive 

generations would lend valuable insight as to when these changes start to occur. In 

comparison, both parental rbcS homeologs were retained and expressed in Gossypium 

allopolyploids, which are several million years old (Wendel & Cronn, 2003; Gong et al., 

2011). Gossypium has a longer generation time, so accommodation would proceed more 

slowly on an absolute temporal scale in Gossypium compared to Tragopogon. Interestingly, 

the parental ‘A’ and ‘D’ genome copies of rbcS also showed evidence of non-reciprocal 

translocation in the allotetraploids, but not an F1 hybrid, suggesting that such changes to 

accommodate cytonuclear interactions may take some time to establish in other groups as 

well.  

The biased retention and expression of maternal rbcS-1 homeologs in individuals 

from different populations indicates repeatability to this evolutionary trajectory because 

each population of T. miscellus represents an independent formation (Soltis et al., 1995a; 
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Soltis & Soltis, 1999; Soltis et al., 2004; Symonds et al., 2010). Although the majority of the 

populations showed this maternal bias, three individuals from the Albion population were 

an exception. These short-liguled individuals retained the paternal (T. dubius) rbcS-1 

genomic homeolog, instead of the T. pratensis copy. Unfortunately, fresh material was not 

available to study rbcS-1 expression in individuals from this population, so we do not 

know if the paternal bias is restricted to genome loss or extends to homeolog expression 

as well. In a previous study of homeolog loss in T. miscellus (Tate et al., 2009a), this 

population showed a greater number of homeolog losses (individual 2625-3 in particular) 

than other populations. Although in general there seems to be a recurrent pattern toward 

maternal bias, some populations may favor different parental combinations to facilitate 

cytonuclear interactions. 

 Given that the predicted protein structure of both parental rbcS-1 homeologs is the 

same, exactly what has driven differential expression of the maternal copy of rbcS-1 in the 

natural polyploids is not yet understood. There are several possible explanations for the 

expression biases observed. First, the polymorphisms observed between rbcS-1 

homeologs in the promoter region (e.g., one SNP was found eight nucleotides away from 

the transcription start site) might be responsible for differential regulation of rbcS-1 

homeologs, and later, their interaction with the rbcL-encoded subunit. Dean et al. (1989) 

found that specific rbcS copies in Petunia (Solanaceae) contained ‘enhancer-like’ elements 

in the promoter region that resulted in quantitative differences in expression levels, even 

when there was a high degree of similarity in coding sequence among other copies. This 

region, termed box II, was also identified in other solanaceous genera (tomato, 

Lycopersicon, and tobacco, Nicotiana), and rbcS copies with this motif were expressed at a 

greater level than were other copies. Tragopogon also contains this enhancer-like motif, 

but no polymorphisms between the parents occur there. Perhaps the other 

polymorphisms in the promoter region contribute to the expression differences observed 

here. 
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A second explanation for the expression bias is that the one non-synonymous 

change in exon I (threonine in T. pratensis and serine in T. dubius) may suggest differential 

selection on the rbcS-1 copies under some conditions. Therefore, although the mechanism 

for cytonuclear coordination is not yet known, clearly the maternal rbcS-1 homeolog 

seems to be more compatible with the maternally inherited rbcL for successful cytonuclear 

coordination in T. miscellus polyploids. Further research involving protein-protein 

interactions between rbcS/rbcL subunits in T. miscellus would be helpful to further 

understand the complexities of these cytonuclear interactions. 
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2.7 Supplementary material 
 

Table S2.1 List of natural and synthetic polyploids (T. miscellus) and diploid parents (T. 
dubius and T. pratensis) examined. Data are summarized from genomic DNA and cDNA 
sequencing, genomic and cDNA CAPS, and homeolog-specific RT-PCR. Note: Letters “D” 
and “P” correspond to the diploid parents T. dubius and T. pratensis, respectively.  A ‘D’ or a 
‘P’ indicates that only one parental homeolog was detected in genomic DNA or expressed. 
P>D indicates that the T. pratensis homeolog showed higher relative expression than the T. 
dubius rbcS-1 homeolog in the T. miscellus individual and vice versa for D>P. 
 

Species Population/
synthetics 

Short or long 
liguled 

Unique no./ 
Cross no. 

Collection 
no. / S0 line 

no. 

Individual/ 
S1 line no. 

Retention Expression 
level 

T. dubius Spokane   2615 22 D D 

T. dubius Spokane   2615 4 D D 

T. dubius Spangle  1987 2616 8 D D 

T. dubius Spangle  1988 2616 11 D D 

T. dubius Oakesdale  1980 2670 9 D D 

T. dubius Oakesdale  1981 2670 10 D D 

T. dubius Garfield  1938 2687 3 D D 

T. dubius Garfield  1943 2687 11 D D 

T. dubius Pullman  1073 2613 1 D D 

T. dubius Pullman  1095 2613 35 D D 

T. dubius Troy   2683 1 D D 

T. dubius Troy   2683 7 D D 

T. pratensis Spangle  2138 2692 1 P P 

T. pratensis Spangle  2139 2692 2 P P 

T. pratensis Oakesdale  2150 2672 4 P P 

T. pratensis Oakesdale  2151 2672 5 P P 

T. pratensis Garfield  2136 2689 15 P P 

T. pratensis Garfield  2137 2689 17 P P 

T. pratensis Moscow  1049 2608 31 P P 

T. pratensis Moscow   2608 35X P P 

T. miscellus Spokane Short  2664 3 Both - 

T. miscellus Spokane Short  2664 5a Both - 

T. miscellus Spokane Short  2664 5b Both - 

T. miscellus Spokane Short  2664 6 Both - 

T. miscellus Spokane Short  2617 1 Both - 

T. miscellus Spokane Short  2617 4 Both - 

T. miscellus Spokane Short  2617 6 Both - 

T. miscellus Spokane Short  2617 7 Both - 

T. miscellus Spokane Short  2617 8 Both - 

T. miscellus Spokane Short  2617 9 Both - 

T. miscellus Spokane Short  2617 12 Both - 

T. miscellus Spokane Short  2617 21 Both - 
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T. miscellus Spangle Short 2121 2693 3 Both - 

T. miscellus Spangle Short 2123 2693 5 Both - 

T. miscellus Spangle Short 2125 2693 7 Both P> D 

T. miscellus Spangle Short 2126 2693 8 Both Equal 
expression 

T. miscellus Spangle Short 2127 2693 9 P P 

T. miscellus Spangle Short 2129 2693 11 P P 

T. miscellus Spangle Short 2130 2693 12 Both Equal 
expression 

T. miscellus Spangle Short 2131 2693 13 Both - 

T. miscellus Spangle Short 2132 2693 14 Both - 

T. miscellus Spangle Short 2133 2693 15 Both - 

T. miscellus Rosalia Short  2667 3 Both - 

T. miscellus Rosalia Short  2667 4 Both - 

T. miscellus Oakesdale Short 2055 2671 1 Both - 

T. miscellus Oakesdale Short 2056 2671 2 Both P>D 

T. miscellus Oakesdale Short 2057 2671 3 Both - 

T. miscellus Oakesdale Short 2058 2671 4 Both Equal 
expression 

T. miscellus Oakesdale Short  2671 6 - Equal 
expression 

T. miscellus Oakesdale Short 2061 2671 7 Both Equal 
expression 

T. miscellus Oakesdale Short 2062 2671 8 - Equal 
expression 

T. miscellus Oakesdale Short 2063 2671 9 Both - 

T. miscellus Oakesdale Short 2064 2671 10 Both - 

T. miscellus Oakesdale Short 2065 2671 11 Both P>D 

T. miscellus Garfield Short 2099 2688 1 Both - 

T. miscellus Garfield Short 2100 2688 2 Both Equal 
expression 

T. miscellus Garfield Short 2103 2688 5 Both - 

T. miscellus Garfield Short 2104 2688 6 Both Equal 
expression 

T. miscellus Garfield Short 2106 2688 8 P P 

T. miscellus Garfield Short  2688 10 Both Equal 
expression 

T. miscellus Garfield Short 2109 2688 11 Both Equal 
expression 

T. miscellus Garfield Short 2110 2688 12 Both P>D 

T. miscellus Garfield Short 2111 2688 13 Both - 

T. miscellus Albion Short  2625 1 Both - 

T. miscellus Albion Short  2625 2 Both - 

T. miscellus Albion Short  2625 3 D - 

T. miscellus Albion Short  2625 5 Both - 

T. miscellus Albion Short  2625 6 D - 

T. miscellus Albion Short  2625 8 D - 

T. miscellus Albion Short  2625 9 Both - 

T. miscellus Albion Short  2625 10 Both - 
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T. miscellus Pullman Long  2605 3 - Equal 
expression 

T. miscellus Pullman Long 1194 2605 4 Both - 

T. miscellus Pullman Long  2605 5 - Equal 
expression 

T. miscellus Pullman Long 1196 2605 7 Both Equal 
expression 

T. miscellus Pullman Long  2605 9 - D>P 

T. miscellus Pullman Long  2605 10 - Equal 
expression 

T. miscellus Pullman Long 1203 2605 13 Both D>P 

T. miscellus Pullman Long 1204 2605 14 Both Equal 
expression 

T. miscellus Pullman Long 1210 2605 24 Both Equal 
expression 

T. miscellus Pullman Long 1211 2605 28 D D 

T. miscellus Pullman Long 1212 2605 29 Both Equal 
expression 

T. miscellus Pullman Long  2605 36 - Equal 
expression 

T. miscellus Pullman Long 1216 2605 42 Both Equal 
expression 

T. miscellus Pullman Long 1221 2605 46 Both D>P 

T. miscellus Moscow Short 1154 2604 4 Both - 

T. miscellus Moscow Short  2604 8 - Equal 
expression 

T. miscellus Moscow Short 1157 2604 10 Both - 

T. miscellus Moscow Short 1158 2604 11 Both Equal 
expression 

T. miscellus Moscow Short 1162 2604 15 Both Equal 
expression 

T. miscellus Moscow Short  2604 17 - P 

T. miscellus Moscow Short 1171 2604 20 Both Equal 
expression 

T. miscellus Moscow Short  2604 21 - Equal 
expression 

T. miscellus Moscow Short 1173 2604 22 P P 

T. miscellus Moscow Short 1176 2604 24 Both - 

T. miscellus Moscow Short  2604 26 - Equal 
expression 

T. miscellus Moscow Short  2604 29 - Equal 
expression 

T. miscellus Moscow Short  2604 31 - Equal 
expression 

T. miscellus Moscow Short 1186 2604 35 Both - 

T. miscellus Moscow Short 1402 2604 43 Both P>D 

T. miscellus Moscow Short  2604 48 - Equal 
expression 

T. miscellus Moscow Short  2604 49 - Equal 
expression 

T. miscellus Troy Short  2682 1 Both - 

T. miscellus Troy Short  2682 2 Both - 

T. miscellus Troy Short  2682 3 Both - 

T. miscellus Troy Short  2682 4 Both - 

T. miscellus Troy Short  2682 5 P - 
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T. miscellus Troy Short  2682 6 Both - 

T. miscellus Troy Short  2682 7 Both - 

T. miscellus Troy Short  2682 11 Both - 

T. miscellus Troy Short  2682 12 Both - 

T. miscellus Troy Short  2682 11 Both - 

T. miscellus Troy Short  2682 12 Both - 

T. miscellus S0 Short 111 1 - Both - 

T. miscellus S1 Short 111 1 7 Both - 

T. miscellus S1 Short 111 1 8 Both - 

T. miscellus S1 Short 111 1 23 Both Equal 
expression 

T. miscellus S0 Short 111 4 - Both - 

T. miscellus S1 Short 111 4 4 Both - 

T. miscellus S1 Short 111 4 17 Both Equal 
expression 

T. miscellus S0 Short 111 5 - Both - 

T. miscellus S1 Short 111 5 7 Both - 

T. miscellus S1 Short 111 5 9 Both - 

T. miscellus S1 Short 111 5 18 Both Equal 
expression 

T. miscellus S0 Short 111 7 - Both - 

T. miscellus S1 Short 111 7 11 Both Equal 
expression 

T. miscellus S1 Short 67 2 1 Both - 

T. miscellus S1 Short 67 2 4 Both - 

T. miscellus S1 Short 67 2 7 Both Equal 
expression 

T. miscellus S1 Short 67 3 6 Both - 

T. miscellus S1 Short 67 3 8 Both - 

T. miscellus S0 Short 79 1 - Both - 

T. miscellus S1 Short 79 1 3 Both - 

T. miscellus S1 Short 79 11 3 Both - 

T. miscellus S0 Long 119 2 - Both - 

T. miscellus S0 Long 129 7 - Both - 

T. miscellus S1 Long 129 7 1 Both - 

T. miscellus S1 Long 129 7 14 Both Equal 
expression 
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Table S2.2 Transcription factor binding sites in rbcS-1 promoter region as determined by 
Plant Promoter Analysis Navigator (PlantPAN). 

 
Transcription factor Site Sequence Species 

AGL3 11 atacCCATAacgtatcag Arabidopsis 
Athb-1 254 tgaggATTATatca Arabidopsis 

ATHB-9 91 ttggttaATGATaaggcat Arabidopsis 
CDC5 22 gtaTCAGCctc Arabidopsis 
PIF3 65 ccctgcCACGTgtcacat Arabidopsis 

ABRELATED1 72 ACGTG Arabidopsis 
ANAERO1CONSENSUS 202 TTTGTTT Maize/Arabidopsis/Pea/Barley/Rice 

CACGTGMOTIF 71 CACGTG Tomato/Arabidopsis/Snapdragon/W
heat 

Core 1 ATTA Arabidopsis 
Core 108 ATTA Arabidopsis 

GATABOX 100 GATA Petunia/Arabidopsis/Rice 
GATABOX 196 GATA Petunia/Arabidopsis/Rice 
GATABOX 263 TATC Petunia/Arabidopsis/Rice 

GBOXLERBCS 69 GCCACGTGT Tomato/Arabidopsis 
GT1CONSENSUS 108 ATTACC Pea/Oat/Rice/Tobacco/Arabidopsis 

HY5AT 68 TGCCACGTGTCA Arabidopsis 
IBOXCORENT 100 GATAAGG Tobacco 
IBOXCORENT 48 GATAAGG tobacco 

IBOX 100 GATAAG Tomato/Arabidopsis 
IBOX 48 GATAAG Tomato/Arabidopsis 

LRENPCABE 68 TGCCACGT Tobacco 
MYB2COREATCYCB1 213 CCGTT Arabidopsis 

RBCSCONSENSUS 272 TTGGATT Tomato/petunia/Tobacco/Pea 
SORLIP1AT 158 GCCAC Arabidopsis 
SORLIP1AT 69 GCCAC Arabidopsis 

WBOXNTERF3 82 TGACC Tobacco 
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Fig. S2.1 cDNA-CAPS for TDF-85 as a control to check equal expression of parental copies 
in T. miscellus polyploids showing biased maternal expression for rbcS-1. 
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Fig. S2.2 Alignment of rbcS-1 and rbcS-2 cDNA sequences of Tragopogon dubius along with 
protein translation for both genes. Arrows indicate position of exons and premature stop 
codons (in rbcS-2). 
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3. Genetic characterization of synthetic Tragopogon polyploids 
using microsatellite markers 

3.1 Abstract 

Polyploidy brings about extensive genetic and epigenetic modifications. Synthetic 

polyploids have proven to be a dynamic and useful resource to study the speed of these 

genetic changes following whole genome duplication compared to natural polyploids. In the 

present study, we studied the genetic structure of synthetic polyploid lineages of Tragopogon 

mirus and T. miscellus in the context of their relationship with each other. Use of 13 

progenitor-specific microsatellite markers resulted in the analysis of 17 loci from 73 synthetic 

polyploid lineages of T. mirus and T. miscellus included in this study along with their diploid 

parents. Neighbor-net analyses distinguish clusters of these polyploid lineages along with 

their parents based on genetic distance. Although genotypes other than those discovered in 

natural populations were observed, three clusters roughly corresponding to the multilocus 

genotypes discovered at high frequencies in the natural Tragopogon polyploids were also 

observed in the synthetics. The data show that significant variation has been contributed to 

the synthetic polyploids by their parents. Interestingly, synthetic lineages which appeared to 

be least successful beyond the F1 and S0 generations deviated the most from the multilocus 

genotypes observed in natural populations of T. mirus and T. miscellus, suggesting a potential 

genetic barrier to successful polyploidy establishment. Present analysis of genetic structure of 

synthetic lineages would provide a strong comparison for future studies on the consequences 

of polyploidy in these synthetic lineages. 
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3.2 Introduction 

Although polyploidy was first described more than a century ago (Lutz 1909), its 

prevalence in plant evolution has only become clear since last few decads.  With many 

examples of both ancient and modern polyploidy events inferred from plant whole genome 

sequences, polyploidy has emerged as a leading force in plant evolution and diversification 

(Soltis & Soltis, 1999; Soltis et al., 2009). Indeed, it now appears that all seed plants share a 

whole genome duplication event and all angiosperms share another. Additionally, more recent 

polyploidy events provide a continuum from ancient events through to modern polyploids 

that have arisen in just the last 200 years. Such a temporal sequence of whole genome 

duplication (WGD) events provides a fantastic opportunity to examine the consequences of 

polyploidy at several scales. 

Unsurprisingly, the documentation of polyploidy’s prevalence throughout plant 

evolution has fueled a broad resurgence in the study and interest in whole genome 

duplication and the fates of individual gene duplicates. “What are the consequences of 

polypoidy?” is now being asked at many levels. The answers thus far include that polyploidy 

can lead to genome instability, chromosomal rearrangement, translocations, gene loss, 

irregular sequence evolution of duplicated genes, and epigenetic changes like DNA 

methylation and transposon activation (Chen, 2007b; Chester et al., 2011; Yaakov & Kashkush, 

2011). Many of these evolutionary changes take place immediately after polyploid formation, 

while others occur gradually over successive generations (Mestiri et al., 2010; Yang et al., 

2011a). 

Identifying the events that immediately follow polyploid formation and how those 

events might affect the evolutionary outcomes of polyploidy remain important goals.  Though 

there are now many functionally polyploid species recognized, relatively few are known to be 

of recent origin. Indeed, those that are very recent provide many novel insights (Tragopogon 
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miscellus and Tragopogon mirus, Ownbey, 1950; Senecio cambrensis,   Ashton & Abbott, 1992; 

Spartina anglica, Baumel et al., 2001). A complementary approach to working on recent 

naturally formed polyploids is the generation of synthetic polyploids, which afford the 

opportunity to examine the immediate effects of polyploidy and to track changes through 

generations from inception. Synthetic polyploids mirror natural plant systems and are 

excellent models for examining the immediate outcomes of polyploidization (Song et al., 1995; 

Adams et al., 2003b; Tate et al., 2009b). While even work on recently formed polyploids can 

be complicated by a lack of knowledge around the generation age of a group, synthetic 

polyploids provide an opportunity to track changes on a known generation scale. Moreover, 

recurrent formation, which appears to be a common feature of natural polyploid species, and 

subsequent gene flow can present obstacles to definitively identifying independent origins 

(Soltis & Soltis, 1995; 1999). Further, the progenitors of natural polyploids are not always 

readily identifiable because much time may have elapsed since their formation which results 

in either extinction of parents or extensive changes in parental lineages, for instance 

Gossypium (Wendel & Cronn, 2003) and Nicotiana (Clarkson et al., 2004), whereas for 

synthetic polyploids, their actual parents and genotypes are known (Song et al., 1995; 

Malinska et al., 2010).  

Recently, a number of synthetic polyploids have been produced to study genetic and 

epigenetic modifications following WGD. For example, loss of parental genomic sequences 

was demonstrated in synthetic wheat (Triticum spp.) allopolyploids (Feldman et al., 1997; Liu 

et al., 1998; Ma & Gustafson, 2008; Tang et al., 2012), both instantaneously following 

formation of the polyploid (synthetic allotetraploids, Shaked et al., 2001; Kashkush et al., 

2002b) and in subsequent generations (synthetic allohexaploids, Ma et al., 2004). Similarly, 

meiotic irregularities leading to aneuploidy (Mestiri et al., 2010) and epigenetic remodeling 

involving changes in the DNA methylation pattern were observed in genomic regions flanking 
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a retroelement Veju across S1 through S5 synthetic generations of wheat polyploids 

(Kraitshtein et al., 2010). Likewise, synthetic polyploids of Brassica were used to study the 

genetic basis of flowering time variation in four homeologs of FLOWERING LOCUS C 

(FLC)(Pires et al., 2004b). Extensive DNA methylation and loss and/or gain of novel 

restriction fragments was observed in early generations of Brassica napus synthetic 

polyploids via RFLP mapping (Song et al., 1995; Lukens et al., 2006); later this loss and gain of 

parental fragments was found to be due to homeologous non-reciprocal transpositions 

(HNRTs) between parental chromosomes A1 and C1 (Gaeta et al., 2007). Similarly, synthetic 

cotton (Gossypium spp.) polyploids have shown organ-specific silencing of duplicated genes 

(Adams et al., 2004) and unequal contribution of homeologous genes to the transcriptome 

(Adams et al., 2003b; Flagel & Wendel, 2010; Dong & Adams, 2011b). Synthetic polyploids of 

Arabidopsis have shown phenotypic instability and gene silencing caused by DNA methylation 

(Comai et al., 2000; Madlung et al., 2002; Madlung et al., 2005; Wright et al., 2009; Matsushita 

et al., 2012) and work on Nicotiana synthetic polyploids has provided evidence for concerted 

evolution of rDNA repeats, preferential elimination of  paternal genomic sequences in S4 

generation polyploids, and various morphological changes post-polyploidization (Kovarik et 

al., 2004; Skalicka et al., 2005; Anssour et al., 2009; Anssour & Baldwin, 2010). In each case, 

synthetic polyploids have proven to be valuable resources for the analysis of the early stages 

of polyploid genome evolution. 

Among the best examples of recent and recurrent polyploid formation are the 

allopolyploid species, Tragopogon mirus and T. miscellus. The genus is comprised of ~150 

species spanning Eurasia (Soltis et al., 2004). In the early 1900s, three diploid (2n=2x =12) 

Tragopogon species (T. dubius, T. pratensis, and T. porrifolius) were introduced to eastern 

Washington State and neighboring Idaho (USA), an area known as the Palouse Region. Since 

their introduction, these species have produced two allopolyploid (2n = 4x = 24) species: T. 
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mirus resulting from T. dubius × T. porrifolius and T. miscellus produced by T. dubius × T. 

pratensis (Ownbey, 1950; Ownbey & McCollum, 1954; Soltis & Soltis, 1995; 1999). Natural 

polyploids of Tragopogon mirus and T. miscellus have formed recurrently in the past 80 years, 

(reviewed in Soltis et al., 2004). In addition to morphological and cytological studies by 

Ownbey and McCollum, (1953; 1954), the number of independent origins has been estimated 

several times in the past using biochemical or molecular approaches (Soltis & Soltis, 1989; 

Soltis & Soltis, 1991; Soltis & Soltis, 1995; Symonds et al., 2010). Tragopogon miscellus has 

been suggested to have originated independently as many as 21 times and T. mirus has 

formed at least 11 times in the Palouse region (Soltis & Soltis, 2000).  

In the most recent population genetic analysis of T. mirus and T. miscellus, Symonds 

et al. (2010) generated progenitor-specific microsatellite markers from the parental diploid 

species (T. dubius, T. pratensis and T. porrifolius) to analyze recurrent formations and to 

identify the genetic contributions of the diploid progenitors to each polyploid species. Among 

the most interesting findings was that the common diploid progenitor, T. dubius, has 

contributed relatively few multilocus genotypes to both T. miscellus and T. mirus.  The three 

common genotypes (Types I-III) observed in both polyploid species are consistently 

prescribed by five T. dubius microsatellite markers. As the genomic positions of these loci are 

unknown, it is possible that some markers may be pysically linked; however, the pattern often 

extends to all 10 T. dubius loci, arguing for an alternative explanation. It was hypothesized 

that the three common genotypes represent either (1) the only genotypes present in T. dubius 

during the time(s) of polyploid formation or (2) the only genotypes able to successfully 

produce F1s or polyploids in nature. 

Early attempts at resynthesizing Tragopogon mirus and T. miscellus polyploids were 

made by Ownbey and McCollum (1953). They generated diploid F1 hybrids by hand-crossing 

diploid species, but never saw the generation of spontaneous allopolyploid plants. More than 
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half a century later, the process was helped along by the application of colchicine to 

interspecific F1s generated by hand-crossing to produce several lineages of synthetic 

allopolyploid Tragopogon mirus and T. miscellus (Tate et al., 2009b). Several hundred hand-

crosses yielded 389 offspring that were treated with colchicine and subsequently screened to 

identify those of mixed parentage and that were polyploid (Tate et al., 2009b). These synthetic 

polyploids are revealing insights into the early generation genetic structure of natural 

polyploid systems. Lim et al. (2008) found rapid changes following polyploid formation in S0 

and S1 generations of T. mirus including translocations, chromosomal abnormalities and 

variable expression patterns of ribosomal DNA (rDNA) loci. Similarly, meiotic irregularities 

involving multivalent formation and bridges were commonly observed in the S0 generation of 

T. mirus and T. miscellus (Tate et al., 2009b). However, Buggs et al. (2009) found no evidence 

of homeolog losses in the S1 generation of T. miscellus. Recently, inheritance of parental rDNA 

loci was studied in synthetic polyploids from S0, S1, and S2 generations of T. mirus and T. 

miscellus. There was considerable deviation from copy number additivity with reduction of 

rDNA loci from T. dubius compared to T. porrifolius and T. pratensis (Malinska et al., 2010; 

Malinska et al., 2011).  

As independent synthetic lineages of any one polyploid may reveal different 

outcomes with regard to genomic rearrangements, gene silencing, etc., it is difficult to know 

whether such differences reflect an element of stochasticity in the genomic processes 

following WGD or if there might be a genetic basis to such varied results. This appears to be an 

underexplored feature of synthetic polyploid research (although see Song et al., 1995; Shaked 

et al., 2001; Madlung et al., 2005; Skalicka et al., 2005) and one that may provide greater 

comparative value to synthetic polyploid research. For the Tragopogon synthetic polyploids, 

although the population origins of each lineage are known, the genetic composition of each 

lineage, relative to one another and to natural T. mirus and T. miscelllus has been completely 
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unknown. In the present study, we genetically characterize the synthetic polyploids of 

Tragopogon mirus and T. miscellus from Tate et al. (2009b) using the microsatellite markers 

used by Symonds et al. (2010) to analyze the natural polyploids.  By combining these 

resources, we are able to address the following questions: (1) What are the contributions of 

the diploid progenitors to genetic variation in synthetic polyploids (T. mirus and T. miscellus)? 

(2) How much genetic variation is captured by the synthetic lineages relative to natural T. 

mirus and T. miscellus? (3) Do the multi-locus T. dubius genotypes observed in the natural 

polyploids also predominate in the synthetics? (4) Do patterns of synthetic Tragopogon 

polyploid formation and persistence (through generations) support the hypothesis that only 

particular genotypes can form diploid hybrids or polyploids? 

3.3 Materials and Methods 

3.3.1 Plant material 

The current study utilized both synthetic polyploids (F1 diploid hybrid, S0 and S1 

generation) and their diploid parents. The plant materials used in this study are described in 

Tate et al. (2009b). Figure 3.1 depicts how the synthetic lineages were generated.  

 

 

 

 

 

 

 

 

Fig. 3.1 Formation of synthetic polyploids. 
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For diploid parents and synthetic polyploids (F1 hybrids and S0 generation) plant 

materials were the same as those used by Tate et al. (2009b). For the later synthetic polyploid 

generation (S1), leaf tissue was collected from 4 week old seedlings grown under standard 

conditions (23 ± 2°C day / 18°C night and 16 hours day: 8 hours night). DNA was extracted 

from fresh or silica gel-dried leaf tissue after homogenizing it in a bead mill (MagNA Lyser, 

Roche); DNA was extracted using a modified CTAB protocol (Doyle & Doyle, 1987). Where 

possible, those F1 hybrids that did not survive beyond the S0 generation or died after 

germination or after colchicine treatment were also included in this study. Also, where 

possible, the exact diploid progenitors of the synthetic polyploids were included for 

comparative analysis. The synthetic polyploids (S0 and S1 generation) and diploid F1 hybrids 

examined in this study along with their exact parental lineages are listed in Table 3.1. Details 

about the number of successful S0 and S1 lineages produced can be found in Tate et al. (2009b). 

3.3.2 Microsatellite PCR 

Microsatellite markers described by Symonds et al. (2010) were amplified from 

individuals using 13 primer pairs. These markers were designed specifically from Tragopogon 

dubius and T. porrifolius. T. dubius is a common parent for T. miscellus and T. mirus polyploids, 

so microsatellite markers designed from T. dubius amplify from both polyploid species. 

Markers designed from T. porrifolius amplify from T. pratensis as well so provide markers for 

the alternative (non-T. dubius) genome in both polyploids. Some primer pairs amplify more 

than one locus, one from each progenitor species. Detailed information on each microsatellite 

locus can be found in Symonds et al. (2010). Microsatellite loci were amplified using a tailed 

protocol based on Schuelke (2000). Each amplification was prepared in a total volume of 10μl, 

using 1x PCR buffer from New England Biolabs, U.K. (NEB), 50 μM each dNTPs, 4.5 μM of a dye 

labeled M13 tailed primer and reverse primer, 0.2 μM of tailed forward primer, 0.5 Unit of Taq 
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polymerase (NEB) and ~50ng of genomic DNA. M13 tail primers were labeled with FAM, VIC 

or NED dyes. The PCR profile is as follows: denaturation at 94°C for 3 min followed by 30 

cycles of 94°C for 30 sec, 52°C for 30 sec, 72°C for 45 sec, with a final extension at 72°C for 20 

min. After PCR, three markers each labeled with a different dye (FAM, VIC or NED) were 

pooled in equal volumes and 2 μl of this mixture were added into sample loading solution and 

fluorescently labeled CASS size standard (Symonds & Lloyd, 2004). Fragments were separated 

on an ABI 3730 DNA Analyzer and the results were analyzed using GeneMapper software 

version 3.7 (ABI). 

3.3.3 Comparison of F1, S0 and S1synthetics with natural Tragopogon polyploids 

To compare the results from the synthetics to the previous results on natural T. 

miscellus and T. mirus populations (which were analyzed on a different platform), 

representative samples from Symonds et al. (2010) were included in the current study.  Allele 

sizes from the ABI (this study) were compared with allele sizes from the Beckman-Coulter 

CEQ DNA analyzer (previous study) for the same samples and a conversion was established 

based on these comparisons.  Allele sizes were consistently found to differ by one, two, or 

three base pairs, depending on the marker. For example, the T. dubius marker D1048 

amplified alleles of 214 bp and 222 bp on the CEQ DNA analyzer, while their size on the ABI 

DNA analyzer was 217 bp and 225 bp, respectively. This information was used to generate a 

conversion for each locus.  This allowed for the direct comparison of new samples to the 

Symonds et al. (2010) data. 

Moreover, for an accurate assessment of genetic variation among synthetic 

polyploids and to identify the genetic structure of synthetic polyploids compared to the 

naturals, three generic genotypes covering the 10 T. dubius loci were generated to represent 

those multilocus genotypes (I-III) found in the natural polyploid populations; these simplified 

analyses as each Type could be represented by a single genotype/individual in analyses. 
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Speceis Lines Maternal 
ID 

Maternal 
lineage 

Maternal 
population 

Paternal 
ID 

Paternal 
lineage 

Paternal 
population 

No. F1 
lineages 
included 

No. S0 
lineages 
included 

No. S1 
lineages 
included 

T. miscellus–
long liguled 

119 1103 2615-6* Spokane 1043 2608-19* Moscow 1 - - 

T. miscellus–
long liguled 

75 1113 2615-46 Spokane 1063 2609-17* Spangle 2 - - 

T. miscellus–
long liguled 

129 1093 2613-24* Pullman 1038 2608-1* Moscow - 1 7 

T. miscellus- 
short liguled 

111 1038 2608-1* Moscow 1093 2613-24* Pullman - 4 24 

T. miscellus- 
short liguled 

67 1055 2609-3 Spangle 1296 2616-12 Spangle - 1 13 

T. miscellus- 
short liguled 

63 1063 2609-17* Spangle 1280 2616-4* Spangle 7 - - 

T. miscellus- 
short liguled 

79 1057 2609-10* Spangle 1297 2616-12 Spangle - 2 7 

T. mirus 54 1362 2611-8 Pullman 1075 2613-5 Pullman - 1 - 

T. mirus 70 1007 2611-6 Pullman 1090 2613-23 Pullman - 1 - 

T. mirus 73 1012 2611-11 Pullman 1092 2613-24 Pullman - 1 5 

T. mirus 77 1020 2607-2 Troy 1075 2613-5 Pullman - 1 3 

T. mirus 84 1078 2613-11* Pullman 1010 2611-8* Pullman - 1 1 

T. mirus 98 1003 2611-2 Pullman 1079 2613-11* Pullman - 1 1 

T. mirus 99 1006 2611-3* Pullman 1079 2613-11* Pullman - 1 1 

T. mirus 108 1113 2615-46 Spokane 1029 2607-18* Troy - - 1 

T. mirus 116 1020 2607-2 Troy 1108 2615-21* Spokane - - 6 

T. mirus 121 1110 2615-28 Spokane 1035 2607-22B Troy - - 1 

T. mirus 132 1090 2613-23 Pullman 1035 2607-22B Troy - - 2 

T. mirus 134 1032 2607-21* Troy 1093 2613-24* Pullman - 1 2 

T. mirus 138  2616-1 Spangle 1032 2607-21* Troy - - 1 

                 Note: Parental lineages with an asterisk (*) were included in the analyses. 

 

Table 3.1 Crossing information and number of F1, S0 and S1 synthetic polyploid lines examined in the study. 
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3.3.4 Microsatellite data analysis   

All data were formatted for GenAlEx Version 6.41 (Peakall & Smouse, 2006) and 

various data partitions were analyzed as below. Genetic distance (GD) and Principal 

Coordinates Analysis (PCA) via covariance matrix with data standardization was estimated in 

GenAlEx 6.41. Data were exported from GenAlEx 6.41 to Microsatellite Analyser (MSA) 

version 4.05 (Dieringer & Schlotterer, 2003) and output files were saved in the tab-delimited 

format. An individual pair-wise genetic distance matrix was generated using the proportion of 

shared alleles model in MSA. This output file from MSA was used as the input file for 

SplitsTree4 (version 4.11.3) (Huson & Bryant, 2006). Neighbor-nets were generated from the 

input distance matrix file in SplitsTree4.  

Several independent neighbor-nets were produced from the available data using the 

synthetic polyploids along with their known diploid parents. Neighbor-nets with only the T. 

dubius parent along with synthetic polyploid lineages T. miscellus and T. mirus were based on 

only T. dubius loci. Similarly, separate Neighbor-nets with the other progenitor (T. pratensis 

with T. miscellus synthetics and T. porrifolius along with T. mirus synthetic lineages) were 

based only on the loci amplified from those parents. Independent neighbor-nets for T. 

miscellus and T. mirus based on all loci amplified from their parents were also produced. A T. 

porrifolius marker P1111 was excluded from the analysis in which T. mirus was included 

because marker P1111 gave overlapping allele sizes for the parental species and alleles 

amplified could not be assigned to one of the parental species or the other (T. dubius and T. 

porrifolius). Marker P1111 was also removed from those generic types (I, II and III) that were 

included in T. mirus analyses. So, generic types included in the T. mirus analyses were based 

on 9 T. dubius loci while those included in T. miscellus analysis were based on 10 T. dubius loci. 
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3.3.5 Exploration of multilocus genotypes in the synthetic polyploids 

All data produced from the ABI 3730 DNA Analyzer were scored in GeneMapper 

version 3.7. To identify synthetic lineages that may have the same multilocus genotypes as 

those discovered in the natural Tragopogon polyploids, data were sorted according to size 

based on one of the five T. dubius loci that were diagnostic for Types I-III. Those individuals 

matching one of the three Types at the first locus were saved and the remainder discarded. 

The individuals that were saved from the first pass were then sorted according to the second 

diagnostic marker and those again matching of the three Type patterns were saved.  This 

continued until only individuals with genotypes matching a Type at either all five or 

ultimately all 10 T. dubius loci were isolated. The numbers of synthetic polyploid lines falling 

into those multilocus types are listed in Table 3.2. 

 

 

Table 3.2 Occurrence of the multilocus genotypes in the synthetic polyploids. 

 T. mirus T.miscellus 

Genotype No. of crosses No. of lineages No. of crosses No. of lineages 

Type I 4 17 1 16 
Type II 6 12 1 1 
Type III 0 0 3 28 
Others 3 4 2 7 
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3.4 Results 

3.4.1 Amplification efficiency and diversity of microsatellite markers 

Microsatellite markers produced specifically from Tragopogon dubius and T. 

porrifolius were amplified efficiently from the F1 hybrids, S0 and S1 generations of the two 

synthetic polyploids (T. miscellus and T. mirus) and their diploid progenitors (Tragopogon 

dubius, T. porrifolius and T. pratensis) (Tate et al., 2009b). Because T. dubius is the common 

parent of both polyploid species, markers developed from it amplified well from both 

polyploid species. Markers designed from T. porrifolius amplified loci from both T. porrifolius 

and T. pratensis and four T. porrifolius markers amplified from T. dubius as well. Out of seven 

T. porrifolius markers, five amplified two different loci from T. porrifolius and T. pratensis, 

while marker P1119-p amplified a T. porrifolius locus only from T. mirus synthetic polyploids. 

Marker P1111 amplified similar allele sizes for T. dubius and T. porrifolius from T. mirus 

polyploids; because those alleles could not be assigned to one of the parental species 

unambiguously, marker P1111 was excluded from all the T. mirus analyses. 

Three of the seven T. dubius individuals (used for making synthetic polyploids) 

included in our study were heterozygous at some microsatellite loci. Two of those T. dubius 

individuals were from the Pullman, Washington population: individual 1083 (2613-19) was 

heterozygous at D1054, D1056, D1072-d and P1111-d loci, while individual 1093 (2613-24) 

was heterozygous at D1025, D1055, P1110-d and P1111-d loci (in the locus name, ‘P’ and ‘D’ 

denote the progenitors T. porrifolius and T. dubius, respectively from which that marker is 

designed, while a small letter at the end (‘p’ and ‘d’) denotes T. porrifolius/T. pratensis and T. 

dubius loci/homeologs, respectively). The third T. dubius individual 1103 (2615-6) from the 

Spokane, Washington population was heterozygous only at the P1111 locus. This 

heterozygosity of T. dubius individuals was reflected in the synthetic polyploids that they 

parented. For example, T. dubius 1093 (2613-24) produced heterozygous alleles of 252bp and 
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254bp for locus D1025 and in its polyploid derivatives (lines 111, 129 and 134), both alleles 

were found. 

3.4.2 Occurrence of multilocus genotypes in the synthetic polyploids 

Analysis of the progenitor-specific microsatellite markers was helpful to determine 

the frequency of the multilocus genotypes described from natural T. mirus and T. miscellus by 

Symonds et al. (2010) in the synthetic polyploid lineages. Results for the occurrence of the 

multilocus genotypes based on the five diagnostic T. dubius markers (D1025, D1056, P1110-d, 

P1112-d and P1119-d) in the synthetic polyploids are listed in Table 3.2. Approximate results 

are listed in Table 3.2 because some lines align with the Types but had missing data and some 

lines do not match at all five T. dubius loci. The results indicate that Type II was the most 

common among the crosses (crosses are considered instead of lineages because all the 

lineages (from S0 and S1 generation) produced from a single cross will inherit the same 

genotype, except where progenitors are heterozygous). This finding is unsurprising when 

considering that most of the T. dubius individuals used to produce synthetic polyploids had a 

Type II genotype. Out of the seven T. dubius parents included in this study, four had Type II, 

two had Type I and one had Type III. 

Of the 20 synthetic polyploid crosses studied (13 from T. mirus and 7 from T. 

miscellus), multilocus genotype I was present in five lines (four from T. mirus and one from T. 

miscellus), Type II was present in seven lines (six from T. mirus and one from T. miscellus) and 

Type III was present in three T. miscellus lines.  Five lines (three from T. mirus and two from T. 

miscellus) did not fit into any of the three Types based on the five T. dubius diagnostic loci. 

These lines had a mix of alleles from the three Types for most of the markers except D1025 

which produced novel alleles of 254bp and 260bp (Table 3.2). 
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3.4.3 Genetic structure of the synthetic polyploids 

In order to determine the genetic relationships of synthetic polyploid lineages with 

each other and to identify the genetic contributions from their diploid parents, neighbor-nets 

were constructed based on genetic distances derived from microsatellite data.  

3.4.3.1 T. miscellus 

For T. miscellus, two neighbor-nets were constructed: one based on all 17 loci from 

both progenitors and including only the T. miscellus synthetics and another based on just T. 

dubius loci; the latter included synthetic T. miscellus, the available T. dubius parents of the 

synthetics, and three “generic genotypes” that represent the common multilocus genotypes 

described from natural T. miscellus and T. mirus (Figure 3.2). These two neighbor-nets are 

very similar in structure and are considered together here. All synthetic polyploid lineages 

(F1, S0 and S1 generations) produced from a single cross typically clustered together. Mainly 

there were three genotypic clusters that roughly correspond to the three multilocus 

genotypes (I, II and III). One of the splits separates lineages of crosses 111 and 129 from the 

other crosses in the neighbor-net; 111 and 129 represent reciprocal crosses from the same 

parents. Variation within this cluster is due to segregation of alleles at loci for which the T. 

dubius parent was heterozygous (D1025 and P1110-d). These lineages are similar to the Type 

I genotype except at marker D1112. Lineages 111-1 and 111-7 fell in between the two 

primary subclusters in this group presumably due to missing data for marker P1110-d (Fig. 

3.2a). There was only one S0 lineage, 119-2, from cross 119. This lineage clustered with the 

generic Type II genotype and together these were separated from all other individuals by a 

well-supported split; the 119-2 lineage matches the original multilocus Type II at 8 of 10 T. 

dubius loci (Fig. 3.2b). The remainder of the lineages from crosses 63, 67 and 79 grouped 

together into one large cluster. These three crosses were made from parents from the same 
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(A)  

Split II  

Split III 

Split I 

(b) 

(a) 

Fig. 3. 2 Neighbor-net of T. miscellus synthetic polyploids. (a) Based on all microsatellite loci. (b) 
Based on only T. dubius loci and includes their T. dubius parents and generic types named as G1, G2 
and G3 based on multilocus genotype I, II and III. Each split is corresponding to the cluster of 
individuals having distinct multilocus genotype found in the natural polyploid populations. 
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populations (i.e., the T. dubius parents were from the same population and the T. pratensis 

parents were from the same population).  In this cluster, lineages of cross 63 were grouped 

with generic type III; all the lineages produced from this cross match the original type III at 9 

T. dubius loci (Fig. 3.2b). Lineages from the other two crosses (67 and 79) in this cluster 

partially match the Type III genotype but differ at locus P1112-d.  

Another neighbor-net was generated for synthetic T. miscellus and the available T. 

pratensis parents based on 6 loci amplified (Fig. 3.4a). This neighbor-net is divided into two 

main clusters. One long split separates all the lineages derived from crosses 111, 119 and 129 

(cluster A) from other lineages in the neighbor-net based on variation at P1108-p among T. 

pratensis individuals parenting these lines. Three S1 lineages 67-2-6, 67-3-2 and 79-11-1 are 

placed in the middle of the neighbor-net presumably due to missing data for locus P1108-p. 

Cluster B consists of lineages from crosses 63, 67, 75 and 79 along with their T. pratensis 

parents. This cluster is further branched because of variation at locus P1116-p for particular 

S0 lineages (79-1, 79-9 and 79-11) and missing data for their S1 lineages (79-1-1,79-1-3, 79-

11-1 and 79-11-3). 

3.4.3.2 T. mirus 

As with T. miscellus, three neighbor-nets also were constructed for the T. mirus 

synthetic polyploids. The first neighbor-net was based on all 16 progenitor-specific loci and 

included only the T. mirus synthetic lineages (Figure 3.3a). The second neighbor-net included 

the available T. dubius parents and the ‘generic Types’ genotypes only using the T. dubius loci 

(Figure 3.3b). These two neighbor-nets qualitatively agree but demonstrate greater 

distinction than the corresponding two T. miscellus neighbor-nets. As we here consider the 

synthetics relative to the Types I-III genotypes, the results covered in this section relate to the 

neighbor-net in Figure 3.3b. Again, all T. mirus synthetic lineages (F1, S0 and S1 generations) 

produced from a single cross clustered together (with the odd exception of 99-2); this is  
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(a) 

(b) 

Split 

Fig. 3.3 Neighbor-net of T. mirus synthetic polyploids. (a) Based on all microsatellite loci (b) 
Based on only T. dubius loci and include their T. dubius parents and generic types named as G1, 
G2 and G3 based on multilocus genotype I, II and III. Each split corresponds to the cluster of 
individuals having distinct multilocus genotypes. 
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Fig. 3.4 (a) Neighbor-net of T. miscellus polyploids along with their T. pratensis parents. 
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Fig. 3.4 (b) Neighbor-net of T. mirus polyploids along with their T. porrifolius parents. 
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because all of the T. dubius parents included in the analyses except 1093 (2613-24) were 

homozygous at all loci. One split separates lines 70, 73, 116 and 134 along with generic 

Type I from the rest of the network. These lines match the Type I five-locus genotype 

except at marker P1112-d; however none of these lines match the Type I genotype at more 

than five loci. Lineages from seven crosses are relatively good matches with the Type II 

genotype. Crosses 84, 98 and 99 match Type II at seven out of nine T. dubius loci, differing 

at loci D1054 and D1055. Lineages from crosses 54, 77 and 78 match this Type at all T. 

dubius loci except P1112-d, and line 132 matches the Type II at all T. dubius loci except 

D1048. Lineages from three crosses, 108, 121 and 138, had distinct genotypes from the 

other crosses and from the three Types. None of the synthetic T. mirus lineages included in 

the analyses were good matches for the Type III genotype, which is located central to the 

neighbor-net. The neighbor-net for synthetic T. mirus using all loci (Figure 3.3a) 

distinguishes nearly all synthetic lineages, except 77 and 78. 

The final neighbor-net for synthetic T. mirus was constructed along with their T. 

porrifolius parents based on 6 loci (Figure 3.4b). This network could be divided into 3 

clusters. One strongly supported split separates cluster ‘A’ containing lines 54, 70, 73, 84 

and 99 along with their T. porrifolius parents 1006 (2611-3) and 1010 (2611-8) from 

cluster ‘B’ containing lines 77, 78, 108, 116, 121 and 132 along with T. porrifolius individual 

1029 (2607-18) based on the variation at 5 out of 6 T. porrifolius loci. The T. porrifolius 

parents for each of these crosses were all from the same population. Cluster ‘C’, containing 

lines 134 and 138 along with their common T. porrifolius parent 1032 (2607-21), differ 

from its closest cluster ‘B’ at two T. porrifolius loci (P1112-p1 and P1112-p2). Lines 98-4 

and 98-1-1 are distinct from all other lineages due of variation at loci P1110-p and P1112-

p2. 
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3.5 Discussion 

In the present study, we genetically characterize synthetic polyploids of 

Tragopogon miscellus and T. mirus using nuclear microsatellite markers designed from 

their diploid progenitors. To determine the genetic architecture of the synthetic polyploids 

and to confirm the genetic contribution of their diploid parents, several neighbor-nets 

were constructed. The results indicate Mendelian inheritance of all the parental loci in 

synthetic polyploids and the presence of multilocus genotypes (I-III) in the synthetics 

which were previously observed in natural polyploids (Symonds et al., 2010).  However, 

the location of those loci covered in these multilocus genotypes is not known in the 

Tragopogon genome. 

3.5.1 Genetic structure of synthetic polyploids at microsatellite level 

The genetic constitution of the synthetic Tragopogon mirus and T. miscellus 

polyploids was determined by using microsatellite markers. For both synthetic polyploids 

neighbor-nets were produced based on either all loci or loci from one parental species in 

combination with samples from that progenitor. Artificially produced generic genotypes 

(based on all the ten T. dubius loci), representing Type I, II and III found in the natural 

Tragopogon polyploids, were also included in the analysis to identify the frequency of 

those multilocus genotypes or similar ones in the synthetic polyploids. The structure 

observed in neighbor-nets that included T. dubius loci (alone or in combination with the 

alternative parent’s loci) tended to reflect the three predominant Types previously 

observed in natural T. miscellus and T. mirus. Most of the synthetic lineages at least 

partially matched the multilocus genotypes (one marker D1112-d differed consistently). Of 

all the multilocus genotypes (based on the five diagnostic markers (see introduction)), 

Type I was present in both T. mirus and T. miscellus synthetic polyploids, Type II was 

present at higher frequency in T. mirus synthetics and Type III was present only in T. 

miscellus synthetic polyploids. The occurrence of those genotypes in synthetic polyploids is 
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plausible because their parents carried and incorporated those genotypes into the 

synthetic lines. Of all the multilocus genotypes, Type II was most supported as it matched 

the original multilocus genotype at 7 out of 10 T. dubius loci for most of the synthetic 

polyploids and their parents. Type III was absent in T. mirus synthetic lines because none 

of their T. dubius parents included in the analysis had that genotype. 

Most of the synthetic polyploids matched the Types based on only five T. dubius 

loci and it might be unlikely to expect them to have multilocus genotypes that match the 

Types present in the natural polyploids at all ten T. dubius loci. The high frequency of the 

Types in natural T. miscellus and T. mirus may be due to ancestral population structure in 

T. dubius due to the introduction of different genotypes to the Palouse region (Symonds et 

al., 2010). Following dispersal and gene flow among the different T. dubius introductions, 

that structure would have broken down such that modern T. dubius individuals are a mix of 

the original genotypes. Therefore, synthetic polyploids made by crossing modern T. dubius 

with T. porrifolius and T. pratensis would be unlikely to possess gentoypes that exactly 

match those of the natural polyploids, which formed long ago. Indeed, Symonds et al. 

(2010) found only one or two T. dubius individuals per multilocus genotype (I, II or III), 

while in the natural polyploids, nearly all individuals matched to those multilocus types at 

all 10 T. dubius loci. Moreover, very few T. dubius individuals have been used for producing 

synthetic polyploids by Tate et al. (2009b), so the presence of multilocus genotypes 

covering all 10 T. dubius loci might not be expected in the synthetic polyploids.  

3.5.2 Genetic contribution of parental diploids into synthetic polyploid 

lineages 

Several genetic changes take place post-polyploidization, which may cause 

imbalance of parental genomes in polyploids, and hence may affect the inheritance 

patterns of molecular markers (Lim et al., 2008). Since T. dubius is a common parent of 

both synthetic polyploids, T. mirus and T. miscellus, one neighbor-net based on only T. 

dubius loci was constructed for each polyploid species in which T. dubius parents clustered 
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with their synthetic polyploid lineages (Figure 3.2b and 3.3b). As discussed earlier (see 

results), some of the T. dubius parents included in this study were heterozygous at some 

microsatellite loci and that heterozygosity was reflected in the clustering pattern of 

synthetic polyploids in the neighbor-nets. For instance, cross 111 has formed two small 

clusters because its T. dubius parent 1093 (2613-24) was heterozygous at some loci, 

whereas cross 63 has 1280 (2616-4) as its T. dubius parent, which was homozygous at all 

loci, so all the lineages of cross 63 were clustered together in the neighbor-net (Figure 3.2). 

Although most synthetic lineages were at least partial matches for one of the 

three multilocus Types observed in natural T. mirus and T. miscellus, some lineages were 

quite different. Three T. mirus (cross 108, 121 and 138) and two from T. miscellus (cross 

129 and 75) did not match with any multilocus genotype based on five T. dubius loci, hence 

did not cluster with either of those genotypes. Out of those that did not fit into those 

multilocus genotypes, only for cross 129 was the exact T. dubius parent, 1093 (2613-24), 

included in the study. These lineages were simply formed from T. dubius individuals that 

have putatively admixed genomes relative to the original T. dubius introductions. 

Another illustration could be made from the clustering pattern of synthetic 

polyploids with their T. dubius parents, based on only T. dubius loci (Figure 3.2b and 3.3b). 

In the net, two clusters of the synthetic lineages were separated by split I and split II of the 

neighbor-net. Synthetic polyploid lineages of both of these clusters were produced by T. 

dubius parents from the Pullman population, except cross 119 and 116 whose T. dubius 

parents were from the Spokane population. Synthetic polyploid lineages of the third big 

cluster separated by split III were parented by T. dubius individuals from the Spangle 

population. As these splits I, II and III correspond to multilocus genotypes I, II and III 

respectively, based on these results it could be said that in synthetic polyploids multilocus 

genotype I and II were contributed by T. dubius individuals from the Pullman population 

while genotype III was contributed by T. dubius individuals from Spangle. Those synthetic 

polyploid crosses that did not match any multilocus genotype (e.g., cross 121 and 108) or 
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did not produce successful polyploid lineages (cross 75 and 119) were found to be 

produced by T. dubius individuals mostly from Spokane. These findings are plausible 

because out of 20 synthetic crosses of T. mirus and T. miscellus included in the present 

study, 11 crosses were parented by T. dubius individuals from Pullman, five crosses were 

parented by T. dubius individuals from Spokane and four crosses were parented by T. 

dubius individuals from Spangle. Hence, it could be assumed that T. dubius individuals from 

Pullman have contributed to making successful synthetic polyploids, and consequently 

contributing multilocus genotypes I and II which were most predominant in synthetic 

polyploids.  

The contribution of the other two diploid parents to synthetic polyploids of T. 

mirus and T. miscellus could be observed from their neighbor-nets constructed separately 

based on only T. porrifolius or T. pratensis loci, respectively (Figure 3.4a and b). The results 

indicate that more variation is contributed by T. porrifolius than T. pratensis in synthetic 

polyploids, because T. pratensis was variable at only two of six loci analyzed in T.miscellus, 

while T. porrifolius was variable at all of the loci analyzed in T. mirus lineages. This 

observation is in parallel to the presence of more variation in T. porrifolius (Palouse 

populations) compared to T. pratensis populations in nature (Soltis et al., 1995a). 

3.5.3 Implication of genetic variation present in synthetic polyploids on the 

genetic changes observed in the synthetics 

Based on the genetic characterization of synthetic polyploids of Tragopogon and 

the analysis of the genetic variation contributed by the diploid parents, inferences can be 

drawn for the genetic changes observed by previous research in these Tragopogon 

synthetic polyploids. Our results have shown Mendelian inheritance of all microsatellite 

loci, similar to Buggs et al. (2009), who found complete additivity with no evidence of 

homeolog loss in 44 S1 individuals of T. miscellus synthetic polyploids. 

Most previous research on Tragopogon synthetic polyploids has focused on 

karyotype studies and evolution of rDNA loci. Lim et al. (2008) found meiotic irregularities 
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(multivalent formation) in crosses 73 and 134 of T. mirus synthetic polyploids and variable 

pattern of rDNA loci. Tate et al. (2009b) found meiotic abnormalities in lines 70-4, 98-1 

and 132-1, while other polyploids (line 67-3) showed both normal bivalent formation as 

well as some chromosome pairing abnormalities. Malinska et al. (2010) observed copy 

number variation of 18S rDNA loci and deviation from additive parental ratios in some T. 

mirus crosses (70, 73 98, 134 and 135), which were skewed towards T. porrifolius. 

According to our results, these lineages belong to either multilocus genotype I or II. 

Noticeably, most of the meiotic abnormalities and biases in expression pattern of rDNA loci 

were observed in only T. mirus synthetic polyploids and interestingly the source of 

parental genomes for most of T. mirus synthetics was the Pullman population (Tate et al., 

2009b). There could be some specific genotypes that more successfully formed polyploids 

in the wild and this may be the case with the synthetic polyploids. It seems that T. dubius 

individuals from Pullman were more successful in generating T. mirus synthetic polyploids. 

Here we characterized the genetic variation present within and among lineages of 

synthetic T. miscellus and T. mirus.  Our results indicate that considerable variation has 

been contributed to the collective synthetics although a more thorough analysis that 

includes simultaneous characterization of the synthetics along with the natural 

Tragopogon polyploids is warranted. The data indicate that the multilocus Types identified 

in the natural polyploids are somewhat preserved in the synthetics, but only as much as is 

possible given the admixture in natural T. dubius due to its multiple introductions. 

Interestingly, the synthetic genotypes that most deviate from the Types that occur in 

natural T. miscellus and T. mirus appear to have had the least success in advancing beyond 

the F1 and S0 generations. Unfortunately, without detailed information on how/why these 

lineages did not advance, little can be inferred; however, it is an intriguing finding that may 

warrant a more detailed and controlled investigation that would likely require the 

production of more synthetics.  Finally, the simple characterization of the relationships of 

the existing T. miscellus and T. mirus synthetic lineages makes a strong contribution to the 
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comparative power available to those investigating patterns of genomic reorganization and 

patterning using these lines.  
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CHAPTER FOUR 
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4. Comparative analysis of floral transcriptomes 

4.1 Abstract 
 

Tragopogon miscellus has formed reciprocally exhibiting short-liguled (T. dubius♂ × T. 

pratensis♀) and long-liguled (T. dubius♀ × T. pratensis♂) forms. As these morphologies were 

repeated in synthetic polyploids, here we propose a maternal influence to the formation and 

variation in floral morphology. To investigate the genetic factors controlling these floral 

morphologies, floral transcriptomes were studied from diploid parents and reciprocally 

formed natural and synthetic T. miscellus polyploids. Orthologs of MADS-box transcription 

factors and other floral developmental genes were identified in Tragopogon for the first time. 

Considerable variation has also been detected within both parental species for the floral 

identity genes. Unfortunately, polymorphisms between parents were not informative for 

determining progenitor-specific expression in the polyploids. As this was a preliminary study, 

a comprehensive analysis of this transcriptomic data would yield valuable findings. Moreover, 

a thorough developmental study of the individual floral whorls and inflorescences is required 

to identify the genes responsible for these differing inflorescence forms.  

4.2 Introduction 

Angiosperms represent the largest and morphologically most diverse group of plants 

(APGIII, 2003; Soltis & Soltis, 2004). The basic floral structure consists of four whorls: the first 

outer whorl consists of sepals, the second whorl contains petals, the third whorl contains 

stamens (androecium), and the fourth central whorl has carpel(s) (gynoecium)  (Meyerowitz 

et al., 1991). Flowering takes place as a sequence of events involving a switch from a 

vegetative to a reproductive phase by floral meristem identity genes and then the formation of 

floral organ primordia by the flower development genes (Krizek & Fletcher, 2005). The 
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transition from a vegetative to a reproductive phase is important for flowering to occur at an 

appropriate time in order to synchronize with climatic conditions, such as wind-pollination or 

the availability of pollinators for cross-pollinated species (Huijser & Schmid, 2011). Floral 

initiation begins by the activation of inflorescence meristem identity genes at the shoot apical 

meristem (Krizek & Fletcher, 2005). In Arabidopsis this induction is brought about by LEAFY 

and APETALA1, while this function in Antirrhinum is accomplished by FLORICAULA (FLO) and 

SQUAMOSA (SQUA) (Coen et al., 1990; Huijser et al., 1992; Weigel et al., 1992; Mandel & 

Yanofsky, 1995). Floral morphogenesis in angiosperms is controlled by a combination of A, B, 

and C class genes of the ABC model proposed by Coen and Meyerowitz (1991). These gene 

classes determine the fate of developing floral organ primordia (Ng & Yanofsky, 2000). Floral 

identity genes were first characterized in Arabidopsis thaliana via molecular cloning and 

mutant analysis (Komaki et al., 1988; Bowman et al., 1989; Bowman et al., 1991) and their 

orthologs have been widely reported in Petunia and Antirrhinum majus, as well as many other 

eudicots and some monocots, e.g., rice and maize (Stubbe, 1966; Sommer et al., 1990; 

Angenent et al., 1992; Huijser et al., 1992; Saedler & Huijser, 1993; Tsuchimoto et al., 1993; 

Vanderkrol & Chua, 1993; Kang et al., 1998; Munster et al., 2001; Albert et al., 2005; Whipple 

et al., 2006; Soltis et al., 2007). These floral identity genes are part of the MADS family, where 

MADS (MCM1, Agamous, Deficiens, Serum response factor) is a conserved DNA-binding 

domain present in transcription factors and represents one of the largest multi-gene families 

in plants (Riechmann & Meyerowitz, 1997).  

ABC gene classes are considered to be homeotic as they determine the sequence of events 

for the developmental pattern of floral organs. Any mutation in them causes changes in the 

pattern of floral parts (Coen & Meyerowitz, 1991). A-class homeotic genes control sepal 

development in the first whorl (Fig. 4.1) and in Arabidopsis thaliana these genes are 

APETALA1 (AP1) and APETALA2 (AP2), while in Antirrhinum majus an AP2-like LIP1 and LIP2 
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perform class A function (Mandel et al., 1992; Jofuku et al., 1994; Keck et al., 2003). Combined 

with A-class function, class B genes control petal formation in the second whorl (Fig. 1).  In A. 

thaliana, these are APETALA3 (AP3) and PISTILLATA (PI), while their orthologs in A. majus are 

DEFICIENS (DEF) and GLOBOSA (GLO) (Sommer et al., 1990; Trobner et al., 1992; Goto & 

Meyerowitz, 1994; Jack et al., 1994). Combined with B-class genes, class C genes control 

stamen formation in the third whorl (Fig. 4.1). C-class genes are antagonistic and have a 

repressive role to A-class gene function. C-class in A. thaliana includes AGAMOUS (AG) and in 

A. majus PLENA and FARINELLI (FAR) specify class C function (Yanofsky et al., 1990; Bradley 

et al., 1993; Davies et al., 1999). C-class genes alone control carpel identity in the fourth whorl 

(Fig. 1). Additions to the ABC model include D-class genes, which control ovule identity inside 

carpels. These were first identified in Petunia hybrida; FLORAL BINDING PROTEIN (FBP7 and 

FBP11) controls ovule formation in Petunia (Cheng et al., 2000), while in Arabidopsis ovule 

development is controlled by SHATTERPROOF 1 and 2 and SEEDSTICK (STK) genes (Pinyopich 

et al., 2003). E-class genes (SEPALLATA) are required at all stages in Arabidopsis, but their 

requirement in other groups is not yet known. In Petunia, class E function is performed by 

FBP2 and FBP7 genes (Pelaz et al., 2000; Ferrario et al., 2003; Vandenbussche et al., 2003).  

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Fig. 4.1 Diagrammatic illustration of the ABC model. 
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In angiosperms, floral symmetry (zygomorphy and actinomorphy) is brought about by a 

group of CYCLODIA (CYC-like) genes which belong to the class II TCP transcription factor 

family (Hileman & Cubas, 2009). In Antirrhinum majus, which is bilaterally symmetrical 

(zygomorphic), CYC-like genes and their paralogs DICHOTOMA are expressed dorsally in the 

flower controlling petal size, shape and stamen primordium. Mutations in CYC-like genes 

result in radial symmetry in Antirrhinum (Cubas, 2004). On the other hand, in Arabidopsis, a 

CYC-like gene is also dorsally expressed, resulting in radially symmetrical flowers. This 

suggests that changes in spatial expression and interaction with other genes may be required 

to form bilateral symmetry by CYCLODIA-like genes (Coen et al., 1995; Cubas, 2004). 

Inflorescence structure in the family Asteraceae is comprised of composite flowers where 

florets are arranged in a capitulum or head. In many species, each head contains ligulate ray 

florets (zygomorphic) arranged in the outer whorl and tubular disc florets (actinomorphic) 

present in the centre of the head, while some species have only ray or disc florets. Sex 

expression in different floret types is variable. Disc florets are usually hermaphroditic (both 

male and female fertile), while ray florets are usually female fertile and have staminodes 

(non-functional stamens). The entire inflorescence is enclosed in one or more whorls of green 

receptacular bracts (Koch, 1930; Bremer, 1994; Soltis et al., 2006; Patterson, 2009). The 

existence of morphologically and functionally diverse floret types in a single inflorescence 

makes the Asteraceae an interesting group to study expression regulation of the genes 

involved in flower morphogenesis. Floral identity genes have been explored in a few members 

of Asteraceae including Helianthus annuus, Chrysanthemum and Gerbera hybrida. Dezar et al., 

(2003) first identified MADS-box genes in sunflower. Later, Shulga et al. (2008) reported the 

genetic basis of floral morphogenesis in sunflower. They isolated and characterized the 

orthologs of the ABC-classes genes previously reported in Arabidopsis and Antirrhinum. In 

Chrysanthemum, Shchennikova et al. (2004) studied floral development genes and elucidated 
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their functional characterization based on protein-protein interactions and complementation 

analysis. They found that orthologs of floral identity genes in Chrysanthemum were 

functionally equivalent to AP1 and SEP3 genes from Arabidopsis. In Gerbera hybrida, Yu et al. 

(1999) described the expression pattern of floral identity genes, their function and 

phylogenetic relationship with previously reported MADS-box genes. They also showed that 

the pattern of induction of floral identity genes in Gerbera was spatio-temporally typical of the 

head-like inflorescence found in Asteraceae. Based on studies of transgenic plants produced 

for MADS box genes isolated from Gerbera, they reported that pappus bristles in Gerbera are 

modified sepals responsible for seed dispersal. 

Although flower morphogenesis in Asteraceae has been widely studied at the 

morphological and developmental level (Bremer, 1994; Harris, 1995; Soltis et al., 2006), 

limited work has been done at the molecular level (Yu et al., 1999; Dezar et al., 2003; 

Shchennikova et al., 2004; Uimari et al., 2004; Shul'ga et al., 2008). Additional studies are 

needed in other genera to understand the molecular genetic basis of floral and inflorescence 

development. Tragopogon also belongs to family Asteraceae and has 150 species found in 

Eurasia, mostly comprising diploid species (2n = 12) and some polyploid species (2n= 24) 

(Ownbey, 1950). Three diploid species (Tragopogon dubius, T. pratensis and T. porrifolius) 

have been commonly reported in northwestern America. These diploid species have 

repeatedly formed two polyploid species: T. miscellus has formed reciprocally (short-liguled 

form: T. dubius♂ × T. pratensis♀; long-liguled form: T. dubius♀ × T. pratensis♂) and T. mirus 

has formed in one direction naturally (T. dubius♂ × T. porrifolius♀) (Ownbey & Mccollum, 

1953; Soltis & Soltis, 1989; Soltis et al., 2004). Recently synthetic polyploids of both T. 

miscellus and T. mirus have also been produced by Tate et al. (2009b). These synthetic 

polyploids morphologically resemble the natural polyploids in terms of inflorescence shape, 

ligule size and colour (Tate et al., 2009b) and represents an ideal system for a comparative 
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study of floral and inflorescence development. Given that differences in floral morphology are 

observed repeatedly in the reciprocally formed T. miscellus polyploids, some maternal 

influence on the floral development is suggested.  

Here, I conducted a pilot study of the expression of MADS box floral transcription factors 

and their potential role in determining inflorescence and floral morphology in Tragopogon. 

For this, I sequenced floral transcriptomes of reciprocally formed natural and synthetic T. 

miscellus polyploids along with their diploid parents (T. dubius and T. pratensis) to answer: (1) 

How diverged are T. dubius and T. pratensis for floral developmental genes and what is the 

level of expression of progenitor-specific transcripts in reciprocally formed T. miscellus? (2) Is 

there any variation between short- and long-liguled T. miscellus at the transcriptome level that 

could correspond to their floral morphologies? 

4.3 Materials and methods 

4.3.1 Plant Material 

Seeds of the two diploid parental species, Tragopogon dubius and T. pratensis, as well as 

short- and long-liguled natural Tragopogon miscellus, were previously collected from natural 

populations in Pullman, Washington and Moscow, Idaho, USA and were grown in the 

glasshouse at Massey University under standard conditions. Synthetic first-generation 

polyploids of T. miscellus produced previously by Tate et al. (2009b) were also grown from 

seed in the glasshouse (Table 4.1). Both naturally formed and synthetically produced 

reciprocal T. miscellus polyploids with long (T. dubius♀ × T. pratensis♂) and short ligules (T. 

dubius♂ × T. pratensis♀) were included in the study (Table 4.1).  
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Table 4.1 List of diploid and polyploid samples. 
 

Sample Floral structure Cross number Unique ID lineage 

T. pratensis 

 
Diploid parent 

 1039 2608-1 

T. dubius 

 
Diploid parent 

 1099 2613-50 

T. miscellus 

 
Allotetraploid 
Natural-long 

liguled 

490 1202 2605-9 

T. miscellus 

 
Allotetraploid 
Natural-Short 

liguled 

370 1766 2604-22 

T. miscellus 

 
Allotetraploid 
Synthetic-long 

liguled 

129-7 1093  

T. miscellus 

 
Allotetraploid 

Synthetic-short 
liguled 

111-4 1038  
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4.3.2 RNA extraction 

For each species, RNA was extracted in two replicates containing young and mature floral 

buds. Both young (closed buds with a developing greenish capitulum) and mature (closed 

buds with mature ray and disk florets on the developed capitulum) floral buds were 

separately collected directly into liquid nitrogen after removing bracts. RNA was extracted 

from 100 mg of floral material using Qiagen RNeasy Mini kit (Hilden, Germany). The first step 

of the extraction protocol was modified by adding 4% polyvinyl pyrrolidone (PVP) in the lysis 

buffer to remove phenolic compounds. After RNA extraction, RNase inhibition and DNAse 

digestion were performed; RNA (5-50 µg) was incubated with 20 units of Protector RNase 

inhibitor (Roche, Germany), 10 units of DNase I and 10X DNase I incubation buffer in a total 

volume of 50 µl at 37 °C for 15 min. The reaction was stopped by adding EDTA to a final 

concentration of 8mM and incubated at 75 °C for 10 min. RNA was ethanol-precipitated in the 

presence of 3M sodium acetate and re-dissolved in 25 µl of RNase-free water.  

4.3.3 RNA quantification and quality control 

RNA was quantified using a Nanodrop-1000 spectrophotometer (Thermo Fisher 

Scientific, USA). Optical density ratios for 260/280 and 260/230 = 2 or more were preferred 

for evidence of good quality RNA samples that were free of DNA contamination, respectively. 

Integrity of RNA was tested by running total RNA samples on an Agilent 2100 Bioanalyzer 

using the RNA-6000 Nano LabChip kit at Massey Genome Service (Palmerston North, New 

Zealand). RNA samples with RNA Integrity Number (RIN) of more than 8 and rRNA ratio 

(28S/18S) of 1.5-2.5 were submitted for RNA sequencing (Illumina Miseq and Hiseq) at New 

Zealand Genomics Limited (NZGL). 
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4.3.4 RNA Sequencing 

Upon submission to the NZGL, RNA samples were quantified using a Qubit Flourometer 

(Invitrogen, USA). Quant-iT RNA Assay was performed by Massey Genome Service 

(Palmerston North, New Zealand) to determine if samples had the required concentration of 

more than 200ng/µl of total RNA for each sample. Six sample libraries (T. dubius, T. pratensis, 

natural short- and long-liguled T. miscellus and synthetic short- and long-liguled T. miscellus) 

were prepared using Illumina TruSeq RNA library preparation kit (Illumina, USA).  Integrity of 

the libraries was checked on an Agilent 2100 Bioanalyzer to determine adapter or primer 

dimer contamination and for the presence of secondary products. Libraries were co-loaded 

onto a single flow cell and run on an Illumina Miseq for a 2X 250 bp paired-end run at Massey 

Genome Service (Palmerston North, New Zealand). These same libraries were then co-loaded 

on a single flow cell on the Illumina Hiseq (Otago University, Dunedin, New Zealand) for a 2X 

100 bp paired-end run. This strategy was employed to combine longer-read transcripts 

(MiSeq) with greater sequencing depth (HiSeq) for Tragopogon, which does not have a 

reference genome available. 

4.3.5 Data analysis 

MiSeq and HiSeq data were quality checked by New Zealand Genomics Limited (NZGL). 

For this purpose, FastqMcf Version 1.04.636 was used from the package Ea-util for adaptor 

trimming (Aronesty, 2013), FastqScreen was used to check for contaminants (genomes of 

other species being used in a laboratory, PhiX (adapter-ligated library that is used as a control 

in Illumina experiment), and vectors ). Additional quality checks were kindly performed by 

Murray Cox using SolexaQA package (Cox et al., 2010) to quality trim (P = 0.05) the reads. 

After cleaning, reads fewer than 40 base pairs were discarded and the remaining reads were 

mapped to the set of reference genes. As we did not have a Tragopogon reference genome for 

mapping purposes, the reference genes used here include previously characterized floral 
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development genes from close relatives of Tragopogon from the Asteraceae (Table 4.2). After 

mapping RNA sequence HiSeq and MiSeq reads to the reference genes, their alignments were 

viewed in Integrative Genome Viewer (IGV) version 2.3 (Robinson et al., 2011; 

Thorvaldsdóttir et al., 2013). Based on the polymorphisms present between the diploid 

parental species (T. dubius and T. pratensis), for each reference gene the number of 

progenitor-specific transcripts mapped were counted for the natural and synthetic T. 

miscellus reciprocal polyploids. 

4.4 Results 

In order to determine the level of expression of floral development genes, transcriptome 

reads from both MiSeq and HiSeq runs for diploid parents (Tragopogon dubius and 

Tragopogon pratensis) and their natural and synthetic polyploid species Tragopogon miscellus 

were mapped to orthologous floral development genes from other Asteraceae species 

(Helianthus annuus, Chrysanthemum, Gerbera hybrida and Lactuca sativa). On an average, 

MiSeq run produced more than 3 million reads per sample and HiSeq run produced more than 

20 million reads per sample. 

4.4.1 Divergence between parental species 

The overall level of heterozygosity was similar in Tragopogon dubius and T. pratensis for 

the orthologs of the floral identity genes; although T. pratensis had slightly more SNPs than T. 

dubius. Divergence between the parental species was determined from progenitor-specific 

polymorphisms in the floral development genes. These polymorphisms were used to 

determine the level of expression of parental homeologs in T. miscellus polyploids. At single 

nucleotide polymorphisms (SNPs) where the two parents differed, Tragopogon dubius was 

usually homozygous, while T. pratensis was typically heterozygous at those SNPs.   
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Table 4. 2 List of MADS-box orthologs from other species of Asteraceae that were used as 
reference genes. 

Species Gene Accession number Reference 
Sunflower HAM137 AAO18233 Shulga et al., 2008 
Sunflower HAM2 EF612597 Shulga et al., 2008 
Sunflower HAM31 AAO18230 Shulga et al., 2008 
Sunflower HAM45 AAO18228 Shulga et al., 2008 
Sunflower HAM59 AAO18229 Shulga et al., 2008 
Sunflower HAM63 EF612598 Shulga et al., 2008 
Sunflower HAM75 AAL83209 Shulga et al., 2008 
Sunflower HAM91 AAO18231 Shulga et al., 2008 
Sunflower HAM92 AAO18232 Shulga et al., 2008 
Sunflower HaAP3 AY185363.1 Dezar et al., 2003 
Sunflower HaAG AY157724 Dezar et al., 2003 
Sunflower HaPI AY157725 Dezar et al., 2003 
Sunflower Cycloidea-like 1a EU088366 Chapman et al., 2008 
Sunflower Cycloidea-like 1b EU088367 Chapman et al., 2008 
Sunflower Cycloidea-like 2a EU088368 Chapman et al., 2008 
Sunflower Cycloidea-like 2b EU088369 Chapman et al., 2008 
Sunflower Cycloidea-like 2c EU088370 Chapman et al., 2008 
Sunflower Cycloidea-like 2d EU088371 Chapman et al., 2008 
Sunflower Cycloidea-like 2e EU088372 Chapman et al., 2008 
Sunflower Cycloidea-like 3a EU088373 Chapman et al., 2008 
Sunflower Cycloidea-like 3b EU088374 Chapman et al., 2008 
Sunflower Cycloidea-like 3c EU088375 Chapman et al., 2008 
Sunflower FLOWERING LOCUS-T2 GQ884982 Blackman et al., 2010 

Chrysanthemum CDM111 AY173054 Shchennikova et al., 2004 
Chrysanthemum CDM115 AY173060 Shchennikova et al., 2004 
Chrysanthemum CDM19 AY173064 Shchennikova et al., 2004 
Chrysanthemum CDM36 AY173065 Shchennikova et al., 2004 
Chrysanthemum CDM37 AY173059 Shchennikova et al., 2004 
Chrysanthemum CDM41 AY173055 Shchennikova et al., 2004 
Chrysanthemum CDM44 AY173057 Shchennikova et al., 2004 
Chrysanthemum CDM8 AY173056 Shchennikova et al., 2004 
Chrysanthemum CDM86 AY173061 Shchennikova et al., 2004 
Chrysanthemum Flowering time locus JF488071 Tian et al., 2011 
Gerbera hybrida Cycloidea like 10 JN190064 Broholm et al., 2008 
Gerbera hybrida Cycloidea like 5 JN190059 Broholm et al., 2008 
Gerbera hybrida Cycloidea like 6 JN190060 Broholm et al., 2008 
Gerbera hybrida Cycloidea like 7 JN190061 Broholm et al., 2008 
Gerbera hybrida Cycloidea like 8 JN190062 Broholm et al., 2008 
Gerbera hybrida Cycloidea like 9 JN190063 Broholm et al., 2008 
Gerbera hybrida GRCD1 AJ400623 Kotilainen et al., 2000 
Gerbera hybrida GRCD2 AJ784156 Uimari et al., 2004 
Gerbera hybrida gaga1 AJ009722 Yu et al., 1999 
Gerbera hybrida gaga2 AJ009723 Yu et al., 1999 
Gerbera hybrida gdef1 AJ009724 Yu et al., 1999 
Gerbera hybrida gdef2 AJ009725 Yu et al., 1999 
Gerbera hybrida gglo1 AJ009726 Yu et al., 1999 
Gerbera hybrida gsqua1 AJ009727 Yu et al., 1999 
Gerbera hybrida ghCyc4 EU429305 Broholm et al., 2008 
Gerbera hybrida ghCyc1 EU429302 Broholm et al., 2008 
Gerbera hybrida ghCyc2 EU429303 Broholm et al., 2008 
Gerbera hybrida ghCyc3 EU429304 Broholm et al., 2008 
Lactuca sativa Flowering time locus AB602323 Fukuda et al., 2011 
Lactuca sativa Pistillata like-Class B Lsa012402 Zhang et al., 2011 
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For instance, at a G/A SNP, where all transcripts from T. dubius were G, then at that SNP, T. 

pratensis reads were A or G in near-equal proportions. In this example, only ‘A’ could be 

considered T. pratensis-specific because it was absent in T. dubius. However, these SNPs were 

not informative for determining progenitor-specific expression in the polyploids. 

Unfortunately, the above situation for SNPs between T. dubius and T. pratensis existed in 

>90% of the floral identity genes studied here, making inference about homeolog-specific 

expression difficult in T. miscellus polyploids. 

4.4.2 Expression of floral development genes in Tragopogon diploids and 

polyploids 

The total number of transcripts from diploid parents and T. miscellus polyploids mapping 

to floral identity genes from other Asteraceae species (Table 4.3) and comparative transcript 

abundance of floral identity genes in long- and short-liguled natural and synthetic polyploids 

were calculated (Table 4.4). Comparative transcript abundance was determined by calculating 

the percentage of transcripts mapping to orthologs from other species (Table 4.4). The 

minimum level of significant expression of either parental homeolog was set as ≥70%, 

meaning that a parental homeolog was considered to be significantly expressed only if its 

percentage was equal to or more than 70% at each diagnostic SNP. 

4.4.2.1 Expression of A-class genes 

 A-class genes confer sepal identity and in sunflower, HAM75 and HAM92 perform A 

function (Shul'ga et al., 2008). Tragopogon transcripts (from both MiSeq and HiSeq) 

orthologous to HAM75 were polymorphic with three SNPs identified between the parental 

homeologs at 294 bp, 319 bp and 328 bp, respectively (these are relative positions on the 

orthologous gene). Natural short- and long-liguled (2604-22 and 2605-9, respectively) T. 

miscellus polyploids and also both short- and long-liguled synthetic polyploids (111-4 and 
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129-7, respectively) were heterozygous at all the SNPs (Table 4.4). For the second A-class 

gene from sunflower HAM92, there were again three SNPs identified at 374 bp, 382 bp, and 

427 bp in Tragopogon orthologs. All the natural and synthetic T. miscellus polyploids equally 

expressed those polymorphic transcripts. In Chrysanthemum CDM111, CDM8 and CDM41 were 

reported to perform A-function (Shchennikova et al., 2004). Three SNPs were identified in T. 

miscellus polyploids orthologs for both CDM111 (433 bp, 480 bp and 580 bp) and CDM41 (167 

bp, 184 bp and 325 bp). None of the reads from parents or polyploids mapped to CDM8. For 

both CDM111 and CDM41, all the reciprocally formed natural and synthetic polyploids showed 

almost an equal proportion of heterozygous transcripts. In Gerbera hybrid, SQUAMOSA-like 

gsqua1 has been reported for A function (Yu et al., 1999). Transcript reads orthologous to 

gsqua1 abundantly mapped from both Tragopogon diploid parents and T. miscellus polyploids 

(Table 4.3). These Tragopogon orthologs were highly homozygous and conserved with not 

even a single SNP present in them. 

4.4.2.2 Expression of B-class genes  

In combination with A activity genes, B-class genes control petal formation in the 

second whorl and along with C-class genes, B-class genes are involved in the development of 

stamens in the 3rd whorl of the flower (Krizek & Fletcher, 2005). Expression patterns of the 

orthologs of sunflower B-function genes: HAM2, HAM31, HAM63, HAM91, HaPI and HaAP3 

(Shul'ga et al., 2008) were determined in Tragopogon diploids and polyploids. Tragopogon 

transcripts orthologous to HAM2 have three SNPs at 256 bp, 274 bp and 343 bp; orthologs of 

HAM31 had one SNP at 496 bp; and orthologs of HaPI had one SNP at 153 bp. All the natural 

and synthetic T. miscellus polyploids equally expressed those polymorphic transcripts (Table 

4.4). Very few Tragopogon transcripts mapped to HAM63 and HaAP3 and there was no 

polymorphism observed in them (Table 4.3). Orthologs of HAM91 had five SNPs at 107 bp, 

114 bp, 154 bp, 157 bp and 160 bp. The third SNP (154 bp) was unique in that all the natural 
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and synthetic polyploids were homozygous like T. pratensis (100% T) while T. dubius was 

heterozygous (G-92% and T-8%) at that SNP (Table 4.4). The remaining four SNPs seemed to 

be linked in having almost equal percentages of polymorphic transcripts at each of them in all 

T. miscellus polyploids except natural long-liguled T. miscellus (2605-9) which expressed T. 

pratensis-specific transcripts at a lower level (27-33%) compared to the other allele common 

between the parental species (67-73%) (Table 4.4).  In Chrysanthemum, PI-like CDM86 and 

AP3-like CDM19 and CDM115 perform B-function (Shchennikova et al., 2004). Tragopogon 

transcripts orthologous to CDM86 had one SNP at 500 bp and orthologs of CDM19 had four 

SNPs at 193 bp, 461 bp, 529 bp and 570 bp. For both of these, Tragopogon orthologs equally 

expressed both polymorphic transcripts in all the T. miscellus polyploids studied except 

natural long-liguled T. miscellus (2605-9) which was homozygous (G-100%) for CDM19 

orthologs at 4th SNP (570 bp). Very few transcripts mapped to CDM115 and there were no 

SNPs observed in the between T. dubius and T. pratensis orthologs of CDM115. In Gerbera 

hybrida, GLO-like gglo1 and DEF-like gdef1 and gdef2 have been reported for B activity (Yu et 

al., 1999). Tragopogon orthologs of gglo1 had one SNP at 154 bp and were heterozygous with 

equal percentage of variants (50:50 both C and T variants) in all the polyploids and orthologs 

of gdef1 had six SNPs at 77 bp, 84 bp, 124 bp, 127 bp, 129 bp, and 504 bp. All the natural and 

synthetic T. miscellus polyploids were heterozygous (Table 4.4). Similar expression patterns 

were observed for the orthologs of gdef2 at the three SNPs at 163 bp, 185 bp, and 275 bp in all 

the T. miscellus individuals except one synthetic short-liguled individual (111-4) which 

showed higher expression of T. pratensis homeolog (81%) compared to other homeolog 

common between the parents (Table 4.4). Tragopogon orthologs of Lactuca sativa PISTILLATA 

like- B function gene had one SNP at 120 bp. All the T. miscellus individuals showed T. 

pratensis pattern of expression in terms of heterozygosity and percentages of polymorphic 

transcripts (~50:50 both C and T alleles) (Table 4.4). 
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4.4.2.3 Expression of C-class genes 

Along with B-function genes, C-class genes specify stamen identity in the third whorl 

and C-class genes alone specify carpel identity (Krizek & Fletcher, 2005). Tragopogon 

transcripts orthologous to sunflower C-class genes: HAM45, HAM59 and HaAG (Dezar et al., 

2003; Shul'ga et al., 2008) had four, five and two SNPs, respectively (HAM45: 377 bp, 458 bp, 

485 bp and 529 bp; HAM59: 507 bp, 634 bp, 639 bp, 675 bp, and 699 bp; HaAG: 368 bp and 

408 bp). Tragopogon orthologs from T. miscellus polyploids showed almost an equal 

expression of polymorphic transcripts for both HAM45 and HAM59 at all the SNPs for all the T. 

miscellus individuals (Table 4.4). Tragopogon orthologs of HaAG carried ‘A’ and ‘G’ variants at 

368 bp in both parents with ‘A’ variant most frequent in parents (70-90%) but in the T. 

miscellus polyploids ‘G’ variant was frequent (66-83%) except natural short liguled (2604-22). 

At another SNP (C/T) at 408 bp both parents and T. miscellus polyploids carried ‘T’ allele more 

frequently (64-91%) than ‘C’ allele (9-36%) except natural short liguled (2604-22) which 

equally expressed both variants at 408bp (Table 4.4). Tragopogon orthologs of the 

Chrysanthemum C-class gene CDM37 and orthologs of Gerbera hybrida C-class gene gaga1 had 

variability but did not have polymorphisms between parents, while orthologs of gaga2 had 

two SNPs at 308 bp and 677 bp. All the natural and synthetic T. miscellus polyploids equally 

expressed those variants (Table 4.4). There are also other C-class genes reported in Gerbera 

hybrida such as Gerbera regulator of capitulum development 1 and 2 (GRCD1 and GRCD2). 

Tragopogon orthologs of GRCD2 had lots of variability but there were no any polymorphisms 

detected between parents, while orthologs of GRCD1 had one SNP at 169 bp. In T. pratensis 

and all the T. miscellus polyploids transcripts carrying ‘T’ at that SNP were more frequent 

compared to T. dubius where transcripts carrying ‘C’ were more common (Table 4.4). 
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4.4.2.4 Expression of E-class genes 

E-class genes involve SEPALLATA-like genes that are required at all stages in floral 

development in Arabidopsis and Petunia (Pelaz et al., 2000; Vandenbussche et al., 2003). In 

sunflower, HAM137 performs E function. Tragopogon transcripts orthologous to HAM137 had 

two SNPs at 135 bp and 428 bp. All the T. miscellus polyploids abundantly expressed the 

transcripts that were frequently expressed in T. pratensis (T-77% at 135 bp, A-75% at 428 bp) 

(Table 4.4). E-function in Chysanthemum is performed by CDM44. A small number of 

Tragopogon transcripts mapped to this gene with no polymorphisms between the diploids. 

4.4.2.5 Floral symmetry genes 

Expression of the floral symmetry genes was determined in the Tragopogon diploids 

(T. dubius and T. pratensis) and T. miscellus polyploids by mapping Tragopogon transcriptome 

against CYCLOIDEA-like genes which has been already reported in the members of Asteraceae 

(Sunflower and Gerbera hybrida). Very few Tragopogon transcripts mapped to these CYC-like 

genes.  Some Tragopogon transcripts orthologous to Sunflower CYC-like gene HaCYC2b 

(Chapman et al., 2008) had one SNP at 382 bp. Both natural and synthetic long-liguled 

individuals equally expressed polymorphic transcripts, while the natural short-liguled T. 

miscellus individual (2604-22) frequently expressed transcripts with ‘T’ variant (75%) similar 

to T. pratensis (71%) and synthetic short-liguled T. miscellus individual (111-4) had more 

transcripts with ‘C’ variant (80%) like T. dubius (93%) (Table 4.4). Some Tragopogon 

transcripts also mapped to CYC-like gene ghCyc4 reported in Gerbera hybrida (Broholm et al., 

2008). Tragopogon orthologs carried two SNPs at 399 bp and 421 bp. Both natural T. miscellus 

polyploids followed T. dubius expression pattern in being homozygous while synthetic long-

liguled individual (129-7) expressed T. pratensis-specific homeolog at higher level (76%). 

Tragopogon transcripts orthologous to another Gerbera CYC-like gene ghCyc2 had one SNP at 
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357 bp (Table 4.4). Both natural and synthetic long-liguled individuals (2605-9 and 129-7, 

respectively) showed higher expression of T. pratensis-specific homeolog, while natural and 

synthetic short-liguled individuals (2604-22 and 111-4) expressed other polymorphic allele 

at a high frequency. 

Expression of the other flower development genes such as LEAFY and FLOWERING 

TIME LOCUS genes, which are involved in the flowering induction in many plant species, were 

also analyzed in Tragopogon diploids and polyploids. None of the transcripts mapped to 

previously reported LEAFY gene, while few transcripts mapped to FLOWERING TIME LOCUS 

genes LsFT reported in Lactuca sativa (Fukuda et al., 2011). There were three SNPs in 

Tragopogon orthologs at 1920 bp, 1967 bp and 1984 bp. All the T. miscellus individuals 

equally expressed both polymorphic transcripts except synthetic short-liguled (111-4) which 

followed T. pratensis pattern of expression in terms of percentages of polymorphic transcripts 

(Table 4.4). None of the Tragopogon transcripts mapped to Sunflower flowering locus gene-

Flowering locus T2 (Blackman et al., 2011). 

4.5 Discussion  

 The presence of genetic and epigenetic variation between reciprocal hybrids and the 

effects of that variation on morphological characters have often been attributed to 

cytoplasmic inheritance, genomic imprinting or maternal effects (Birky, 1995; Miko, 2008; He 

et al., 2010). Correns (1909) showed that the development of different leaf colors in 

reciprocal hybrids of Mirabilis jalapa was caused by uniparental inheritance of leaf color. 

Similarly, the formation of different inflorescence morphologies in reciprocally formed (short- 

and long-liguled) Tragopogon miscellus polyploids has been prourposed to result from a 

maternal influence. To test this hypothesis, transcriptome data for floral identity genes was 

analyzed from the inflorescences of diploid parents (T. dubius and T. pratensis) and their 

reciprocal T. miscellus polyploids in this study. 
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4.5.1 Divergence among parental species 

 Genetic variation in the natural populations of T. dubius and T. pratensis has been well 

documented previously. T. dubius has been reported to be more variable compared to T. 

pratensis (Soltis et al., 1995a; Symonds et al., 2010). Considerable variation has also been 

detected within both parental species for the floral identity genes studied here. Surprisingly T. 

pratensis was more heterozygous compared to T. dubius, which was mostly found to be 

homozygous and less variable in contrast to previous findings (Soltis et al., 1995a; Mavrodiev 

et al., 2005; Symonds et al., 2010). Since only a small number of genes were analyzed here, 

analysis of the remaining transcriptome data might shed more light on this level of divergence 

between parental species. Similarly, only one individual of each diploid was sequenced and 

these might not accurately reflect the variation present within the species in the Palouse. 

4.5.2 Transcript abundance or expression of floral identity genes 

 For the first time we report orthologs of the floral identity genes in Tragopogon 

species. Because the analysis of progenitor-specific transcript abundance was complicated by 

the fact that divergence between parental species was not informative, we were unable to 

investigate the maternal influence on the formation of short- and long-liguled floral forms in 

this preliminary study. However, a considerable number of Tragopogon transcripts mapped to 

floral identity genes from other species suggesting that MADS box genes were expressed well 

at the time of harvesting those inflorescences for generating transcriptome data.  

4.5.2.1 Transcript abundance for A-class genes  

 Tragopogon transcripts orthologous to floral identity genes from Sunflower (HAM75), 

Chrysanthemum (CDM111) and Gerbera hybrida (gsqua1) from APETALA1 and SQUAMOSA 

subfamilies of class A mapped abundantly (Table 3) (Yu et al., 1999; Shchennikova et al., 

2004; Shul'ga et al., 2008). From the transcript abundance, among other A-class genes 
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CDM111 seemed to be most abundantly expressed in Tragopogon species (Table 3). CDM111 

has been reported to be predominantly expressed in inflorescence bracts and petals of both 

ray and disk florets in Chrysanthemum (Shchennikova et al., 2004) like other SQUAMOSA 

genes (Huijser et al., 1992). Transcript abundance of this gene in Tragopogon should result 

from its expression in the petals of ray and disk florets only because young and mature floral 

buds were harvested without bracts for RNA extraction. Moreover, higher expression of this 

transcription factor may be related to harvesting stage of Tragopogon inflorescences as the 

expression of these MADS box proteins is highly dependent on the floral developmental stages 

(Ng & Yanofsky, 2001). Nothing could be inferred in terms of progenitor-specific expression 

for any of the class A orthologs, as these were heterozygous in T. pratensis and carried almost 

an equal proportion of transcripts with these two alleles in the polyploids. 

4.5.2.2 Transcript abundance for B-class genes 

 Tragopogon transcripts mapped abundantly to HAM31 among other sunflower B-class 

genes, CDM86 among other B-class genes in Chrysanthemum and gglo1 in Gerbera hybrida 

(Table 4.3) (Yu et al., 1999; Shchennikova et al., 2004; Shul'ga et al., 2008). All those genes 

belong to PISTILLATA/GLOBOSA subfamilies, while other B-class genes in those species also 

mapped to APETALA3/DEFICIENS subfamilies but at a lower level (Table 4.3). This suggests 

that AP3/DEF subfamilies were not highly expressed at the time of inflorescence collection. B-

class genes are responsible for 2nd (petal) and 3rd (stamen) whorl development (Krizek & 

Fletcher, 2005). All these genes showing higher transcript abundance have been reported to 

be expressed in these whorls in their respective species, for instance, gglo1 in Gerbera hybrida 

was reported to be expressed in the stamens (3rd whorl) of developing trans florets (trans 

florets are intermediate florets forming a whorl that surrounds central disk florets of the 

capitulum and trans florets are themselves surrounded by a whorl of ray florets in Gerbera 

hybrida) and disc florets of the capitulum (Yu et al., 1999; Shchennikova et al., 2004; Shul'ga et 
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al., 2008). In accordance with the expression of above genes, transcript abundance of these B-

class genes in Tragopogon might be associated with their spatial expression in the stamens of 

ray and disc florets.  

Although progenitor-specific expression could not be specified to these B-class 

orthologs, some expression differences based on T. pratensis-specific homeolog could be 

assigned as T. pratensis  homeolog was heterozygous and carried ~ 50% transcripts which 

were not present in T. dubius (as mentioned in results). So, expression of those T. pratensis- 

specific transcripts in T. miscellus polyploids could be discussed here. For instance, natural 

long-liguled T. miscellus (2605-9) which has T. dubius as maternal parent (Soltis & Soltis, 

1989) showed lower expression of HAM91 orthologs from T. pratensis (27-33%) while other 

transcripts common between both parents were expressed at a high rate (67-73%) at four 

SNPs (Table 4.4). Similarly, synthetic short-liguled T. miscellus (111-4) which has T. pratensis 

as maternal parent (Tate et al., 2009b) showed higher abundance of gdef2 orthologs from T. 

pratensis-specific transcripts (81%) at first two SNPs. It could be assumed that the differential 

expression of the T. pratensis homeolog observed here might be cause by maternal influence 

(Table 4.4). 

4.5.2.3 Transcript abundance for C- and E-class genes 

 Higher abundance of Tragopogon transcripts was observed for the orthologs of 

HAM59 (sunflower), CDM37 (Chrysanthemum) and both gaga1 and gaga2 (Gerbera hybrida) 

(Table 4.3). All these genes belong to the AGAMOUS subfamily. Class C genes are generally 

involved in the identity of 3rd (stamen) and 4th (carpel) whorl (Krizek & Fletcher, 2005). 

Shulga et al. (2008) reported the expression of HAM59 in the stamens and carpel of 

tubular/disc florets, but its expression was absent in the ray florets (where stamens abort) of 

sunflower suggesting its role in the development of stamens. Similarly, transcript abundance 
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of Tragopogon orthologs could be assumed to follow the above pattern of expression. Among 

E-class genes, Tragopgon orthologs mapped well to sunflower E-class gene HAM137 from 

SEPALLATA3 subfamily compared to other genes (CDM44) from Chrysanthemum, suggesting 

Tragopogon orthologs for class E genes are more closely related to HAM137 (Table 4.3).  

4.5.2.4 Floral symmetry genes 

Floral symmetry (zygomorphic and actinomorphic) has been reported to be controlled 

by a family of CYCLOIDEA-like genes (Hileman & Cubas, 2009). In addition to determining 

bilateral symmetry (Zygomorphic) (Endress, 1998), the role of CYC-like genes in developing 

novel floral morphologies has been widely reported. For instance, Song et al. (2009) reported 

the contribution of these genes in the abortion of ventral stamens in the flowers of Opithandra 

(Gesneriaceae). These CYC-like genes have also been studied in the members of Asteraceae 

including sunflower and Gerbera hybrida, where CYC-like genes have been reported to be 

expressed only in ray florets (zygomorphic), but not in the disc florets (actinomorphic), 

suggesting their role in the formation of diverse floret types in the complex inflorescence of 

Asteraceae (Broholm et al., 2008; Chapman et al., 2008). Expression of this gene family has 

not been reported previously in Tragopogon and in the present study we found very few 

orthologous transcripts mapping to these CYC-like genes reported in both sunflower and 

Gerbera hybrid (Table 4.3). This again suggests temporal expression pattern of these genes 

which may not have been expressed at the time of Tragopogon inflorescence collection.  

We were specifically interested in CYC-like gene expression because previously they 

have been reported to control ligule length in the ray and disk florets in Gerbera hybrida 

(Broholm et al., 2008). Broholm et al. (2008) reported the over-expression of GhCyc2 genes 

was related to longer petals in disk and trans florets, while its suppression was associated 

with short ligule length in trans florets of Gerbera hybrida. As reciprocal T. miscellus 

polyploids studied here also have different floral structures in terms of length of ligules, we 
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were expecting that these genes might be involved in determining maternal influence in these 

polyploids.   However, due to an absence of progenitor-specific variation between parents (T. 

dubius and T. pratensis), it was not possible to infer homeologous expression in T. miscellus 

polyploids for the above floral symmetry genes and floral identity MADS box genes discussed 

above.  

Nonetheless, this preliminary study identified orthologs of MADS-box transcription 

factors and other floral developmental genes. A more comprehensive analysis of the resulting 

transcriptomic data generated from the inflorescences of the synthetic and natural short- and 

long-liguled T. miscellus polyploids would yield valuable findings. Moreover, a thorough 

developmental study of the individual floral whorls and inflorescences (using morphological 

and transcriptomic analysis) would be required to identify the genes responsible for these 

differing inflorescence forms.  
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Table 4.3 Total read count for Tragopogon transcripts mapping to ABC genes for each of the diploid parents and T. miscellus polyploid.  

    Read count for HiSeq samples (100bp long reads) Read count for MiSeq samples (250bp long reads) 

Gene 
Orthologs in 
Arabidopsis/Antirhinum 

T.du
bius T. pratensis T. miscellus T.dubius T. pratensis T. miscellus 

        
2609-
22 

2604-
22 

129-
7 

111-
4     

2609-
22 

2604-
22 

129-
7 

111-
4 

HAM75 API and SQUA 305 317 288 96 111 642 48 63 46 67 21 69 

HAM92 API and SQUA 166 179 173 58 86 397 13 26 11 26 3 33 

CDM111 API and SQUA 671 748 692 278 270 1673 89 102 78 130 23 123 

CDM8 API and SQUA 0 0 1 0 1 2 0 0 0 0 0 0 

CDM41 API and SQUA 85 110 158 32 69 170 14 22 20 9 1 18 

gsqua1 SQUA 588 452 438 164 574 966 8 1 0 2 1 2 

Orthologs of B-class genes 

HAM31 PI and GLO 
121

8 1382 648 584 1734 1414 162 137 82 140 152 147 

HAM2 AP3 and DEF 482 431 174 224 1327 638 71 61 23 53 115 57 

HAM63 AP3 and DEF 59 20 21 12 43 15 5 1 2 2 5 1 

HAM91 AP3 and DEF 99 104 198 33 132 130 10 6 17 5 6 8 

HaAP3 AP3 0 5 0 0 3 3 0 0 0 0 0 0 

CDM86 PI 
383

0 4023 2183 1491 6574 5427 370 364 167 322 369 449 

CDM19 AP3 901 703 287 313 2116 1135 139 131 35 107 195 109 

CDM115 AP3 21 17 11 6 43 17 3 2 0 1 0 0 

gglo1 GLO 
449

2 4157 2504 1000 7775 6048 640 470 317 495 693 593 

gdef1 DEF 200 249 364 72 284 230 11 21 22 12 17 16 

gdef2 DEF 807 604 574 314 1748 1172 108 135 76 88 159 100 

Lac-Lsa PI 889 1101 564 380 1379 1236 113 80 48 77 91 97 

Orthologs of C-class genes 

HAM45 AGAMOUS and PLENA 180 119 132 40 311 279 34 17 12 19 33 25 

HAM59 AGAMOUS and PLENA 527 362 212 163 610 658 82 51 26 58 50 58 

HaAG AGAMOUS 261 198 173 72 534 482 9 29 7 12 26 27 

CDM37 AGAMOUS 434 268 217 69 691 568 48 47 23 42 44 38 
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   gaga1 AGAMOUS 457 340 230 97 716 759 54 39 23 41 42 61 

gaga2 AGAMOUS 312 300 152 97 504 611 41 44 21 27 33 32 

GRCD1 
Gerbera regulater of 
Capitulum development 396 1069 468 412 1650 1415 73 256 43 130 145 151 

GRCD2 
Gerbera regulater of 
Capitulum development 434 370 375 125 689 754 45 78 27 58 44 55 

Orthologs of E-class genes 

HAM137 SEP3 or AGL9 570 972 408 458 1565 1307 84 161 49 96 113 128 

CDM44 SEP3 or AGL2 19 24 28 8 37 50 0 1 1 0 0 0 

Orthologs of floral symmetry genes 

HaCyc2b Cycloidea-like 17 8 5 4 32 35 1 0 0 0 0 1 

ghCyc2 Cycloidea-like 4 3 1 2 8 3 0 0 0 0 0 0 

ghCyc4 Cycloidea-like 7 6 4 3 15 18 0 1 0 0 0 0 

LsFT Flowering Time Locus 12 35 33 15 33 41 0 3 4 1 7 2 
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Table 4.4 Percentages of parental transcripts in Tragopogon diploid and polyploids orthologous to ABC class genes from other groups of 
Asteraceae. 

Orthologs of A-Class genes 

Gene Reference 
species 

Species  SNP 1 SNP 2 SNP 3 SNP 4 Position of SNP 5 Position of SNP 6 

   Percentage of 
transcripts 

Percentage of 
transcripts 

Percentage of 
transcripts 

Percentage of 
transcripts 

Percentage of 
transcripts 

Percentage of 
transcripts 

   294bp 319bp 328bp    

HAM75 Halianthus 
annuus 

T. dubius A-97%    G-3% C-100% C-100%    

  T. pratensis A-44%    C-56% C-44%  T-56% C-40%  T-57%    

  2604-22  
T. miscellus(NS) 

A-53%    C-48% C-50%  T-50% C-44%  T-56%    

  2605-9  
T. miscellus(NL) 

A-65%    C-35% C-69%  T-31% C-69%  T-31%    

  111-4  
T. miscellus(SS) 

A-49%    C-49% C-51%  T-49% C-50%  T-50%    

  129-7  
T. miscellus(SL) 

A-58%    C-42% C-58%  T-42% C-55%  T-45%    

         

   382bp 374bp 427bp    

HAM92 Halianthus 
annuus 

T. dubius C-100% C-100% A-100%    

  T. pratensis C-73%   T-27% C-67%  T-33% A-63%  G-37%    

  2605-9  
T. miscellus(NL) 

C-52%   T-48% C-45%  T-55% A-43%  G-57%    

  2604-22  
T. miscellus(NS) 

C-62%   T-38% C-54%  T-46% A-46%  G-54%    

  129-7 
 T. miscellus(SL) 

C-34%   T-66% C-31%  T-69% A-35%  G-63%    

  111-4 
T. miscellus(SS) 

C-52%   T-48% C-50%  T-50% A-47%  G-53%    

         

   433bp 480bp 580bp    

CDM111 Chrysanthemum T. dubius A-100% G-100% C-2%   T-97%    

  T. pratensis A-45%   G-54% A-55%     G-45% C-57%   T-40%    

  2604-22  
T. miscellus(NS) 

A-54%   G-46% A-50%     G-50% C-44%   T-58%    

  2605-9  
T. miscellus(NL) 

A-43%   G-57% A-54%     G-46% C-52%   T-48%    

  111-4  A-36%   G-64% A-65%     G-35% C-62%   T-37%    
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T. miscellus(SS) 

  129-7  
T. miscellus(SL) 

A-53%   G-47% A-54%     G-46% C-58%   T-42%    

         

   167bp 184bp 325bp    

CDM41 Chrysanthemum T. dubius T-100% C-100% G-100%    

  T. pratensis G-50%    T-50% A-57%    C-43% C-56%   G-44%    

  2604-22  
T. miscellus(NS) 

G-60%    T-40% A-64%    C-36% C-62%   G-33%    

  2605-9  
T. miscellus(NL) 

G-38%    T-62% A-43%    C-57% C-38%   G-63%    

  111-4  
T. miscellus(SS) 

G-25%    T-75% A-25%    C-75% C-60%   G-40%    

  129-7  
T. miscellus(SL) 

None of reads 
mapped 

NA NA    

         

Orthologs of B Class genes 

         

   256bp 274bp 343bp    

HAM2 Halianthus 
annuus 

T. dubius C-2%   T-98% A-100% G-100%    

  T. pratensis G-47%   T-53% A-55%   G-45% A-45%   G55%    

  2604-22  
T. miscellus(NS) 

G-54%   T-46% A-46%   G-54% A-59%   G41%    

  2605-9  
T. miscellus(NL) 

G-55%   T-45% A-50%   G-50% A-41%   G59%    

  111-4  
T. miscellus(SS) 

G-55%   T-45% A-42%   G-58% A-57%   G43%    

  129-7  
T. miscellus(SL) 

G-62%   T-38% A-36%   G-64% A-64%   G36%    

         

   496bp      

HAM31 Halianthus 
annuus 

T. dubius A-99%     C-1%      

  T. pratensis A-40%     C-56%      

  2604-22  
T. miscellus(NS) 

A-40%     C-59%      

  2605-9  
T. miscellus(NL) 

A-48%     C-50%      

  111-4  
T. miscellus(SS) 

A-57%     C-42%      
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  129-7  
T. miscellus(SL) 

A-50%     C-50%      

         

   107bp 114bp 154bp 157bp 160bp  

HAM91 Halianthus 
annuus 

T. dubius A-100% A-96%    G-4% G-92%   T-8% A-99%     C-1% G-100%  

  T. pratensis A-57%   C-43% A-58%    G-42% T-100% A-58%     C-42% A-41%    G-59%  

  2605-9  
T. miscellus(NL) 

A-73%   C-27% A-69%    G-31% T-100% A-67%     C-33% A-33%    G-67%  

  2604-22  
T. miscellus(NS) 

A-60%   C-40% A-63%    G-37% T-100% A-59%     C-41% A-41%    G-59%  

  129-7  
T. miscellus(SL) 

A-52%   C-48% A-47%    G-53% T-100% A-50%     C-50% A-51%    G-49%  

  111-4 
 T. miscellus(SS) 

A-64%   C-36% A-58%    G-42% T-100% A-67%     C-33% A-33%    G-67%  

         

   500bp      

CDM86 Chrysanthemum T. dubius A-100%      

  T. pratensis A-48%    C-52%      

  2605-9  
T. miscellus(NL) 

A-46%    C-53%      

  2604-22  
T. miscellus(NS) 

A-48%    C-51%      

  129-7  
T. miscellus(SL) 

A-50%    C-49%      

  111-4 
 T. miscellus(SS) 

A-51%    C-48%      

         

   193bp 461bp 529bp 570bp   

CDM19 Chrysanthemum T. dubius G-100% A-1%    C-99% G-2%   T-98% C-4%   G-96%   

  T. pratensis A-19%    G-81% A-52%    C-47% C-53%   T-47% A-45%      G-55%   

  2604-22  
T. miscellus(NS) 

A-41%    G-57% A-47%    C-52% C-52%   T-48% A-46%      G-54%   

  2605-9  
T. miscellus(NL) 

A-57%    G-43% A-47%    C-53% C-50%   T-50% A-0%      G-100%   

  111-4   
T. miscellus(SS) 

A-37%    G-63% A-65%    C-35% C-70%   T-30% A-33%      G-67%   

  129-7  
T. miscellus(SL) 

A-59%    G-41% A-58%    C-42% C-60%   T-40% A-37%      G-63%   

         

   154bp      
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gglo1 Gerbera hybrida T. dubius C-0%   T-100%      

  T. pratensis C-51%   T-49%      

  2605-9  
T. miscellus(NL) 

C-51%   T-49%      

  2604-22  
T. miscellus(NS) 

C-48%   T-52%      

  129-7 
 T. miscellus(SL) 

C-47%   T-53%      

  111-4 
T. miscellus(SS) 

C-45%   T-55%      

         

   77bp 84bp 124bp 127bp 129bp 504bp 

gdef1 Gerbera hybrida T. dubius A-100% A-100% G-82%   T-12% A-90%   C-5% G-100% G-100% 

  T. pratensis A-24%     C-76% A-22%      G-77% T-100% A-13%   C-87% A-80%    G-20% G-57%    T-43% 

  2605-9  
T. miscellus(NL) 

A-28%     C-71% A-28%      G-72% T-100% A-20%   C-80% A-61%    G-39% G-48%    T-52% 

  2604-22  
T. miscellus(NS) 

A-19%     C-81% A-21%      G-79% T-100% A-15%   C-85% A-54%    G-46% G-62%    T-34% 

  129-7  
T. miscellus(SL) 

A-29%     C-71% A-27%      G-73% T-100% A-19%   C-81% A-83%    G-17% G-44%    T-56% 

  111-4 
T. miscellus(SS) 

A-35%     C-65% A-33%      G-67% T-100% A-25%   C-75% A-73%    G-27% G-54%    T-45% 

         

   163bp 185bp 275bp    

gdef2 Gerbera hybrida T. dubius T-100% C-98%      T-2% C-26%   T-74%    

  T. pratensis T-47%    C-53% C-48%   A-51%    C-55%   T-45%    

  2605-9  
T. miscellus(NL) 

T-45%    C-55% C-44%   A-56%    C-99%   T-1%    

  2604-22  
T. miscellus(NS) 

T-63%    C-38% C-57%   A-41%    C-98%   T-2%    

  129-7  
T. miscellus(SL) 

T-44%    C-56% C-43%   A-56%    C-56%   T-44%    

  111-4  
T. miscellus(SS) 

T-19%    C-81% C-17%   A-82%    C-81%   T-19%    

         

   120bp      

Lac-Lsa Lactuca sativa T. dubius C-0%   T-100%      

  T. pratensis C-50%   T-50%      

  2605-9  
T. miscellus(NL) 

C-55%   T-45%      
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  2604-22  
T. miscellus(NS) 

C-51%   T-49%      

  129-7  
T. miscellus(SL) 

C-48%   T-52%      

  111-4  
T. miscellus(SS) 

C-46%   T-54%      

Orthologs of C Class genes 

   377bp 458bp 485bp 529bp   

HAM45 Halianthu
s annuus 

T. dubius C-100% A-93%    G-7% A-100% C-92%   T-8%   

  T. pratensis C-53%   T-47% A-76%    G-24% A-70%    T-30% C-44%    T-56%   

  2604-22  
T. miscellus(NS) 

C-57%   T-43% A-78%    G-22% A-78%    T-22% C-29%    T-71%   

  2605-9  
T. miscellus(NL) 

C-64%   T-36% A-11%    G-89% A-61%    T-39% C-63%    T-38%   

  111-4   
T. miscellus(SS) 

C-72%   T-28% A-17%    G-83% A-56%    T-44% C-53%    T-47%   

  129-7  
T. miscellus(SL) 

C-58%   T-42% A-21%    G-79% A-63%    T-37% C-35%    T-62%   

         

   507bp 634bp 639bp 675bp 699bp  

HAM59 Halianthu
s annuus 

T. dubius C-2%  G-98% C-100% C-100% G-100% A-100%  

  T. pratensis A-52%    G-48% C-67%   T-33% C-56%   T-44% C-44%     G-55% A-76%   G-24%  

  2605-9  
T. miscellus(NL) 

A-46%    G-54% C-72%   T-28% C-60%   T-40% C-31%     G-69% A-93%   G-7%  

  2604-22  
T. miscellus(NS) 

A-51%    G-49% C-68%   T-32% C-53%    T-47% C-43%     G-57% A-77%   G-23%  

  129-7  
T. miscellus(SL) 

A-50%    G-50% C-61%   T-39% C-56%    T-41% C-35%     G-65% A-75%   G-25%  

  111-4  
T. miscellus(SS) 

A-60%    G-40% C-68%   T-32% C-57%    T-43% C-34%     G-66% A-77%   G-23%  

         

   368bp 408bp     

HaAG Halianthu
s annuus 

T. dubius A-90%   G-10% C-36%    T-64%     

  T. pratensis A-69%   G-31% C-32%    T-68%     

  2605-9  
T. miscellus(NL) 

A-17%   G-83% C-9%    T-91%     

  2604-22  
T. miscellus(NS) 

A-86%   G-14% C-56%    T-44%     

  129-7  A-21%   G-79% C-14%    T-86%     
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T. miscellus(SL) 

  111-4  
T. miscellus(SS) 

A-34%   G-66% C-23%    T-77%     

         

   308bp 677bp     

gaga2 Gerbera 
hybrida 

T. dubius G-100% T-100%     

  T. pratensis A-51%  G-49% C-59%   T-41%     

  2605-9  
T. miscellus(NL) 

A-31%  G-69% C-57%   T-43%     

  2604-22  
T. miscellus(NS) 

A-60%  G-40% C-68%   T-32%     

  129-7  
T. miscellus(SL) 

A-44%  G-56% C-66%   T-34%     

  111-4  
T. miscellus(SS) 

A-44%  G-56% C-60%   T-40%     

         

   169bp      

GRCD1 Gerbera 
hybrida 

T. dubius C-99%   T-1%      

  T. pratensis C-16%   T-83%      

  2605-9  
T. miscellus(NL) 

C-22%   T-78%      

  2604-22  
T. miscellus(NS) 

C-17%   T-83%      

  129-7  
T. miscellus(SL) 

C-22%   T-78%      

  111-4  
T. miscellus(SS) 

C-19%   T-81%      

Orthologs of E Class genes 

   135bp 428bp     

HAM13
7 

Halianthu
s annuus 

T. dubius C-91%  T-9% A-31%    C-69%     

  T. pratensis C-23%  T-77% A-75%     C-25%     

  2605-9  
T. miscellus(NL) 

C-31%  T-69% A-100%     

  2604-22  
T. miscellus(NS) 

C-23%  T-77% A-100%     

  129-7 
 T. miscellus(SL) 

C-28%  T-71% A-64%     C-36%     

  111-4  
T. miscellus(SS) 

C-27%  T-73% A-35%     C-65%     
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Orthologs of Floral Symmetry Genes 

   382bp      

HaCyc2
b 

Halianthu
s annuus 

T. dubius C-93%    T-7%      

  T. pratensis C-29%    T-71%      

  2605-9  
T. miscellus(NL) 

C-50%    T-50%      

  2604-22  
T. miscellus(NS) 

C-25%    T-75%      

  129-7  
T. miscellus(SL) 

C-63%    T-38%      

  111-4  
T. miscellus(SS) 

C-80%    T-20%      

         

   357bp      

ghCyc2 Gerbera 
hybrida 

T. dubius A-100%      

  T. pratensis A-33%      G-67%      

  2605-9  
T. miscellus(NL) 

G-100%      

  2604-22  
T. miscellus(NS) 

A-100%      

  129-7  
T. miscellus(SL) 

A-38%     G-63%      

  111-4 
T. miscellus(SS) 

A-67%     G-33%      

         

   399bp 421bp     

ghCyc4 Gerbera 
hybrida 

T. dubius T-100% C-100%     

  T. pratensis A-50%     T-50% T-40%        C-60%     

  2605-9  
T. miscellus(NL) 

T-100% C-100%     

  2604-22  
T. miscellus(NS) 

T-100% C-100%     

  129-7  
T. miscellus(SL) 

A-76%     T-24% T-76%        C-24%     

  111-4  
T. miscellus(SS) 

A-24%     T-76% T-24%        C-76%     
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   1920bp 1967bp 1984bp    

LsFT Lactuca 
sativa 

T. dubius C-100% C-11%        T-89% A-75%    C-25%    

  T. pratensis C-9%      T-91% C-88%        T-12% A-100%    

  2605-9  
T. miscellus(NL) 

C-40%    T-60% C-54%        T-46% A-100%    

  2604-22  
T. miscellus(NS) 

C-50%    T-50% C-44%        T-56% A-100%    

  129-7  
T. miscellus(SL) 

C-35%    T-65% C-66%        T-34% A-100%    

  111-4  
T. miscellus(SS) 

C-7%      T-93% C-89%        T-11% A-97%    C-3%    

 
Note: NS, NL, SS and SL correspond to Natural Short-liguled, Natural Long-liguled, Synthetic Short liguled and Synthetic Long-liguled respectively.
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Sehrish T, Symonds VV, Soltis DE, Soltis PS, and Tate JA . Gene silencing via DNA 

methylation in naturally occurring Tragopogon miscellus (Asteraceae) 

allopolyploids. In prep. for Molecular Biology and Evolution. 
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5. Gene silencing via DNA methylation in naturally 
occurring Tragopogon miscellus (Asteraceae) 

allopolyploids 

 

5.1 Abstract   

Hybridization coupled with whole-genome duplication (allopolyploidy) leads to a 

variety of genetic and epigenetic modifications in the resultant merged genomes. In 

particular, gene loss and gene silencing are commonly observed post-polyploidization. 

Here, we investigated DNA methylation as a potential mechanism for gene silencing in 

Tragopogon miscellus, a recent and recurrently formed allopolyploid. This species, which 

also exhibits extensive gene loss, was formed from the diploids T. dubius and T. pratensis. 

Comparative bisulfite sequencing revealed methylation of CpG sites in the parental 

homeologs of two loci (S2 and TDF-44) that were previously identified as silenced in T. 

miscellus individuals relative to the diploid progenitors. The other three loci (S3, S8 and 

S18) examined did not show methylation, indicating that other transcriptional and post-

transcriptional mechanisms are likely responsible for silencing those homeologous loci. 

These results indicate that polyploids employ diverse mechanisms to respond to the 

potential shock of genome merger and doubling. 

5.2 Introduction 

Whole-genome duplication (polyploidy) has played a major role in eukaryotic 

evolution (Sankoff et al., 2000; Wolfe, 2001; Paterson et al., 2006; Braasch & Postlethwait, 

2012; Cañestro, 2012; Hudson & Conant, 2012).  In particular, flowering plants have 

experienced repeated episodes of polyploidy, since they shared a common ancestor with 

the gymnosperms some 300 million years ago (Soltis et al., 2009; Jiao et al., 2011). 

Understanding the genomic consequences of polyploidization, particularly when 

accompanied by hybridization (allopolyploidy), allows insight into the potential for 
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speciation and adaptation of these novel entities (Ramsey & Schemske, 1998; Madlung, 

2013). In particular, the merger and doubling of two divergent genomes can induce 

different genetic and epigenetic changes in the resulting polyploid (Comai, 2005b; Salmon 

et al., 2005; Chen, 2007a; Paun et al., 2007; Ma & Gustafson, 2008; Wendel et al., 2012). 

Genetic modifications can include gene loss, genome down-sizing, variable mutation rates 

of the duplicated genes (homeologs), chromosomal rearrangements and regulatory 

incompatibilities resulting from post-transcriptional modifications in the merged genomes 

(Doyle et al., 2008; Jackson & Chen, 2010; Xiong et al., 2011; Buggs et al., 2012a; Chester et 

al., 2012; Tang et al., 2012; Wendel et al., 2012; Zielinski & Scheid, 2012; Renny-Byfield et 

al., 2013). Epigenetic modifications involve heritable changes in gene expression without 

changes in the nucleotide sequence (Liu & Wendel, 2003; Rapp & Wendel, 2005; Zeng et 

al., 2012) and may include histone modification, DNA methylation, chromatin remodeling, 

microRNAs, or prions (Halfmann & Lindquist, 2010; Vanyushin & Ashapkin, 2011; Lee & 

Shin, 2012). DNA methylation, the addition of a methyl group at position 5 of the 

pyrimidine ring of cytosine, is a common mechanism associated with gene silencing in 

polyploids (Finnegan et al., 1998; Chan et al., 2005; Vanyushin, 2006). In general, cytosine 

methylation is important for maintaining genomic stability and is involved in genomic 

imprinting, transposon silencing and epigenetic regulation of gene transcription 

(Martienssen & Colot, 2001; He et al., 2011; Vanyushin & Ashapkin, 2011; Ji & Chen, 2012).  

Here, we investigated gene silencing via methylation in the allotetraploid plant 

Tragopogon miscellus. This species formed repeatedly and recurrently during the early 

1900s in the western United States, following the introduction of the diploid progenitors, 

T. dubius and T. pratensis, from Europe (Ownbey, 1950; Ownbey & Mccollum, 1953; Soltis 

& Soltis, 1989; Soltis et al., 1995a). Previous studies identified extensive homeolog loss 

(Tate et al., 2006b; Buggs et al., 2009; Tate et al., 2009a; Buggs et al., 2012a) and 

chromosomal variation (Chester et al., 2012) in naturally occurring T. miscellus 

populations. Two studies (Tate et al., 2006b; Buggs et al., 2009) also identified 
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homeologous gene silencing in some individuals of T. miscellus. In Tate et al. (2006b), the 

T. dubius copy of one locus (TDF-44) was silenced in multiple individuals from Pullman, 

Washington, and Moscow, Idaho. In Buggs et al. (2009), six loci showed variable silencing 

of T. dubius or T. pratensis homeologs in a few individuals from five different populations 

(Oakesdale, Pullman, and Spangle, Washington; Moscow and Garfield, Idaho). In the 

present study, we used comparative bisulfite sequencing to determine if these loci were 

silenced by methylation. 

5.3 Materials and methods 

5.3.1 Plant material  

DNA for the diploid parents (Tragopogon dubius and T. pratensis) and Tragopogon 

miscellus was the same as used by Tate et al. (2006b) and Buggs et al. (2009). In all, 19 T. 

miscellus individuals, each of which previously showed gene silencing (TDF-44 in Tate et 

al. 2006; S2, S3, S8, and S18 in Buggs et al. 2009; Table 5.1), were examined. Three 

representatives of each diploid species were also included. 

5.3.2 Bisulfite conversion  

The basic principle of bisulfite conversion has been explained in the 

supplementary material. Prior to bisulfite conversion, genomic DNA of the diploid and 

polyploid samples was digested with EcoRV (New England Biolabs, UK), which does not 

cut within the genes of interest. Two micrograms of genomic DNA were digested in a total 

volume of 100 µl with 80 units of EcoRV, 10X buffer and 10 µg BSA. The reaction was 

incubated at 37°C overnight (16-18 hours) and the digested DNA cleaned by ethanol 

precipitation. Bisulfite conversion was carried out using the EZ DNA Methylation kit 

(Zymo Research, USA). After bisulfite conversion, the single-stranded DNA was quantified 

using parameters for RNA-40 on a Nanodrop-1000 (Thermo Fisher Scientific, USA). 
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5.3.3 Amplification and sequencing of genomic and bisulfite-converted DNA 

Primers were designed following Warnecke et al. (2002). Separate primers were 

designed to amplify sense and antisense strands as after bisulfite conversion the two 

strands were not precisely complementary, with additional primers designed to perform 

nested PCR, using Methyl Primer Express software v. 1.0 (Applied Biosystems, USA). 

Primers 26-29 bp in length were designed to generate an amplicon of ~300 bp and with a 

C or T near the 3’ end to avoid non-specific binding in the bisulfite-converted DNA. The 

primers used for amplification of genomic DNA and bisulfite-converted DNA are listed in 

Table S5.1. 

Amplification of bisulfite-converted DNA for the primary PCR reaction was conducted 

in a total volume of 25 µl with 10 ng template DNA, 10 µM of both gene-specific forward 

and reverse primers, 10X PCR buffer, 10 mM dNTPs and 1 unit of Takara Ex TaqTM 

polymerase (Takara Biotechnology, Japan). Genomic and bisulfite-converted DNA was 

amplified using the following PCR program: 95°C for 5 min, 95°C for 1 min, 53°C for 1 min, 

72°C for 1 min for the first 5 cycles, then 44 cycles with 95°C for 1 min, 48°C for 1 min, 

72°C for 1 min, and a final extension at 72°C for 7 min. Using the nested primers, another 

PCR was performed using the primary PCR product as template. The resulting nested PCR 

products were run on a 1.5% agarose gel stained with ethidium bromide and examined 

using a Gel Doc 2000 system (Bio-Rad, UK). For sequencing, PCR products were treated 

with Exonuclease I (5U) and Shrimp alkaline phosphatase (0.5 unit) prior to the cycle 

sequencing reaction using BigDye Terminator v. 3.1 (Applied Biosystems).  The purified 

products were sequenced with both forward and reverse primers on an ABI DNA Analyzer 

3770 at Massey Genome Service (Palmerston North, New Zealand). The resulting 

sequences were assembled and analyzed in Sequencher v. 4.10.1.  

5.3.4 Genome walking 

In order to determine the methylation status of the promoter region of the five 

genes, 5’genome walking was performed following the GenomeWalker manual (Clontech 
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Laboratories) (Siebert et al., 1995). For each gene, two gene-specific reverse primers were 

designed near the 5’ end (Table S5.1). Long and short oligos (NA44 and NA45) to form an 

adapter to bind to the digested genomic DNA and one of those oligos to act as forward 

adapter-specific primers (AP1 and AP2) were designed (Table S5.1). The products of each 

genome walking reaction were cloned using the Invitrogen TOPO TA Cloning Kit (Life 

Technologies, USA). For detailed protocols see Supplementary Materials and Methods. 

5.4 Results and Discussion 

Genomic and bisulfite-converted sequences were acquired for five loci [TDF-44 

(Tate et al., 2006b) and S2, S3, S8, and S18 (Buggs et al., 2009)] from allopolyploid 

Tragopogon miscellus and the diploid parents T. dubius and T. pratensis (Table 5.1). 

Inspection of the promoter and coding regions identified CpG islands, which are common 

methylation sites in plants (Shawn et al., 2008; Julie & Steven, 2010). The integrity of 

bisulfite conversion was determined from the conversion of all the Cs that were not 

adjacent to a G into Ts. The loci studied here all showed complete bisulfite conversion in 

the genic regions, while incomplete conversion at a few sites was detected in the promoter 

regions of S8 and TDF-44. All T. miscellus individuals showed incomplete conversion in a 

portion of the promoter region for S8, while only three polyploid individuals (2604-4, 

2604-35 and 2605-14) showed incomplete conversion for TDF-44. Given that the majority 

of the promoter sequence and genic regions were properly converted, the incomplete 

conversion in these areas for S8 and TDF-44 does not influence the overall interpretation 

of the results. This low frequency of partial bisulfite conversion as observed here is 

commonly due to reaction temperature (Grunau et al., 2001; Genereux et al., 2008).  

To determine if a parental homeolog was silenced by methylation in the T. 

miscellus individuals, we took advantage of single nucleotide polymorphisms (SNPs) 

between the diploids that discriminate between the parental copies in the allopolyploid 

(Fig. 5.1a). CpG methylation of both sense and antisense strands was detected in the genic 
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and promoter regions of S2 and TDF-44 with their sequences covering 10 and 11 CpG 

sites, respectively. In the case of TDF-44 (putative leucine-rich repeat transmembrane 

protein kinase), the T. dubius homeolog was methylated in 11 of 12 T. miscellus individuals 

from Pullman and Moscow (Fig. 5.1b, Table 5.1), which confirms the mechanism of 

silencing observed in Tate et al. (2006).   

 

Table 5. 1 Individual plants used in the study and their methylation status for the genes 
studied; silencing data from Tate et al. (2006) and Buggs et al. (2009). 
 
Population Species Lineage Locus silenced Methylated? 
Pullman T. dubius 2613-1 NA  
 T. dubius 2613-11 NA  
 T. miscellus 2605-4 TDF44d Yes 
 T. miscellus 2605-7 TDF44d Yes 
 T. miscellus 2605-13 TDF44d Yes 
 T. miscellus 2605-24 TDF44d Yes 
 T. miscellus 2605-28 TDF44d Yes 
 T. miscellus 2605-46 TDF44d Yes 
Moscow T. pratensis 2608-31 NA  
 T. pratensis 2608-35x NA  
 T. miscellus 2604-4 TDF44d Yes 
 T. miscellus 2604-11 TDF44d Yes 
 T. miscellus 2604-15 TDF44d Yes 
 T. miscellus 2604-22 *T. pratensis  genomic copy 

lost  
 

 T. miscellus 2604-24 TDF44d Yes 
 T. miscellus 2604-35 TDF44d Yes 
Spangle T. miscellus 2693-7 S3p No 
 T. miscellus 2693-8 S3p No 
 T. miscellus 2693-14 S3p 

S18d 
No 
No 

Garfield T. dubius 2687-11 NA  
 T. pratensis 2689-17 NA  
 T. miscellus 2688-3 S2d 

S3d 
S8d 
S18d 

Yes 
No 
No 
No 

Oakesdale T. miscellus 2671-2 S8p No 
 T. miscellus 2671-8 S8p No 
 T. miscellus 2671-11 S2d Yes 
     

Note: NA = Not applicable 

 
The exception was individual 2604-22, which retained only the T. dubius genomic 

homeolog and therefore expressed that copy (Tate et al., 2006b). Similarly, we confirm 

methylation of the S2 (putative RNA binding protein), which was shown to be silenced by 

Buggs et al. (2009) in two T. miscellus individuals (one each from Garfield and Oakesdale). 

In this individual, both parental homeologs showed CpG methylation with more T. dubius 



 

123 

 

copies silenced compared to T. pratensis (as determined by the the cloned sequences) 

resulting in differential expression of parental homeologs in T. miscellus polyploids. This 

result suggests that methylation could regulate the level of expression of parental copies 

rather than complete silencing. 

Analysis of the promoter and genic regions of the other three loci (S3-putative 

NADP/FAD oxidoreductase, S8-putative Acetyl transferase and S18-porphyrin-

oxidoreductase) did not show methylation of any of the CpG sites (Fig 5.1c, Table 5.1; S3, 

S8 and S18 included 9, 15 and 22 CpG sites, respectively, in genic and promoter regions). 

Thus, there may be mechanisms other than DNA methylation that are responsible for 

homeolog specific silencing. For example, histone deacetylation (causing chromatin 

condensation) is thought to be responsible for transcriptional repression (Kim et al., 2012; 

Luo et al., 2012; Ma et al., 2013). RNA interference (RNAi) is also widely associated with 

post-transcriptional silencing via a number of different mechanisms, including mRNA 

degradation, translational inhibition and the repression of transcription elongation 

(Carthew & Sontheimer, 2009; Guang et al., 2010; Ketting, 2011; Feng & Guang, 2013). 

Hence, like other polyploid species (Spartina, Salmon et al., 2005; Arabidopsis, Zhang et al., 

2006; wheat, Hu et al., 2013; rice, Wang et al., 2013b; Brassica,  Zhang et al., 2013), genome 

evolution in Tragopogon miscellus includes DNA methylation as a mechanism to regulate 

duplicate gene expression, which we demonstrate here for the first time. Both loci 

confirmed to be silenced via methylation had the T. dubius copy silenced, which, although 

a small number, may indicate a ‘preference’ for silencing loci of one progenitor’s genome. 

This result is true of the T. miscellus polyploids formed with either T. dubius (Pullman) or 

T. pratensis (Garfield, Moscow, Oakesdale, Spangle) as the maternal parent, so there does 

not seem to be a maternal ‘imprinting’ influence for the number of loci studied here.  
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Fig. 5. 1Sequence polymorphisms between the diploid parents (Tragopogon dubius and T. pratensis) were used to determine if there is homeolog-
specific silencing in T. miscellus allopolyploids. (a) Diagrammatic illustration of the expected chromatogram peaks for genomic and bisulfite-converted 
sequences when un-methylated or methylated in allopolyploid T. miscellus. This example shows silencing of the T. dubius homeolog. (b) Chromatograms of TDF-44 
indicating the position of a methylated CpG adjacent to a polymorphic site (red box) in T. miscellus compared to the diploids. (c) Chromatograms from S18 showing 
an un-methylated CpG site in T. miscellus (black box) and the location of a polymorphic site between parental copies (red box). Red, blue, green and yellow colors of 
the chromatogram correspond to A, C, T and G, respectively.BS-converted = bisulfite-converted.
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This interpretation is in line with previous studies that have reported a greater tendency 

of homeolog loss of the T. dubius copy compared to T. pratensis (Kovarik et al., 2005; Tate 

et al., 2006b; Matyasek et al., 2007; Buggs et al., 2009; Tate et al., 2009a; Buggs et al., 

2010b; Buggs et al., 2012a). Curiously, in the case of rDNA, although T. dubius homeologs 

are more frequently lost from the polyploid genomes, transcription rates of remaining T. 

dubius copies are higher than T. pratensis copies (Matyasek et al., 2007). As T. miscellus has 

shown a high frequency of homeolog loss, but little gene silencing based on the studies to 

date (Tate et al., 2006b; Buggs et al., 2009; Tate et al., 2009a; Buggs et al., 2011; Buggs et 

al., 2012a), a more comprehensive genome-wide analysis of methylation would help to 

determine the role of this epigenetic mechanism in shaping the evolution of Tragopogon 

allopolyploid genomes.  
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5.5 Supplementary material and methods 

5.5.1 Principle of bisulfite conversion 

 DNA methylation does not change the sequence of DNA and is lost after 

amplification of the DNA fragment containing it. This fact makes the analysis of DNA 

methylation difficult. Bisulfite conversion is a process that converts unmethylated cytosine 

into uracil while methylated cytosine remain unchanged. First step is the sulphonation 

which involves the addition of a sulphonate group (SO3
-) and one hydrogen ion (H+) into 

cytosine ring to form cytosine sulphonate, the second step is the hydrolytic de-amination 

involving removal of the amine group (NH4+) from cytosine ring and the third step is the 

alkaline de-sulphonation involving removal of the sulphonate group leaving a ring 

structure corresponding to uracil (Clark et al., 1994). Subsequent amplification of this 

bisulfite-converted DNA detects uracil as thymine and leaves methylation-specific single 

nucleotide polymorphism in the sequence of bisulfite converted DNA. This polymorphism 

is detected by aligning this bisulfite converted sequence with untreated genomic DNA 

sequence (Smith et al., 2009). 

5.5.2 Cloning of BS-converted sequences 

 Since both parental homeologs in T. miscellus polyploids showed CpG methylation 

of S2 locus, cloning was done to distinguish both parental copies and confirm their 

methylation. PCR products of BS-converted DNA were cloned from 2671-11 and 2688-3 

using the TOPO TA cloning kit (Invitrogen, CA, USA). Twelve positive clones per sample 

were sequenced with both forward and reverse primers using the above mentioned 

protocols for sequencing.  

5.5.3 Genome walking protocols  

Genomic DNA of Tragopogon dubius (diploid parental species) was digested with 

three different restriction enzymes: EcoRV, DraI and ScaI (New England Biolabs) in 

separate reaction tubes containing 2.5 µg of genomic DNA, 80 units of restriction enzyme 
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and 10X buffer (New England Biolabs) in a total volume of 100 µl. Reactions were 

incubated at 37°C for 16-18 hours. These reactions were ethanol precipitated in the 

presence of 20 µg glycogen and 3M sodium acetate. Adapter ligation to the precipitated, 

digested genomic DNA was performed in a total volume of 8 µl containing 25 µM adapter, 

10X ligation buffer, 3 units of T4 DNA ligase (New England Biolabs) and 0.5 µg of purified 

DNA. Primary PCR was performed in 50-µl total volume using 10 mM dNTPs, 10X PCR 

buffer (Takara Biotechnology, Japan), 10 µM of adapter primer AP1 (Forward) and gene-

specific primer (Reverse) (gene-specific reverse primers for all the genes S2, S3, S8, S18 

and TDF-44 are listed in Table S5.1) and 1 unit of Takara Ex Taq polymerase (Takara 

Biotechnology, Japan). PCR profile for the primary PCR was as follows: first 7 cycles at 

94°C for 25 sec, 72°C for 3 min, then remaining 32 cycles at 94°C for 25 sec, 67°C for 3 min, 

then final extension at 67°C for 7 min. Primary PCR products for the nested round were 

diluted 1:50 in ddH2O. In the secondary PCR, 10 µM nested adapter primer AP2 (forward) 

and internal gene-specific primers (reverse) were used (Table S5.1), and 2 µl of diluted 

primary PCR product were used as template. The secondary PCR profile was as follows: 

94°C for 25 sec, 72°C for 3 min for 5 cycles and 94°C for 25 sec, 67°C for 3 min for next 20 

cycles, then final extension at 67°C for 7 min. Secondary PCR products were separated on a 

1% agarose gel, and products from each library were cloned. At least ten positive clones 

per gene per individual were sequenced. The resulting sequences for each gene were 

aligned with previously obtained sequences of that gene in Sequencher. New methylation-

specific primers were designed to amplify promoter regions from bisulfite-converted DNA. 

The amplified promoter regions from bisulfite converted DNA and genomic DNA of all five 

genes were sequenced for the T. miscellus polyploids, and the progenitors T. dubius and T. 

pratensis. 
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Table S5. 1 List of primers 
 

Experiment Region Strand Primer 

name 

Primer sequence (5’-3’) 

BS-sequencing TDF44-

gene 

Sense Dub-sense-

gDNA-F 

GGTGAACAAATGTTAGTCTATGAGTACA 

BS-sequencing TDF44-

gene 

Sense Dub-sense-

gDNA-R 

GTCCCCTTCACTTGAGTAGAAACATAAC 

BS-sequencing TDF44-

gene 

Sense Dub-sense-

F1 

TGAGTATATTTTAAATGGTATTTTAAAGG 

BS-sequencing TDF44-

gene 

Sense Dub-sense-

F2 

AGTAAGGTGAATAAATGTTAGTTTATGAGTA 

BS-sequencing TDF44-

gene 

Sense Dub-sense-

R1 

CAATATCCCCTTCACTTAAATAAAAAC 

BS-sequencing TDF44-

gene 

Sense Dub-sense-

R2 

AACATAACCCTTTAAATCATCTCCCAAC 

BS-sequencing TDF44-

gene 

Antisense Dub-AS-

gDNA-F 

CAGATACTCATGTAGAGTTTACCATGGGA 

BS-sequencing TDF44-

gene 

Antisense Dub-AS-

gDNA-R 

CAGGGGAAGTGAACTCATCTTTGTATTG 

BS-sequencing TDF44-

gene 

Antisense Dub-AS-F1 TAGATATTTATGTAGAGTTTATTATGGGAT 

BS-sequencing TDF44-

gene 

Antisense Dub-AS-F2 GAGTTTATTATGGGATTTTTTATTAGAAAG 

BS-sequencing TDF44-

gene 

Antisense Dub-AS-R1 TTACAAAAAAAATAAACTCATCTTTAT 

BS-sequencing TDF44-

gene 

Antisense Dub-AS-R2 ACTCATCTTTATATTAAAAAACTTAATAA 

BS-sequencing S2-gene Sense S2-sense-

gdna-F 

CCTTTGTACATTTTCATTCGGTAAAC 

BS-sequencing S2-gene Sense S2-sense-F1 GGTGTTAGGTTGAAGATGTTATTAAAG 

BS-sequencing S2-gene Sense S2-sense-F2 GAGGTAATAAATGGGATAATTTTAG 

BS-sequencing S2-gene Sense S2-sense-

gdna-R 

AACAAACCCAGACTGTGGACCT 

BS-sequencing S2-gene Sense S2-sense-R1 CCATCTTTCTTATCTCCACTCTAATC 

BS-sequencing S2-gene Sense S2-sense-R2 CCACTCTAATCTTATACACCATTTA 

BS-sequencing S2-gene Antisense S2-AS-gdna-F ACAAACCCAGACTGTGGACCTG 

BS-sequencing S2-gene Antisense S2-AS -F1 TGGTTTTGTATATTATTTGATTGT 

BS-sequencing S2-gene Antisense S2-AS-F2 GATTGTTTTTTATTTGGGTTGTA 

BS-sequencing S2-gene Antisense S2-AS-gdna-

R 

CCTTTGTACATTTTCATTCGGTAAAC 

BS-sequencing S2-gene Antisense S2-AS-R1 TACCACCAAAACCCTAAAAACAACA 

BS-sequencing S2-gene Antisense S2-AS-R2 CAACCCTAAAAAAAAACAATCAAATC 
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BS-sequencing S3-gene Sense S3-sense-

gdna-F 

AGACGTGGGAGTAATTACAAGT 

BS-sequencing S3-gene Sense S3-sense-F1 GTG ATT AGG GTT AGT TTG ATA AAG 

BS-sequencing S3-gene Sense S3-sense-F2 GGGGAGAAAGAAATGGTAATTTTAGTG 

BS-sequencing S3-gene Sense S3-sense-

gdna-R 

CAGGATTAGTGTGATGTCTCCAACAG 

BS-sequencing S3-gene Sense S3-sense-R1 CACATTTATTTACACATACCAAAC 

BS-sequencing S3-gene Sense S3-sense-R2 ACACATACCAAACTTAATATTACCTC 

BS-sequencing S3-gene Antisense S3-AS-gdna-F CAACAGGATTAGTGTGATGTCTCC 

BS-sequencing S3-gene Antisense S3-AS -F1 GTATATGTTAAATTTGGTGTTG 

BS-sequencing S3-gene Antisense S3-AS-F2 TGGTGTTGTTTTTATGTATTTG 

BS-sequencing S3-gene Antisense S3-AS-gdna-

R 

GAATGGGGAGAAAGAAATGGTAAC 

BS-sequencing S3-gene Antisense S3-AS-R1 ACTCCAATAATCAAAACTAACTTAAC 

BS-sequencing S3-gene Antisense S3-AS-R2 CTAACTTAACAAAACAAATATACTCC 

BS-sequencing S8-gene Sense S8-sense-

gdna-F 

GACGCAATATAACAACCTTTCTTG 

BS-sequencing S8-gene Sense S8-sense-

Unmethyl-F 

GAAAATTATGAATATTATTGATGG 

BS-sequencing S8-gene Sense S8-sense-

Methyl-F 

GAAAATTACGAATATTATCGATGG 

BS-sequencing S8-gene Sense S8-sense-

gdna-R 

GCGGAAGTGTGTCCTGATAAAGC 

BS-sequencing S8-gene Sense S8-sense-

Unmethyl-R 

CCTAATAAAACATCATAAAAATTCC 

BS-sequencing S8-gene Sense S8-sense-

Methyl-R 

CCTAATAAAACATCGTAAAAATTCC 

BS-sequencing S8-gene Antisense S8-AS-gdna-F GCGGAAGTGTGTCCTGATAAAGC 

BS-sequencing S8-gene Antisense S8-AS-

Unmethyl-F 

GTGGAAGTGTGTTTTGATAAAGTATTG 

BS-sequencing S8-gene Antisense S8-AS-

methyl-F 

GCGGAAGTGTGTTTTGATAAAGTATCG 

BS-sequencing S8-gene Antisense S8-AS-gdna-

R 

TGACGCAATATAACAACCTTTCTTG 

BS-sequencing S8-gene Antisense S8-AS-

unmethyl-R 

CAAATATCATCAATAAAAAATTACAAATC 

BS-sequencing S8-gene Antisense S8-AS-

methyl-R 

CGAATATCATCGATAAAAAATTACAAATC 

BS-sequencing S18-gene Sense S18-sense-

gdna-F 

TTGTGACTTCCCAATACTTGCTCT 

BS-sequencing S18-gene Sense S18-sense-

Unmethyl-F 

AGAAATTGTTGATGATGATTTAAG 

BS-sequencing S18-gene Sense S18-sense- TTAATAGAAATCGTCGACGACG 
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Methyl-F 

BS-sequencing S18-gene Sense S18-sense-

gdna-R 

AAGACACCCTATTCACACCCAAC 

BS-sequencing S18-gene Sense S18-sense-R1 ACCCAACCCCATCAAATCTTTCAAT 

BS-sequencing S18-gene Sense S18-sense-R2 ACATCAAATATTCCAAAATCCA 

BS-sequencing S18-gene Antisense S18-AS-gdna-

F 

GTTGGGTGTGAATAGGGTGTCTT 

BS-sequencing S18-gene Antisense S18-AS-

Unmethyl-F 

ATGTATTAAGAATTTTAGTGATGAG 

BS-sequencing S18-gene Antisense S18-AS-

methyl-F 

ACGTATTAAGAATTTTAGCGACGAG 

BS-sequencing S18-gene Antisense S18-AS-F1 TAGGGTTTATTTTTATTGATATTTTAG 

BS-sequencing S18-gene Antisense S18-AS-gdna-

R 

GTGACTTCCCAATACTTGCTCTCGGC 

BS-sequencing S18-gene Antisense S18-AS-

unmethyl-R 

TCAACAAAAACCACCAACAACAAC 

BS-sequencing S18-gene Antisense S18-AS-

methyl-R 

TTCAACAAAAACCGCCGACGACG 

BS-sequencing S18-gene Antisense S18-AS-R1 TATAACTTCCCAATACTTACTCTC 

BS-sequencing S2-

Promoter 

Sense S2-gdna-5'-F GTGTAATGAACCTAGGACTG 

BS-sequencing S2-

Promoter 

Sense S2-sense-5'L-

F1 

GGTTGGTTTAAAATAGTGTAATG 

BS-sequencing S2-

Promoter 

Sense S2-sense-5'L-

F2 

GTGTAATGAATTTAGGATTG 

BS-sequencing S2-

Promoter 

Sense S2-sense-5'L-

R1 

CAAATACCAAAATAAAATTATAC 

BS-sequencing S2-

Promoter 

Sense S2-sense-5'L-

R2 

CCAAAATAAAATTATACAATC 

BS-sequencing S3-

Promoter 

Sense S3-gdna-5'-F GATGAGGGCGAGTTAGATACGACC 

BS-sequencing S3-

Promoter 

Sense S3-sense-5'L-

F1 

GATTTTTTGGAGTATTTGAG 

BS-sequencing S3-

Promoter 

Sense S3-sense-5'L-

F2 

GGAGTATTTGAGATTTTGTTTT 

BS-sequencing S3-

Promoter 

Sense S3-sense-5'L-

R1 

CTTTACCTACAATATCTTCT 

BS-sequencing S3-

Promoter 

Sense S3-sense-5'L-

R2 

CTTCTAAATCAACAATATCAAAC 

BS-sequencing S8-

Promoter 

Sense S8-gdna-5'-F GCTGTCATGTCTAAGCCGCATCG 

BS-sequencing S8-

Promoter 

Sense S8-sense-5'L-

F1 

TATGTGTATATTGTTTTGGTGG 
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BS-sequencing S8-

Promoter 

Sense S8-sense-5'L-

F2 

GTGTATATTGTTTTGGTGGATTTGA 

BS-sequencing S8-

Promoter 

Sense S8-sense-5'L-

R1 

CTTAATTACACAAAAATTCACAATC 

BS-sequencing S8-

Promoter 

Sense S8-sense-5'L-

R2 

ACTAAACCCTCAAAACCCTACC 

BS-sequencing S8-

Promoter 

Sense S18-gdna-5'-

F 

CCATTACCGTTAGAAACATTGGTC 

BS-sequencing S18-

Promoter 

Sense S18-sense-

5'L-F1 

GGTTATGTTTTTTATTGTAAATTTATG 

BS-sequencing S18-

Promoter 

Sense S18-sense-

5'L-F2 

GAAGAAAGAGAATTAAAATTAG 

BS-sequencing S18-

Promoter 

Sense S18-sense-

5'L-R1 

ATTTCTATTAAAAAAAAACC 

BS-sequencing S18-

Promoter 

Sense S18-sense-

5'L-R2 

TTAAAAAATCACAATAATAACAAC 

BS-sequencing S18-

Promoter 

Sense TDF44-gdna-

5'-F 

CGATCGAATCTAATCCCAGTGG 

BS-sequencing TDF44-

Promoter 

Sense TDF44-

sense-5'L-F1 

GTTGGTGGTTGTGTGATTGTATTA 

BS-sequencing TDF44-

Promoter 

Sense TDF44-

sense-5'L-F2 

GTGTGATTGTATTATTAATAGG 

BS-sequencing TDF44-

Promoter 

Sense TDF44-

sense-5'L-R1 

CTAACATTTATTCACCTTACTC 

BS-sequencing TDF44-

Promoter 

Sense TDF44-

sense-5'L-R2 

CAAAACCCCACAAAAACTAC 

Genome walking -- Sense AP1 GTAATTCGCATCACTATAGCTC 

Genome walking -- Sense AP2 ACTATAGCTCACCGCTGGT 

Genome walking -- Sense NA44 GTAATTCGCATCACTATAGCTCACCGCTGGTC

GACGGCCCGGGCTGGT 

Genome walking -- Sense NA45 PO4-ACCAGCCC-NH2 

Genome walking S2-5’race Sense S2-5’race-

dub1 

CAATCTTGGTTCCAGAAAAGTTAC 

Genome walking S2-5’race Sense S2-5’race-

dub2 

CTTTGGTGGCATCTTCAACCTGAC 

Genome walking S3-5’race Sense S3-5’race-

dub1 

TCACTGGAGTTACCATTTCTTTCTC 

Genome walking S3-5’race Sense S3-5’race-

dub2 

GGATTTAGGAGTATACCTGCTTTGTC 

Genome walking S8-5’race Sense S8-5’race-

dub1 

GTAATTTTCCATCGATGATATTCG 

Genome walking S8-5’race Sense S8-5’race-

dub2 

GACATGAATGTGCCACCCATCAAG 
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Genome walking S18-5’race Sense S18-5'race-

R1 

CGGTTTCGAGAGGTGGGTGTTGCTC 

Genome walking S18-5’race Sense S18-5'race-

R2 

CTTCAATTTCGCGAATAAGGAGGTG 

Genome walking TDF44-

5’race 

Sense TDF-44-

5'race-R1 

GGTGATGCCCTAAACCCTAAAC 

Genome walking TDF44-

5’race 

Sense TDF-44-

5'race-R2 

CCTTTAGGGTACCATTTGAGATG 

 

  



 

133 

 

CHAPTER SIX 
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6. General discussion 

The thesis comprises a detailed study mainly on genetic and some epigenetic 

consequences of polyploidy. In general, the evolution of polyploid genomes is associated 

with several genetic modifications including homeolog losses, changes in the expression 

pattern of duplicated genes at the transcriptome and proteome level, changes in genome 

size and chromosomal re-organization (Kashkush et al., 2002a; Seoighe & Gehring, 2004; 

Tate et al., 2006b; Adams, 2007; Chen, 2007a; Gaeta et al., 2007; Leitch et al., 2008; Buggs 

et al., 2010a; Flagel & Wendel, 2010; Chester et al., 2012; Koh et al., 2012).  

To follow the genetic consequences of polyploidy, our first research project was 

based on an analysis of cytonuclear coordination using the rbcS/rbcL subunit system in 

synthetic and natural Tragopogon polyploids. This is the first study of its kind on the 

cytonuclear coordination in naturally formed and relatively young polyploids (less than 

100 years old) and, most importantly, Tragopogon is a system with reciprocal polyploids 

(short- and long-liguled T. miscellus) to study maternal influences on cytonuclear 

interaction. Homeolog losses and biases in their expression pattern, which are commonly 

observed in polyploid species (Bottley et al., 2006; Tate et al., 2006b; Flagel & Wendel, 

2010; Koh et al., 2010; Xiong et al., 2011; Feldman et al., 2012; Wendel et al., 2012), were 

also found for the nuclear-encoded subunit rbcS. Our results were different from 

previously observed homeolog losses and changes in the expression patterns in 

Tragopogon as previous reports showed species-specific retention and expression of 

homeologs with T. dubius homeologs lost and silenced more frequently compared to T. 

pratensis homeologs in the reciprocally formed T. miscellus polyploids (Tate et al., 2006b; 

Buggs et al., 2009; Tate et al., 2009a; Malinska et al., 2010). Those studies did not show any 

maternal bias in the pattern of loss and silencing. The results from rbcS/rbcL study were in 

line with our hypothesis of a maternal influence on the cytonuclear coordination in 

polyploids. Preferential loss and silencing of the paternal homeolog of rbcS was observed 

in both short- and long-liguled natural T. miscellus polyploids, which retained and 
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expressed only the maternal homeolog of rbcS to potentially facilitate cytonuclear 

coordination with the maternally inherited chloroplast subunit rbcL. Demonstration of 

this pattern by all the independently formed populations of T. miscellus shows 

repeatability of cytonuclear coordination. Polymorphisms between the parental 

homeologs might be responsible for the differential selection and expression of rbcS 

homeologs. Synthetic polyploids on the other hand showed retention and expression of 

both parental copies of rbcS suggesting cytonuclear coordination do not establish 

immediately upon polyploid formation. 

Our second study revealed that considerable genetic variation has been 

incorporated into synthetic polyploids by their parents. Synthetic polyploids inherited the 

parental loci and showed the presence of multilocus genotypes reported previously for 

natural polyploids. Interestingly, those synthetic genotypes which deviated mostly from 

those multilocus Types appeared to be less successful at or beyond F1 and S0 generations 

as revealed by Tate et al., (2009b) who showed that only few crosses were successful in 

producing synthetic polyploids after making several attempts. This suggests a potential 

role for some genetic rules in the formation of successful polyploids; however, much more 

work is required in this area.   

Based on the formation of short-liguled (T. dubius♂ × T. pratensis♀) and long-

liguled (T. dubius♀ × T. pratensis♂) inflorescences (Soltis & Soltis, 1989) in both naturally 

formed and synthetically produced Tragopogon miscellus reciprocal polyploids, our third 

study proposed the influence of maternal factors to the formation of these long- and short-

liguled forms. Comparison between progenitor orthologs of floral identity genes reported 

in other species of Asteraceae (Yu et al., 1999; Dezar et al., 2003; Shchennikova et al., 

2004; Shul'ga et al., 2008) showed the presence of few polymorphisms that were not 

informative to differentiate between the parental homeologs in the polyploids. T. dubius 

has generally been reported to be more variable compared to T. pratensis (Soltis et al., 

1995a; Symonds et al., 2010) showed almost complete homozygosity at those 
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polymorphic sites but T. pratensis was always heterozygous at those loci making any 

inference about progenitor specific expression difficult. Nonetheless, this study reports  

first the orthologs of the floral ABC MADS-box transcription factors for Tragopogon and 

suggests that these loci are not responsible for the differing floral and inflorescence 

morphologies of the reciprocally formed T. miscellus polyploids.   

Among the epigenetic consequences of polyploidy, DNA methylation is a 

commonly reported mechanism responsible for homeolog silencing (Shaked et al., 2001; 

Madlung et al., 2002; Salmon et al., 2008; Salmon & Ainouche, 2010; Zhang et al., 2013). An 

examination of five homeologous loci previously reported to be silenced in T. miscellus 

polyploids (Tate et al., 2006b; Buggs et al., 2009) demonstrated that DNA methylation is 

also playing a role in the evolution Tragopogon polyploids. DNA methylation of T. dubius 

homeolog of TDF-44 and S2 is responsible for the silencing of these loci as reported in 

Tate et al. (2006b)  and Buggs et al. (2009), respectively. All the reciprocally formed T. 

miscellus individuals studied showed this silencing pattern, suggesting that there was not a 

maternal influence involved in this case. These results are also similar to previous studies 

in Tragopogon which showed frequent loss and silencing of T. dubius homeologs (Kovarik 

et al., 2005; Tate et al., 2006b; Matyasek et al., 2007; Buggs et al., 2009; Buggs et al., 2010a; 

Buggs et al., 2012a). The remaining three homeologous loci (S3, S8 and S18) examined did 

not show DNA methylation suggesting other mechanisms like histone deacetylation 

(causing transcriptional repression) and RNA interference (involved in post-

transcriptional silencing) may be responsible for their silencing (Carthew & Sontheimer, 

2009; Kim et al., 2012; Feng & Guang, 2013; Ma et al., 2013). 

6.1 Conclusions and future perspectives 

The studies described here suggest that polyploidy has led to considerable genetic 

and epigenetic modifications in the natural polyploids of Tragopogon. Natural polyploids 

from various independently formed natural populations have shown the same pattern of 
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genetic and epigenetic alterations proposing a patterned response of natural polyploids 

from different origins. The maternal influence on the cytonuclear coordination observed 

here, in terms of preferential retention and expression of maternal homeolog of rbcS, 

suggests regulatory coordination is required to maintain genomic balance among nuclear 

and cytoplasmic counterparts. Further studies based on protein-protein interaction 

among rbcS/rbcL in T. miscellus polyploids and analysis of other cytonuclear complexes 

would improve our understanding of this trend in cytonuclear coordination. The overall 

trend in synthetic (S1) polyploids was towards additivity in retention and expression of 

both progenitor homeologs as shown by the above studies and a previous study by Buggs 

et al. (2009). The absence of such genetic changes in the synthetic polyploids of 

Tragopogon suggests that those changes take time to establish. Examination of subsequent 

generations of synthetic polyploids would help us to know the timing of change. 

Surprisingly, the transcriptomic study did not reveal any significant differences 

between the long- and short-liguled forms of T. miscellus polyploids in terms of differential 

expression patterns of progenitor copies for the orthologs of floral identity genes. Since 

only a few floral identity genes were investigated in this preliminary study, a complete 

analysis of the resulting transcriptomic data generated from the inflorescences of the 

synthetic and natural short- and long-liguled T. miscellus polyploids would yield valuable 

findings. Moreover, a detailed developmental study of the individual floral whorls and 

inflorescences (using morphological and transcriptomic analysis) would be warranted to 

identify the genes responsible for these differing forms.  

The epigenetic study involving an analysis of DNA methylation status of T. 

miscellus polyploids showed its contribution to the evolution of Tragopogon polyploids. 

Although we found silencing of only two homeologous loci by DNA methylation out of five 

loci studied, employing genome-wide high throughput analysis of DNA methylation would 

clarify its role in Tragopogon evolution.   
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